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Effect of Avatar Appearance on Detection
Thresholds for Remapped Hand Movements

Nami Ogawa, Takuji Narumi and Michitaka Hirose

Abstract—
Hand interaction techniques in virtual reality often exploit visual dominance over proprioception to remap physical hand movements
onto different virtual movements. However, when the offset between virtual and physical hands increases, the remapped virtual hand
movements are hardly self-attributed, and the users become aware of the remapping. Interestingly, the sense of self-attribution of a
body is called the sense of body ownership (SoBO) in the field of psychology, and the realistic the avatar, the stronger is the SoBO.
Hence, we hypothesized that realistic avatars (i.e., human hands) can foster self-attribution of the remapped movements better than
abstract avatars (i.e., spherical pointers), thus making the remapping less noticeable. In this paper, we present an experiment in which
participants repeatedly executed reaching movements with their right hand while different amounts of horizontal shifts were applied.
We measured the remapping detection thresholds for each combination of shift directions (left or right) and avatar appearances
(realistic or abstract). The results show that realistic avatars increased the detection threshold (i.e., lowered sensitivity) by 31.3% than
the abstract avatars when the leftward shift was applied (i.e., when the hand moved in the direction away from the body-midline). In
addition, the proprioceptive drift (i.e., the displacement of self-localization toward an avatar) was larger with realistic avatars for leftward
shifts, indicating that visual information was given greater preference during visuo-proprioceptive integration in realistic avatars. Our
findings quantifiably show that realistic avatars can make remapping less noticeable for larger mismatches between virtual and physical
movements and can potentially improve a wide variety of hand-remapping techniques without changing the mapping itself.

Index Terms—Virtual Reality, Body Ownership, 3D Interaction, Hand Interaction, Hand Redirection, Hand Retargeting, Avatar
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1 INTRODUCTION

OUR perceptual system inherently integrates multisen-
sory information from different sensory receptors to

obtain a robust and coherent perception of the environment
and our own bodies. When vision signals conflict with
other sensory signals, visual information often becomes
dominant, even without subjective awareness of the conflict
(i.e., visual dominance or visual capture [1]).

In the field of virtual reality (VR), a number of hand in-
teraction techniques, such as retargeting (e.g., [2]–[8]), redi-
rection (e.g., [9], [10]), pseudo-haptics (e.g., [11]), and control
to display (C/D) ratio techniques (e.g., [12]), leverage visual
dominance over proprioception. Typically, physical hand
movements are remapped onto different virtual movements;
thus, the position of the virtual hand is often displaced from
the position of the actual hand. However, when the displace-
ment increases, vision and proprioception are no longer
integrated. Consequently, the remapped movements cannot
be considered as one’s own movements, that is, they cannot
be self-attributed [13]. In these hand remapping techniques,
larger displacement while ensuring that the remapping is
less noticeable is a common challenge.

Interestingly, multisensory integration of body parts,
which is the basis of the hand remapping techniques,
also constructs bodily self-consciousness, specifically the
sense of body ownership (SoBO, i.e., the self-attribution of
body) [14]. SoBO is also elicited by a user’s hand and the
virtual hand’s synchronous movements as long as the dis-
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Fig. 1. Participants execute a reaching movement with visual feedback
of the (a) human hand (realistic) or (b) spherical pointer (abstract) to
which horizontal shits are incrementally applied. The semi-transparent
virtual hand represents the physical location of the participant’s hand
(not displayed in the actual experimental scene).

placement of the virtual hand is under a threshold [15]; how-
ever, it is weakened when the displacement increases [16],
as in the case of hand remapping techniques. However, only
a few studies have associated the SoBO with hand remap-
ping techniques despite the fundamental link between them
(e.g., [7], [17]). More importantly, SoBO is not only in-
fluenced by visuomotor/visuo-proprioceptive congruency
but also by the appearances of an avatar (i.e., virtual self-
representation); it is attenuated or even eliminated using ab-
stract avatars than using realistic avatars [18]–[20] Therefore,
we hypothesized that realistic avatars can better foster the
self-attribution of remapped virtual hand movements than
abstract avatars, thus making the remapping less noticeable.

To the best of our knowledge, this study is the first to
investigate the unexplored effect of avatar appearance on
the self-attribution of remapped movements. To this end,
we conducted an experiment to measure the threshold of
self-attribution when one’s hand movements are remapped
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Fig. 2. A virtual hand is displayed at the position either in the left or
right direction (from a first person perspective) of the physical hand. The
participants adjusted their trajectory to compensate for the shift so that
the virtual hand could reach the virtual target.

onto different virtual movements. In the experiment, we
compared two kinds of the avatar appearances: realistic and
abstract (i.e., a realistic human hand vs. a spherical pointer;
Figure 1). Participants executed reaching movements with
their right hand while horizontal (left or right) shifts were
incrementally applied at different angles in the trials (Fig-
ure 2). They were asked to discriminate if the remapped
movement that they observed matched the movement of
their own hand after each reaching movement. The results
show that the threshold for remapping detection is ap-
proximately 31.3% higher when using realistic avatars than
when using abstract avatars when shifts were applied in
the left direction (i.e., when the physical hand moved in
a direction away from the body-midline). In addition, we
measured proprioceptive drift (i.e., the displacement of pro-
prioceptive self-localization toward a perceived virtual hand
from the actual hand position), which is a measurement
of the strength of the body ownership illusion (BOI) [21].
The results show that the proprioceptive drift was larger
with realistic avatars than with abstract avatars in the case
of leftward shifts. This finding indicates that visual infor-
mation is given greater importance in visuo-proprioceptive
integration when realistic avatars are used, as compared
to abstract avatars. For both measurements, no significant
differences were observed between the two avatars when
the rightward shift was applied. To summarize, the results
show that compared with an abstract avatar, the realistic
avatar makes remapping less noticeable and brings the
proprioceptive hand position closer to that of the virtual
hand. The use of realistic avatars instead of abstract avatars
can potentially improve a wide variety of hand interaction
techniques because it can mitigate a range of unnoticeable
displacements without changing the mapping model itself.

2 RELATED WORK

2.1 Visual Dominance in Hand Interaction Technique
Owing to the nature of human multisensory integration,
when vision and other sensory signals conflict moderately,
these signals are integrated to generate a single estimate.
”For instance, in the well known ventriloquist effect, the

speech sounds is perceived as coming from the location of
the dummy’s moving mouth rather than the ventriloquist’s
unmoving mouth [22]. In such case, vision often dominates
other sensory information; thus, the integrated perception
relies more on visual information (i.e., visual dominance or
visual capture [1]). Visual dominance holds true, particu-
larly over the senses that have lower spatial resolution than
vision, such as proprioception [23]–[27], although this is not
always the case, depending on sensory combinations and
their relative reliability [28]–[31].

In the field of VR, visual dominance over proprioception
is often exploited in hand interaction techniques, where the
movement of a virtual hand is remapped for a number of
purposes (i.e., hand remapping technique). For example, in
a series of retargeting techniques, the reaching movements
of a virtual hand are mapped to guide the user’s actual
hand toward haptic props for providing passive haptics for
multiple virtual objects [2]–[5]. On the other hand, hand
redirection techniques enable modification of the perceived
properties, such as shape, of a physical object when the
user continuously touches and explores surfaces [9], [10].
These techniques can also be used to prevent a virtual
hand from interpenetrating other virtual objects [4], [32]
and to improve the perceived performance of shape dis-
plays [8]. Although movement remapping is often combined
with passive haptics, it can also be used without haptics
to make virtual targets more easily accessible [6] and to
make overhead interactions less tiring [7]. Furthermore,
pseudo-haptics simulate or enrich haptic sensations such
as stiffness, the presence of bumps and holes, and shape
without necessarily requiring a haptic interface (for a review
see [11]). Lastly, the C/D ratio interaction techniques break
the 1:1 mapping between the actual and virtual hands (i.e.,
control to display ratio) to improve interaction by increasing
precision or speed [12].

In hand remapping techniques, making movement
remapping less noticeable is a common challenge. In
essence, a large discrepancy between the position of the
real and virtual hands causes the user to become aware of
the remapping (e.g., up to ≈ 4.5◦ [17]). Hence, to apply
larger shifts, researchers attempted to find a better mapping
between the virtual and real coordinate systems. For in-
stance, in the haptic retargeting [2], the entire virtual world
is rotated, as in the redirected walking technique [33]–[35]
as well as the mapping of the bodies. Similarly, Feuchtner
and Müller proposed Ownershift, which gradually applies a
shift after ballistic movements [7]. However, these solutions
have limitations in that they limit the user movements or
situations unnaturally. In this study, we aim to alleviate the
range of unnoticeable offset by focusing on how we perceive
the virtual hand movements as our own, instead of finding
better mappings.

2.2 Illusory Self-Attribution of Remapped Movements
Studies in the field of psychology and cognitive neuro-
science have also demonstrated that we can self-attribute
visual hand movements, which are different from real
hand movements. The sense of self-attribution of hand
movements has two aspects with respect to bodily self-
consciousness: the sense of agency (SoA, i.e., the self-
attribution of action) and SoBO (i.e., the self-attribution
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of body). Generally, visuomotor inconsistencies caused by
spatial or temporal remapping of movements attenuate both
SoA and SoBO [36]–[40]. However, as in the case of hand
remapping techniques, it has been shown that SoA and
SoBO are elicited as long as the displacement is under a
certain threshold [41]. Indeed, SoA and SoBO can occur over
drifting avatars [15], movements made by someone else [42],
[43], and even over an avatar’s autonomous movements
without the user’s actual movements [44], [45].

Hand remapping techniques in VR are often explained
through visual dominance alone. However, as the tech-
niques inevitably use virtual bodies, the knowledge of
bodily self-consciousness should also be incorporated into
its theory and evaluation. Nevertheless, only a few studies
have addressed the concept of SoA and SoBO in hand
remapping techniques. Only recently, Debarba et al. [13]
investigated the effect of the type of remapping (i.e., helping
or hindering) on self-attribution of hand movements, and
they discussed their results in terms of SoA. In contrast, the
first study which evaluated the users’ SoBO with a hand
remapping technique was recently conducted by Feuchtner
and Müller [7], who proposed a novel remapping technique
for overhead interaction. Zenner and Krüger [17] also eval-
uated the SoBO in conjunction with detection thresholds for
hand redirection techniques as one of various indicators of
subjective impressions.

In contrast, we hypothesize that the induction of a
stronger SoA or SoBO can effectively foster the self-
attribution of virtual hand movements, despite visuo-
proprioceptive discrepancies. That is, the detection thresh-
old for discrepancy can be increased. In this study, we
attempted to manipulate the strength of SoBO rather than
SoA, as SoBO is greatly influenced by the semantic features
of the visual body [14], which can be easily manipulated
in VR. In contrast to SoBO, the main cue for SoA is the
spatiotemporal contiguity between one’s own and observed
movements or outcomes [36]–[38] ; this reduces according to
the increase in the shift of remapping. Nevertheless, studies
suggest that SoBO and SoA may strengthen each other if
they co-occur [46]–[49], although some studies have indi-
cated that both experiences can double dissociate (for a re-
view, see [50]). Hence, we consider that strengthening SoBO
may influence even the detection thresholds of discrepancy
between the virtual and actual movements, although it can
be related to the sense of self-attribution of action (i.e., SoA)
rather than that of body (i.e., SoBO).

2.3 Body Ownership Illusion (BOI)

The experience of SoBO over an artificial (i.e., rubber hand
illusion; RHI [21]) or a virtual (i.e., virtual hand illusion; VHI
[15], [39]) body is called the BOI. Typically, synchronous
visuo-tactile stimuli are given to the artificial and real un-
seen hand in RHI, whereas visuomotor congruency is the
key in VHI. Similar to the hand remapping techniques,
BOI is weakened by the displacement between the real and
artificial or virtual hand [16], [40], [51].

In this section, we first introduce the effect of avatar
appearance as an important factor of BOI. Then, we review
the proprioceptive drift as one of the measurements of BOI.
Lastly, we introduce interoceptive sensitivity, which is said

to be related to individual differences in susceptibility of
BOI.

2.3.1 Effect of Avatar Appearance
The induction of BOIs depends critically on bottom-up
factors, that is, the spatiotemporal congruency between
multisensory/sensorimotor stimuli. Nevertheless, the BOI
is driven by an interplay between bottom-up and top-down
factors; the other principle underlying BOIs is that the closer
the appearance of the self-avatar is to our own bodies in
terms of structural and morphological aspects, the stronger
the SoBO (for review, see [14], [52]). In fact, a realistic virtual
human hand elicits a stronger SoBO than nonhuman hands
(e.g., robotic, cartoon) [18]–[20] and non-anthropomorphic
objects (e.g., sphere, block, and arrow) [15], [18], [19] in VHI.
Interestingly, Yuan and Steed [15] reported that realistic
virtual hand elicited SoBO even when the virtual hand was
gradually shifted to 10 cm, but not for an abstract arrow
cursor.

Recently, a few studies revealed the effect of the appear-
ance of virtual hands on how sensory inputs are processed.
Ogawa et al. [53] showed that a realistic avatar fosters the
effect of body-based scaling, in which object size perception
is influenced by the body size. Moreover, Schwind et al. [20]
revealed that the appearance could affect how participants
integrate conflicting visual and haptic signals when they
detect surface irregularities (bumps and holes). Hence, in
the case of visuo-proprioceptive integration, the realistic
avatar may foster the integration of conflicting information,
resulting in further leveraging of visual dominance.

2.3.2 Proprioceptive Drift
In BOIs, subjective strength of SoBO is typically measured
through a questionnaire. In addition, a phenomenon known
as proprioceptive drift, in which the perceived location
of one’s own hand drifts toward the displaced artificial
hand, has been classically considered an implicit, objective
measure of BOI [14], [52]. Indeed, several studies have con-
firmed that the magnitude of proprioceptive drift correlates
with the questionnaire scores (e.g., [21], [46]), although the
relationship between them is a matter of debate [54]–[58].
The avatar appearance also affects the proprioceptive drift;
a non-anthropomorphic object reduces the amount of the
drift, compared to realistic virtual [58] and artificial [59]
hands. Hence, we hypothesized that the proprioceptive drift
as well as the thresholds of self-attribution of remapped
movements was influenced by the avatar appearance. The
proprioceptive drift can not only be used as a measurement
of SoBO but also of how vision dominates proprioception.

2.3.3 Interoceptive Sensitivity
There are individual differences in detecting visuomotor or
visuo-proprioceptive discrepancies over remapped move-
ments. Yet, the cause of these differences has not been
well understood. In contrast, individual differences in the
susceptibility to BOIs (i.e., malleability of body representa-
tions) are shown to be related to interoceptive sensitivity,
which refers to an individual’s ability to sense the internal
physiological conditions of the body [60], [61]. Interoceptive
sensitivity is usually considered an individual trait and
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Fig. 3. (a) In the remapping detection task, participants answered
whether the movements of the avatar corresponded to their own move-
ments. (b) In the self-localization task, participants estimated their actual
hand position (represented by a semi-transparent hand; not displayed in
the actual experimental scene) by shifting the position of a thin board
by using a controller. The difference between the estimated and actual
positions is referred to as proprioceptive drift.

measured by a task wherein a user detects or counts own
heartbeat [62]. Tsakiris et al. [60] showed that individuals
with low interoceptive sensitivity experience stronger SoBO,
indicated by both questionnaire and proprioceptive drift. It
is considered that they rely mainly on exteroceptive signals
(e.g., vision and touch) during body perception; hence, they
are easily misled by the BOI. Thus, in the experiment, we
measured interoceptive sensitivity to determine if it could
also predict the individual differences in the self-attribution
of remapped movements.

2.4 Hypotheses
Our hypotheses were as follows:
H1 The detection threshold of the movement remapping is

higher with realistic avatars than with abstract ones.
H2 The amount of proprioceptive drift is larger with real-

istic avatars than with abstract ones.
H3 The participants with lower interoceptive sensitivity

tend to exhibit higher thresholds.
H4 The participants with lower interoceptive sensitivity

tend to be well influenced by avatar appearance in
terms of the thresholds.

3 EXPERIMENT

The main objective of the experiment was to investigate
whether 1) a realistic avatar makes the movement remap-
ping less noticeable compared with the abstract avatar
(remapping detection task; Figure 3 (a)). To further support
this objective, we also studied whether 2) a realistic avatar
gives greater importance to the visual information for visuo-
proprioceptive integration than an abstract avatar (self-
localization task; Figure 3 (b)). In both tasks, participants
reached for a virtual button with visual feedback of their
right hand; this movement was remapped by different shifts
for each trial. The visual feedback was either a realistic or an
abstract self-avatar (i.e., realistic hand or spherical pointer;
Figure 1). In the remapping detection task, we asked the
participants to discriminate whether the visual movements
corresponded to their own movements to estimate the de-
tection threshold for remapping. In the self-localization task,
we asked the participants to estimate the position of their
actual index fingertip without observing it to measure the
proprioceptive drift. In addition, we investigated whether
3) individual differences in the perception of remapped

Fig. 4. Top view of the retargeting model used in the experiment,
illustrating the case with a right-shift and realistic avatar. The abscissa
and ordinate represent the horizontal and depth axes, respectively. The
position of virtual fingertip (p’) was obtained by horizontally shifting
the position of physical fingertip (p) according to the shift (s) during a
reaching movement. Smax, which is the maximum shift applied when
the virtual fingertip reaches the target, changed for every trial.

movements can be explained by interoceptive sensitivity, an
index of a personality trait that reportedly predicts the sus-
ceptibility to BOIs (heartbeat counting test). In the heartbeat
counting test, participants silently counted their heartbeat
without tracking their pulse to measure interoceptive sensi-
tivity. Finally, we measured the subjective SoBO through a
questionnaire.

3.1 Remapping Model

We used a basic retargeting model that linearly remaps
a hand movement by a fixed angle. During a reaching
movement, a horizontal shift is incrementally applied to
the virtual hand position depending on its distance to
the target. The participants were exposed to a continuous
directional discrepancy between the virtual and physical
hand movements. Therefore, they adjusted their trajectory
to compensate for the shift such that the virtual hand can
successfully reach the virtual target. This type of remapping
model is often accompanied by a physical object to provide
passive haptic feedback (e.g., [2]–[4]). Nevertheless, we did
not provide the participants with haptic feedback so as to
verify the effect of avatar appearance by using the simplest
model possible.

As shown in Figure 4, the model maps the physical
position of an index fingertip (p) onto a virtual position
(p′) according to a shift (s) when the depth position of p
is between the initial and target positions (Oz < pz < Tz).
Smax represents the maximum shift applied when p reaches
T, and it changed for every trial. Smax takes a positive value
for a rightward shift and a negative value for a leftward
shift. If D and d are the distance between O and T and
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Fig. 5. (a) Front view of physical setup. (b) Arrangement of virtual
stimulus (side view). The starting point and target button were placed
10 cm to the right of the participants’ body mid-line.

between p and O along the depth direction, respectively
(D = Tz − Oz , d = pz − Oz), s is given as s = d

D · Smax.
In addition, to prevent the virtual fingertip from penetrating
the button, pz is restricted to below Tz , whereas the physical
and virtual positions are collocated when pz is smaller than
Oz . To summarize, the following equations are used to
calculate p′:

(p′x, p
′
z) =


(px + Smax, Tz) (pz ≥ Tz)
(px + s, pz) (Oz < pz < Tz)

(px, pz) (pz ≤ Oz)

During the experiment, we manipulated the value of
Smax for every trial while O, T, and D remained constant
(D = 20 cm). Hereafter, we refer to Smax as shift.

3.2 Participants
Before the experiment, we performed a power analysis to
estimate the necessary sample size using G*Power with
regards to the main response variable (i.e., detection thresh-
old). Based on the prior analysis of the informal pilot
experiment, we expected the effect size to be large. For
an effect size of 0.8, a significance level of 0.05, and a
power of 0.8, the minimum sample size was computed as
15. Thus, we set the sample size to 16 and conducted the
experiment with 16 participants. However, as we had to
exclude the data from one participant (see Section 4.1 for
details), we recruited another participant. Consequently, a
total of 17 individuals participated (14 males and 3 females;
24.53 ± 4.42 (SD) years old; 169.94 ± 7.77 (SD) cm tall). All
participants were recruited through social media, unaware
of the true purpose of the experiment, and had normal or
corrected-to-normal vision. We did not recruit participants
with glasses because they could have difficulties in correctly
wearing a head-mounted display (HMD). All participants
except one self-reported as being right-handed. Nine partic-
ipants had limited experience with VR, whereas eight were
familiar with VR. They signed an approved statement of
consent, and they were compensated with an Amazon gift
card amounting to approximately $10. The experiment was
approved by the local ethical committee.

3.3 Materials
3.3.1 Apparatus
The experimental apparatus included a Windows-based
computer (with an Intel i7-8750H, 16 GB RAM, and an

NVIDIA GTX1060), a hand-tracking sensor (Leap Motion
Controller), an HMD set (Oculus Rift CV1), a controller
(Oculus Remote), and a pulse oximeter (KONICA MI-
NOLTA PULSOX-Lite). The experimental program was de-
veloped using Unity 3D.

3.3.2 Hand Appearance
In line with the previous studies (e.g., [18]–[20]), we adopted
the Leap Motion Controller as the hand-tracking device.
This controller can track the forearm, hand, and fingers of
the users within a 1-m radius without the need to wear
gloves or markers. Its estimations deviate from the actual
positions by 1.2 mm on average [63]. Therefore, we con-
sidered it to be sufficiently accurate when tracking hands
in this study. Nevertheless, the following two steps were
considered to ensure optimal tracking conditions for the
leap motion. First, we placed an antireflective cloth on the
physical table to limit infrared interference (Figure 5). In
addition, we asked the participants to hold the controller
with their left hands and place the hand on their laps during
the tasks. This instruction was intended to prevent detection
artifacts by keeping their left hand away from the field of
view of the leap motion. In Figure 5, the left hand is placed
on the table only for clarity.

We used two types of avatar appearances, namely real-
istic and abstract (Figure 1). For the realistic condition, we
used a realistic gender-neutral virtual hand. The forearm
was not included in the model, as in previous retargeting
studies (e.g., [3], [4], [8], [32], [64], [65]). A 3D model of the
realistic hand was obtained from the Leap Motion Software
Development Kit (SDK). For the abstract condition, we chose
a sphere that moved in correspondence with the tip position
of the participant’s index finger as a non-anthropomorphic
avatar. One of the reasons for this choice was that propri-
oceptive drift is commonly measured using the position
of the tip of an index finger (e.g., [21], [46]). Thus, it was
necessary to use a model for which the position of the tip of
an index finger was as obvious as that of the realistic hand
model. In addition, task performance is known to influence
action-effect integration in SoA [13], [66]. Considering Fitts’
law [67], the difference in the cursor size (i.e., the avatar
size for pushing the button) could influence the task perfor-
mance. Thus, for a fair comparison, we had to ensure that
both avatars maintained the same functionality in pushing
the button despite their different appearances. Thus, we
chose a spherical model, the diameter and end position of
which corresponded with the width and end position of the
index fingertip of the realistic hand model.

3.3.3 Experimental Scene
The experimental scene was designed to display a realistic
room composed of a wooden table and shelves. A virtual
button with a diameter of 8 cm and a semitransparent
virtual sphere with a diameter of 2.5 cm represented the
target and initial positions, respectively. Their spatial con-
figurations are shown in Figure 5 (b). They floated 10 cm to
the right of the body mid-line so that the participants’ right
arm should be natural and comfortable to touch the initial
point while keeping their elbow on the table. To personalize
the height of the initial point depending on the arm length,
the participants wore the HMD and were asked to adjust
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Fig. 6. Illustrations of a trial. The semi-transparent virtual hand represents the physical location of the participant’s hand (not displayed in the
actual experimental scene). 1a) The participants placed the index fingertip of the hand inside the marker of the initial point. 1b) They kept the
fingertip at this point for 1 s. 2a) They start a reaching movement with remapped visual feedback of the human hand (realistic) or spherical pointer
(abstract). 2b) They press the target button. At that moment, the avatar’s displacement from the actual hand is the exact amount of shift, which
changes for each trial. 2c) They returned the fingertip to the initial point with remapped visual feedback only for the remapping detection task. 3a)
The participants answered whether the visual movements corresponded to their own movements. 3b) The position of the board was adjusted to
correspond with the perceived location of their invisible index finger.

the height of the initial point by pushing the buttons of the
controller to reach a comfortable posture when touching
the initial point with the tip of their index finger at the
beginning of the experiment. The height of the button was
also changed according to the adjusted height of the starting
point, to keep the relative positions identical. The above-
mentioned values and procedures were determined through
the informal pilot study to retain the participants’ comfort
and eliminate the influence of fatigue.

3.4 Remapping Detection Task

This task was aimed at estimating the detection thresholds
(i.e., the lowest levels of discrepancy that can be detected)
of the movement remapping. To this end, we used a two-
alternative forced choice (2AFC) task with an adaptive
staircase method [68]. The task followed a 2× 2 factorial de-
sign (within-subjects), and the independent variables were
avatar appearance (realistic and abstract) and shift direction
(left and right). Further, the dependent variable was the
detection threshold.

The participants first executed a reaching movement
with their right hand in each trial. To start each trial, the
participants were asked to place their right index fingertip
at an initial position (Figure 6, 1). Before starting the trial,
they could view the same sphere model as in the abstract
condition without any movement remapping. When the
trial started, the program proceeded to beep every 1 s. This
was introduced to ensure that the movement speed was
almost constant among trials and to avoid the influence
of speed on the task. Participants were asked to maintain
a still posture at the initial position for 1 s until they
heard the next beep. Then, the mark at the initial position
disappeared, and a button appeared at the target position.
Simultaneously, either the realistic or abstract avatar, which

moved according to the remapping model, was displayed
(Figure 6, 2a). The shift of the model changed for every
trial. The participants reached the button in 1 s such that
they could push it with the virtual tip of the index finger
immediately upon hearing the beep (Figure 6, 2b). When
they successfully pushed the button to a depth of 2 cm, the
button disappeared.

In the remapping detection task, the participants in-
stantly retracted their hand in another second so that they
could move back to the initial position when they heard the
next beep (Figure 6, 2c). During the retraction, the self-avatar
was still visible, and its movement followed the retargeting
model. The self-avatar disappeared when the participants
successfully touched the marker at the initial point. Then,
they answered a 2AFC task (yes/no) (Figure 6, 3a). The
displayed question was a Japanese-translation of ”Did the
movement of the virtual hand (sphere) exactly correspond
to your own movement?”. They could select the answer
by pressing the left or right button on the controller held
in their left hand, and they confirmed it by pressing the
center button. They proceeded with the trials consecutively,
although they could freely rest during the interval of trials
if they needed.

3.4.1 Staircase Procedure
In the remapping detection task, the shift amount was var-
ied between trials according to a simple up–down staircase
procedure (Figure 7). When the participant was aware that
the movement was remapped (i.e., a ”no” response) at a
trial, the staircase reduced the shift amount by 1.5 cm for
the next trial. Likewise, in the case of response ”yes,”, the
procedure raised the shift amount by 1.5 cm. This step-
ping rule converged to the 50% point of the psychometric
function, which corresponds to the detection threshold at
which remapping can barely be detected. As typically used
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Fig. 7. (a) The staircases increase or decrease the shift amount by 1.5
cm for every trial according to the answer. (b) An example panel rep-
resents the trial histories for two interleaved staircases that converged
from above and below the expected threshold region (descending and
ascending staircases, respectively). The dashed lines indicate the mean
of staircase reversals (represented by square markers), which approx-
imates the detection threshold (blue: ascending, red: descending, and
black: mean of both staircases).

in the staircase method, to prevent participants from being
aware of the scheme and to exclude any possible biases
resulting from this awareness, two staircases were inter-
leaved for each condition. The descending and ascending
staircases began sufficiently above (10 cm) and below (0
cm) the expected threshold region, respectively, the values
of which were estimated during the informal pilot study.
In any trial, the shift amount cannot take a negative value
(i.e., remapping to the opposite direction of the condition).
For example, in case the participant’s response was ”no”
when the shift amount was 0 cm (i.e., the movement was
not remapped), the shift amount did not change to -1.5 cm
but remained 0 cm for the next trial. Similarly, when their
response was ’no’ to the 1-cm-shift trial in the descending
staircase, the shift changed to 0 cm rather than −0.5 cm for
the next trial. In this case, after they answered ”yes” to the
0-cm-shift trial, the shift was increased to 1 cm and not 1.5
cm.

Eight unique types of staircases (two levels of avatar
appearance × two shift directions × two initial shifts)
were alternately performed in a randomized order until
14 trials were completed for all the staircases. That is, the
participants proceeded through eight staircases in parallel;
they first completed the first trials from all eight staircases
in a randomized order and then moved to the next eight
trials in another randomized order. This design is aimed at
preventing the influence of adaptation. Each participant per-
formed a total of 112 trials. Note that when the participant
completed the 14th trial, the staircase could determine the
shift amount for the 15th trial. The average of the reversal
points (i.e., the point at which the response changes from
”yes” to ”no” or vice versa) is typically used to estimate the
detection threshold.

3.5 Self-Localization Task
This task was aimed at assessing proprioceptive drift, that
is, the degree to which the perceived hand location drifted
toward the self-avatar. The proprioceptive drift was mea-
sured through the visual estimations of the perceived finger
position, as in previous studies (e.g., [57], [69]–[71]). We
used an adjustment method; the participants continuously
changed the position of the virtual thin board until its
position was perceived as the same as their finger position.
To eliminate the influence of anchoring effects, we used two

directions of adjustment: the board appeared at either 25 cm
to the left or right from the center of the virtual button for
each trial. We assumed that the positions were sufficiently
far from the participants’ perceived hand location.

The task followed a 2 × 5 factorial design
(within-subjects). The independent variables were the
avatar appearance (realistic and abstract) and shift
(−10cm,−5cm, 0cm, 5cm, and 10cm). Moreover, the neg-
ative and positive values indicate leftward and rightward
shifts, respectively. Based on our informal pilot study, we
anticipated that the thresholds with respect to the shift
amount in the remapping detection task would be approxi-
mately 5 cm on average and seldom exceed 10 cm. Hence, by
setting the shift factor to ±5 and ±10, we expected that we
could collect data of proprioceptive drifts for both cases in
which the participants easily noticed the discrepancy (±10
cm) and experienced difficulty in realizing the discrepancy
(±5 cm). The dependent variable was the proprioceptive
drift, which was measured by recording the horizontal
position of the virtual board from the actual finger position.

In each trial, the participants first executed a reaching
movement as in remapping detection task. The difference
was that they kept their arm still after completing the one-
way reaching movement. When they pushed the target but-
ton (Figure 6, 2b), the button and self-avatar disappeared.
Instead, a virtual thin board appeared (Figure 6, 3b). Then,
the participants adjusted the horizontal position of the
board to match the position with the perceived location of
their own index finger. They could continuously move the
board with a precision of 1 mm by pressing the left and
right buttons on the controller held in their left hand. When
they were satisfied, they pressed the center button to finalize
the answer. While estimating their perceived index finger
position, they were not allowed to move their arm. Then,
they retracted their arm to the initial position for the next
trial. During the retraction, the self-avatar was still invisible
because the visible position would provide feedback for
the correct answer. When the tip of the actual index finger
approached the starting position within a 5-cm radius from
the center, the sphere model was displayed at the tip of the
index finger.

Twenty unique types of trials (two levels of avatar ap-
pearances × five levels of shift amounts × two adjustment
directions) were successively performed in a randomized or-
der. These 20 unique trials constituted a block, and the task
constituted of two blocks. Thus, each participant performed
40 trials.

3.6 Heartbeat Counting Test

We conducted this test to assess individual interoceptive
sensitivity, which reportedly predicts the susceptibility to
BOIs. The susceptibility to BOI has two aspects in this
experiment: how much the threshold is increased, i.e., de-
crease in the sensitivity to the visuomotor discrepancies,
irrespective of avatar appearance, and how susceptible one
is to the avatar appearance, that is, how one’s response
in each measurement differed between the levels of avatar
appearance. Hence, we expected that interoceptive sensitiv-
ity may account for one’s sensitivity to the remapping or
susceptibility to avatar appearance.
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We used the mental tracking method [72], which has
been widely used to assess interoceptive sensitivity (e.g.,
[60], [62]). The test was conducted without using the HMD.
The participants were asked to count their heartbeat as fol-
lows: ”Without manually checking, e.g., touching your heart
or vein, silently count your heartbeat from the time you
hear ’start’ until you hear ’stop’. At the end of each interval,
please verbally report the number of counted heartbeats.”
This process was repeated for three time intervals of 25, 35,
and 45 s, presented in a random order. The participant was
informed of the length of the time interval. No feedback
regarding their performance was given to the participant.
After one brief training session (15 s), the actual experiment
started. There were 20-s breaks after every interval. During
the task, the actual heart rate was monitored with a pulse
oximeter attached to the participant’s left index finger.

The interoceptive sensitivity was estimated by calculat-
ing the normalized difference between their estimated and
actual heart rates. Each participant’s interoceptive sensitiv-
ity score was calculated as the mean score of three trials
according to the following transformation [72], [73]:

1

3

3∑
i=0

(1− |recorded− counted|
recorded

) (1)

The score could vary between 0 and 1, with higher scores
indicating small differences between recorded and counted
heartbeats (i.e., higher interoceptive sensitivity).

3.7 Questionnaire
The subjective evaluation of embodiment for virtual avatars
was assessed through a questionnaire. Although we were
interested in SoBO in particular, we measured the sense
of embodiment [52], which consists of SoA, SoBO, and
the sense of self-location (i.e., one’s spatial experience of
being inside a body), as they are closely related to each
other. We used Gonzalez–Franco and Peck’s VR-specific
avatar embodiment questionnaire [74], supplemented by a
Japanese translation. We omitted items that were not appli-
cable to our study context, such as the question regarding
tactile sensation. Consequently, the questionnaire consisted
of nine items and three subsets of questions: body owner-
ship (Ownership), agency and motor control (Agency), and
body location (Location) (Table 1). Each response was scored
on a seven-point Likert scale (−3 = strongly disagree; +3
= strongly agree). The evaluation was performed for each
level of avatar appearance.

The questionnaire was performed within the HMD. Dur-
ing the questionnaire, the participants could see the avatar
of their right hands. The avatar appearance was either
realistic or abstract, and the avatar moved in exact corre-
spondence with their real movements. They could freely
move their right hand. A question from the questionnaire
and a slider with numbers from −3 to +3 were displayed.
The questionnaire was simultaneously shown in English
(original) and in Japanese (translated). The participants were
instructed to answer each question based on the impression
of the avatar they were observing (i.e., the movement-
correspondent avatars) but not based on the recall of the
main tasks. Each question was answered twice for the two
types of avatar alternately in a randomized order. They

TABLE 1
Questionnaire to measure the sense of embodiment based on [74].

Items in italics represent control questions.

Subscale Question
Ownership 1) I felt as if the virtual hand (sphere) was my

hand.
2) It felt as if the virtual hand (sphere) I saw was
someone else’s.
3) It seemed as if I might have more than one hand.

Agency 4) It felt like I could control the virtual hand
(sphere) as if it was my own hand.
5) The movements of the virtual hand (sphere)
were caused by my movements.
6) I felt as if the movements of the vir-
tual hand (sphere) were influencing my own
movements.
7) I felt as if the virtual hand (sphere) was moving
by itself.

Location 8) I felt as if my hand (fingertip) was located
where I saw the virtual hand (sphere).
9) I felt out of my body.

could choose the answer by pressing the buttons on the
controller held in their left hand. Once they answered the
question regarding the observed virtual avatar, the appear-
ance changed to the other, while the question remained the
same. After they answered the same question for two types
of avatar appearances, the next question was shown, which
was randomly chosen from the nine items.

3.8 Procedure

The basic procedure of the experiment was (a) remap-
ping detection task, (b) heartbeat counting test, (c) self-
localization task, and (d) questionnaire. The whole exper-
iment took approximately 1 h to complete. The overall flow
of each experiment is described as follows. The steps in
italics were conducted while the participants’ wearing the
HMD. The participants

1) read and signed an experimental consent form.
2) received instructions and an overview of the task.
3) completed the training and the main trials of remapping

detection task (10–15 min).
4) completed the heartbeat counting test (3 min).
5) completed the training and main trials of self-localization

task (10–15 min).
6) completed the embodiment questionnaire (5–10 min).
7) took off the HMD and filled out a demographic ques-

tionnaire.

During training of remapping detection task, the partic-
ipants completed a minimum of eight trials with the same
stimulus type as the first trial for each unique staircase. For
each training trial, the expected answer was given to the
participant as feedback. Through the course of training, all
the participants were able to correctly distinguish between
nonremapped (i.e., 0-cm shift) and remapped (i.e., 10-cm
shift) movements. For self-localization task, the training
trials consisted of a few trials without feedback to practice
the procedure.
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Fig. 8. Results of remapping detection task. (Left) Bar plot of detection
threshold of remapping determined by shift amount considering avatar
appearance and shift direction. (Right) Bar plot of the rate of change of
the threshold from abstract to realistic considering shift direction. The
error bars indicate 95% confidence intervals. *: p < .05, ****: p < .0001.

4 RESULTS

For continuous variables, analysis of variance (ANOVA)
was conducted when the normality assumption (Shapiro–
Wilk’s normality test) was not violated (p > .05). When
the sphericity assumption was violated (Mauchly’s spheric-
ity test), the degrees of freedom were corrected using the
Greenhouse–Geisser correction. In addition, η2p were pro-
vided to quantitatively compare the effect size. Finally,
Tukey’s post-hoc tests (α = .05) were conducted to check
the significance of pairwise comparisons of the parametric
data. When the normality assumption was violated, or the
measurement did not use continuous variables, a Wilcoxon
signed rank test was conducted.

4.1 Detection Threshold of Remapping
To test [H1], i.e., the threshold for detecting if the remapping
of movements is higher with the realistic avatar than with
the abstract avatar, we analyzed the data from remapping
detection task. As described in Subsection 3.4 and Figure 7,
the average of the reversal points, including the data point
from the 15th trial, was used to estimate the threshold for
each staircase. We excluded three data points from reversals
as they were possibly mistakes and outliers; two partici-
pants answered “no” in the first trial of one of the ascending
series (i.e., a 0-cm shift) and one participant answered “yes”
for a descending series (i.e., a 10-cm shift). The average
value of the thresholds of the ascending and descending
series for each condition was used as a representative value
from each participant because they were expected to con-
verge to the same values. As described in Section 3.2, the
data from one male participant was excluded from the anal-
ysis because his thresholds for two out of four conditions
exceeded 10 cm. Considering he understood the instruction
during the training session that the expected response to 10-
cm shift was ”no” (see Subsection 3.8), it is rather unlikely
that he actually could not notice the remapping with a 10-
cm shift. Rather, it is reasonable to suppose that he did
not properly complete the task. Thus, we used a total of
16 participant datasets for the following analysis.

Finally, a two-way ANOVA with repeated measures
was conducted considering the within-subjects factors of

avatar appearance (two levels: realistic and abstract) and
shift direction (two levels: left and right). As shown in the
left part of Figure 8, ANOVA showed a significant two-
way interaction effect between avatar appearance and shift
direction [F (1, 15)=17.39, p< .001, η2p =0.54]. Thus, we
conducted Tukey’s post-hoc tests for each avatar appearance
level and shift direction. When comparing the values for
each shift direction, the threshold was significantly smaller
for the abstract avatar than for the realistic avatar only for
the leftward shift (left: p < .0001, right: p = .67). In contrast,
when comparing the value of each avatar appearance level,
the threshold was significantly smaller in the leftward than
in the rightward shift only in the case of the abstract avatar
(abstract: p < .05, realistic: p = .42).

These results indicate that the participants were less sen-
sitive to remapping with realistic avatars than with abstract
avatars when leftward shifts are applied. To reveal how
much the realistic avatar increased the detection thresholds
of visuomotor discrepancy accompanied by leftward shifts,
we calculated the threshold ratio of realistic to abstract for
each shift direction, for each participant (Figure 8 right).
Note that the average of the ratios can be different from the
ratio of the averages. As a result, the threshold was found
to be 31.3±12.5% higher and 0.5±8.2% lower (95%CIs) for
realistic avatars than abstract avatars on average for the left-
and right-shift conditions, respectively.

To summarize, these results partially supported [H1] in
the sense that the detection threshold of the remapping was
higher when using realistic avatar than when using abstract
avatar, only in the case of the leftward shifts.

4.2 Proprioceptive Drift

To test [H2], i.e., the amount of proprioceptive drift is larger
for the realistic avatar than for the abstract avatar, the results
of self-localization task were analyzed. The value of the
drift indicates how far the proprioceptive self-location was
perceived toward visual self-location (i.e., where the self-
avatar was located) from the actual hand position. The
average of the four repeated measurements (including both
adjustment starting points of −25 cm and 25 cm) for each
condition was taken as the data point for each participant.

A two-way ANOVA with repeated measures was con-
ducted considering the within-subjects factors of avatar
appearance (two levels: realistic and abstract) and shift (five
levels: −10, −5, 0, 5, and 10 cm) (Figure 9). Note that the
rightward and leftward shifts take a positive and nega-
tive value, respectively. ANOVA revealed a significant two-
way interaction effect between avatar appearance and shift
[F (2.99, 47.84)=3.40, p< .05, η2p =0.18]. Thus, we con-
ducted Tukey’s post-hoc tests for each avatar appearance
level and shift (Figure 9). When comparing the value for
each shift, the proprioceptive drift was significantly smaller
with respect to the abstract avatar than that with respect
to the realistic avatar in the −5- and −10-cm conditions
(p < .05 and p < .01, respectively). For the realistic avatar,
the proprioceptive drifts were not significantly different
between 5 and 10 cm (p = .96) or between −5 and −10
cm (p = .84). The other comparisons produced significant
differences (p < .05 for 0 cm vs 10 cm; p < .01 for the
others). For the abstract avatar, the proprioceptive drifts
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Fig. 9. Point plot of the mean proprioceptive drift (i.e., the localization
bias of own hand toward the virtual hand) considering avatar appear-
ance and shift during self-localization task. Error bars indicate 95% CIs.
The shift takes a positive/negative value for rightward/leftward shift The
solid/dotted black lines indicate the relative position of the actual/virtual
hands from the actual hand, respectively, for readability. *: p < .05, **:
p < .01.
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were not significantly different among 0, −5, and −10 cm
(p = .27 for 0 cm vs −5 cm, p = .34 for 0 cm vs −10 cm,
p = 1.00 for −5 cm vs −10 cm) or between 5 cm and 10
cm (p = .60). Moreover, the other comparisons produced
significant differences (p < .01 for all).

To summarize, these results partially support [H2] in
the sense that the extent of proprioceptive drift was larger
with respect to the realistic avatar than with respect to the
abstract avatar, only for leftward shifts.

4.3 Sense of Embodiment
To test if the realistic avatar induced a stronger sense of
embodiment, including SoBO, than the abstract avatar, the
subjective ratings of the questionnaire were analyzed. The
subscales of ownership, agency, and location ratings in the
questionnaire were aggregated and averaged (answers for
control items were inverted) to compute the scores for each
avatar appearance per participant.

As the Likert scale is regarded as an ordinal scale,
Wilcoxon signed-rank tests with the within-subjects factor
of avatar appearance (two levels: Realistic, Abstract) were
performed for each subscale. As shown in Figure 10, no sig-
nificant difference was found between the scores of realistic
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Fig. 11. Bar plots of the threshold of remapping (upper left) and the
proprioceptive drift ratio (upper right), and box plots of the subjective
ratings of ownership (bottom) for each avatar appearance level and
interoceptive sensitivity. Error bars of the bar plots indicate 95% CIs.

and abstract avatars for Ownership (p = .20) or Agency
(p = .72). The Location score with the abstract avatar
was marginally smaller than that with the realistic avatar
(p = .07). Contrary to our expectations drawing on previous
studies that the realistic avatar induces the stronger SoBO
(e.g., [15], [18]–[20]), there was no significant difference
between the sense of embodiment with the realistic and
abstract avatars.

4.4 Interoceptive Sensitivity
We tested [H3] and [H4], i.e., the participants with lower
interoceptive sensitivity tend to have higher thresholds
(H3) or tend to be well influenced by avatar appearance
(H4). In addition, we tested if the proprioceptive drift and
questionnaire scores of ownership subscale, which are both
measurements of BOI, can be explained according to intero-
ceptive sensitivity to validate the previous study [60]. Pre-
vious studies have suggested that interoceptive sensitivity
predicts the malleability of body representation; that is, peo-
ple with low interoceptive sensitivity experience a stronger
BOI [60]. Therefore, we investigated whether interoceptive
sensitivity predicted the individual differences of detection
threshold of remapping.

As a result of the heartbeat counting test, interoceptive
sensitivity scores were derived from Equation 1 in 3.6. The
scores did not satisfy the normality assumption, and the
median value was 0.93. As with the previous studies on
interoceptive sensitivity [60]–[62] , a median split method
was used to divide the participants into high- and low-
interoceptive-sensitivity groups (median = 0.96 and 0.78,
respectively).

For the thresholds, we used the average values in the
left- and right-shift conditions for each avatar appearance
as an index. We then calculated the indices of the thresh-
old and proprioceptive drift for each avatar appearance,
which can represent the values regardless of shift. For
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the proprioceptive drift, we first calculated the normalized
ratio of the proprioceptive drift to the shift (i.e., the ratio
of the subjective displacement of the self-location to the
actual displacement) for each condition (avatar appearance
× shift). This ratio can vary from 0 to 1, except for the
case of a 0-cm shift. The drift was not meant to occur with
this shift because the virtual and actual hands were present
at the exact same position. Nevertheless, we observed the
proprioceptive drift with a 0-cm shift (p < .05 for both
avatar appearances; see Discussion). Hence, we eliminated
the bias for each participant by subtracting the value in the
0-cm shift as a baseline from the values in each shift for
each avatar appearance. We used these adjusted values to
calculate the ratio for each condition. Finally, we used the
average values of the ratio in all shift conditions, except for
the 0-cm shift, for each avatar appearance as an index.

As we were interested in whether the values irrespective
of avatar appearance differed according to the interoceptive
sensitivity (i.e., the main effect of interoceptive sensitivity)
and whether the effect of avatar appearance differed accord-
ing to the interoceptive sensitivity (i.e., the interaction effect)
for each index, we conducted a two-way ANOVA with
repeated measures considering the within-subjects factor of
avatar appearance (two levels: realistic and abstract) and the
between-subjects factor of the interoceptive sensitivity (two
levels: high and low) for each index except for the subjective
SoBO. For the subjective SoBO, we conducted the Wilcoxon
signed-rank test instead of the ANOVA as the data was
nonparametric. We did not report the main effect of avatar
appearance for all the indices as it had been already reported
in the analyses in the previous sections.

For the thresholds, ANOVA revealed that neither the
main effect of interoceptive sensitivity nor the interaction
effect were significant [F (1, 14)=1.20, p= .29, η2p =0.08;
F (1, 14)=1.67, p= .21, η2p =0.11]. For the propriocep-
tive drift ratio, the ANOVA also revealed that neither
the main effect of interoceptive sensitivity nor the in-
teraction effect were significant [F (1, 14)=0.01, p= .91,
η2p =0.0008; F (1, 14)=0.27, p= .61, η2p =0.002]. For the
subjective SoBO, the Wilcoxon signed-rank test showed that
the SoBO score tended to be lower in the high-interoceptive
sensitivity group than in the low-interoceptive sensitivity
group (W = 83, p = .09), although it was not significant.
The other comparisons equivalent to the test of the interac-
tion effect were not significant for the subjective SoBO.

To summarize, we did not find any relationship between
one’s interoceptive sensitivity and detection thresholds or
the proprioceptive drift. Instead, we marginally validated
the previous studies, which showed that the participants of
lower interoceptive sensitivity tended to score higher SoBO
ratings. These results did not support [H3] and [H4].

4.5 Summary of Findings

The main findings of our experiment are as follows:
• The detection threshold of the movement remapping

was approximately 31.3% higher with realistic (i.e.,
virtual hands) than abstract (i.e., spherical pointers)
avatars when the leftward shift was applied.

• The proprioceptive drift (i.e., displacement of the per-
ceived self-location toward the virtual hand) was larger

with realistic than abstract avatars when the leftward
shift was applied.

• For both measurements, there were no significant dif-
ferences between the two avatars when the rightward
shift was applied.

• The sense of embodiment including SoBO did not differ
between 1:1 mapped realistic and abstract avatars.

• The relationship of the interoceptive sensitivity with the
individual differences of the threshold and propriocep-
tive drift was not found.

5 DISCUSSION

We revealed, for the first time, that avatar appearance in-
fluences the self-attribution of the remapped movements in
hand interaction techniques that exploit visual dominance.
Specifically, the result of remapping detection task showed
that compared to abstract avatars, realistic avatars can make
remapping less noticeable. With the realistic avatar, the par-
ticipants could not notice that the movement of the virtual
hand was different from that of their own for a leftward shift
of up to 4.5 cm (i.e., 12.7◦ redirection), which is 31.3% higher
than that with abstract avatar. In addition, the result of self-
localization task showed that a greater importance is given
to visual information for visuo-proprioceptive integration
when realistic avatars are used than when abstract avatars
are used. The finding that the same results were shown with
two complementary measurements not only confirms the
reliability of our findings but also reinforces our argument
that the BOI is closely related to the self-attribution of the
remapped movement. This is remarkable because in remap-
ping detection task, we asked the participants about the self-
attribution of movements, which is related to SoA and not
SoBO. Conventionally, the limitation of the self-attribution
of a remapped movement is considered to depend on the
mismatch between actual control and visual feedback (i.e.,
visuo-motor or visuo-proprioceptive discrepancy). To the
best of our knowledge, this is the first study which showed
that avatar appearance changes how one perceives the iden-
tical discrepancy between visual and real hand movements.

Our contributions, with respect to the limitation of unno-
ticeable offset of the remapped movement exploiting visual
dominance, can be summarized as follows:

1) We expect that the avatar appearance can influence the
sense of self-attribution by associating with BOI

2) We provide quantified evidence that realistic avatars
can make the remapping less noticeable for larger mis-
matches between visual and actual movements.

Given these findings, we recommend that VR designers use
realistic rather than abstract avatars to widen the range of
unnoticeable displacement for the hand remapping tech-
niques. The use of realistic rather than abstract avatars
can potentially improve a wide variety of hand interaction
techniques because it can mitigate a range of unnoticeable
displacement without changing the mapping model itself.

Nevertheless, there are some unexpected results that
must be discussed. First, with both the detection threshold
and proprioceptive drift, the effect of avatar appearance was
observed only when the leftward shift was applied, i.e.,
his/her own right hand moves to the right and forward. The
following questions were raised. 1. “What is the difference
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between the rightward and leftward shifts?” and 2. “Why is
the avatar appearance only effective in the leftward shift?”.
The first question may be hinted at by the notable anisotropy
observed in self-localization task. As shown in Figure 9,
the proprioception was almost fully captured by vision
in the 5 cm-shift condition (i.e., rightward shift) for both
avatars, and the location was scarcely captured with the
−10- and −5-cm shifts (i.e., leftward shift), especially for
abstract avatars. A possible explanation for the first question
can be the difference in the muscle execution: flexion and
extension. As the target was placed 10 cm to the right of
the participant’s body midline (i.e., where the right hand
is naturally located), the arm should be somewhat flexed
to touch it. The actual arm was also flexed with rightward
shift. However, it was extended in the case of leftward shift.
It can be considered that it is difficult to deceive that the arm
was flexed when the actual arm was extended. In addition,
when we extend the arm to the right, maintaining the
posture was more difficult than when reaching for the front
of the body. Consequently, it could foster the awareness
of proprioception and might result in higher reliability of
proprioception in the case of the leftward shift.

Furthermore, similar anisotropy is shown in BOI; the
relative distance of the fake hands to the body midline
as well as distance between the real and artificial hands
modulate the proprioceptive drift [75]. In our cases, the
relative distances of the actual hand from the body midline
largely differed when the leftward and rightward shifts
were applied. The distance from body midline influences
BOI because the peripersonal space, a representation of
the space immediately surrounding the body, plays a key
role in BOI and visual-proprioceptive integration [40], [75]–
[77]. Outside this space (i.e., extra-personal space), multisen-
sory integration is considered to be diminished. Although
peripersonal space is considered to be determined by the
reaching extent, evidence has been found for a graduated
transition between the two spaces, and this transition begins
within the reaching space [78]. The theory of peripersonal
space explains the first point and helps in the consideration
of the second point. Our results indicate that the avatar
appearance has an effect on the visuo-proprioceptive inte-
gration only when integration scarcely occurs. We conjecture
that if the situation already allows for integration (i.e.,
within peripersonal spaces), the impact of the top–down
process is relatively low. Rather, the avatar appearance can
foster the integration when the integration hardly occurs.
Nevertheless, the above-mentioned studies mostly inves-
tigated the effect of the position of artificial hands rather
than that of the actual hands. In addition, the actual hand is
placed away from body midline in a typical RHI (e.g., [56]).
Hence, further investigation would be needed to validate if
the peripersonal space could well explain the anisotropy.

Second, in self-localization task, we observed the pro-
prioceptive drift with the 0-cm-shift, where the drift was
not supposed to occur because the virtual and actual hands
were present at the exact same positions (Figure 9). This
bias is considered to be a result of proprioceptive recali-
bration caused by the unexpectedly fast, strong visuomotor
adaptation (e.g., [79]) that persisted in the subsequent trial.
In particular, the estimated drift to the right in the 0-cm-
shift condition might have been influenced by the large

proprioceptive drift under the preceding right-shift condi-
tion. Another possible explanation for the bias is an artifact
of the absolute error in the estimation of hand positions
by Leap Motion. Optical imperfections such as perspective
distortion could produce the constant horizontal offsets
between actual and estimated hand positions.

Third, contrary to the expectation, the results of the
questionnaire indicated that avatar appearance does not
influence SoBO. The visuomotor synchrony from the first-
person perspective enabled by VR was considered to func-
tion as a powerful tool for embodiment and resulted in the
ceiling effect, regardless of avatar appearance. Nevertheless,
the score of SoBO over the spherical pointer in our study
was rather high even compared to that of previous studies
on SoBO over abstract avatars (e.g., block, board and sphere)
in VR [18]–[20], [53]. This may be because of our experimen-
tal protocol. In our experiment, participants evaluated the
sense of embodiment over avatars whose movements were
completely synchronized with their own after they used
the avatars whose movements were remapped in the main
tasks. Hence, it is possible that in the questionnaire, SoBO
was estimated to be high as completely synchronous visuo-
motor information was provided compared to the previous
avatar. In addition, the proprioceptive drift and subjective
scores of SoBO were shown to not always correspond [54]–
[58]. Therefore, we considered that the unexpected results
of the questionnaire do not immediately undermine the
value of our other results. Furthermore, the sample size
of this study was chosen based on the power analysis for
the detection threshold. Hence, the supports for the null
hypothesis of the questionnaire results might be attributable
to the relatively low statistical power for non-parametric
tests, which increased the probability of committing a type
II error. Thus, further investigations are needed in terms of
the mechanism of the effect of avatar appearance.

Lastly, we did not find the relationship between intero-
ceptive sensitivity and threshold of remapping, contrary to
the expectation (Figure 11). In addition, we could not vali-
date the previous finding that the susceptibility of BOI, mea-
sured by proprioceptive drift and questionnaire, is predicted
by interoceptive sensitivity. One of the reasons for this is
that the interoceptive sensitivity scores indicated the ceiling
effect and did not sufficiently vary between participants. In
fact, the median was 0.93. Some participants reported in
open-ended questions after the experiment that the pulse
became apparent owing to the finger being pressured in
the pulse oximeter. Hence, finding an alternative method
to precisely detect the participant’s actual heartbeat would
be needed for future studies. If the individual differences
are predicted through interoceptive sensitivity, the level
of remapping to each user can be adjusted based on the
individual traits of how sensitive they are to the sensory
conflict without directly measuring it. As a method of pre-
dicting one’s tendency of visual dominance, it may also be
applicable to a wide variety of interaction techniques.

5.1 Limitations

Herein, we adopted two types of avatar appearances to
verify the hypothesis that the more realistic the avatar,
the more visual dominance can be exploited. Our results
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supported the hypothesis for the leftward shift at least in our
experimental condition and showed for the first time that
the appearance of virtual hands matters in hand remapping
technique; nevertheless, it remains unclear how far this
holds true for different avatar appearances. Hence, a further
investigation from at least two aspects may be necessary
in future studies. The first being the consideration of how
the self-attribution would be affected if the avatar is of
medium level of realism, such as robotic hand. Schwind et
al. [20] used five different appearances for virtual hands to
investigate the effect on visuo-haptic integration and found
that massive violations of the human-likeness of a virtual
hand (i.e., robot, invisible, or cartoon hand) can affect tactile
experiences, but do not seem to affect tactile sensitivity
systematically. This indicate a nonlinear effect of virtual
hand appearances; hence, further investigation would be
needed. The other is whether a more realistic virtual hand
(e.g., personalized hand in terms of size and texture and
a realistic full-body including arm) fosters self-attribution
more than a realistic virtual hand without an arm, which
we used in this study. It is known that a stronger SoBO
can be elicited with a virtual upper limb that appears to
be connected with one’s torso than a virtual hand without
an arm [54]. However, when remapping the movements of
the virtual upper limb, the arm may sometimes appear to
be obviously detached from the user’s torso or protrude
unnaturally from the torso, which breaks the connectivity
to the body. Indeed, Azmandian et al. [2] considered it
to be an issue and proposed a body-friendly adjustment
method, wherein the virtual hand rotates and shifts to avoid
detaching the arm from the torso. Thus, when using a full-
body avatar, a technique to maintain the connectivity as well
as to investigate the effect of SoBO must be realized.

5.2 Future Work

Herein, we focused on the aspect of SoBO with respect to
the self-attribution to identify if the avatar appearance could
affect the threshold of the remapping. Similarly, focusing on
SoA, which is another aspect of the self-attribution, may
also contribute to identifying other factors that could affect
the threshold. In fact, higher-level cognitive processes, such
as background beliefs and contextual knowledge relating
to the action, also influence the induction of SoA [80],
[81], although spatial and temporal contiguity between
one’s own and observed movements are the main cues
for SoA [36]–[38]. Thus, controlling the context may help
increase the threshold without changing the mapping. For
example, priming, a method that is often used to modulate
the SoA by manipulating prior conscious thought about an
outcome [82]–[84], would be a promising technique to foster
self-attribution. Moreover, task performance is known to
influence action-effect integration in SoA [13], [66]. In this
study, we used the avatars with the same functionality or
controllability in pushing the button so as to investigate the
effect of avatar appearance fairly. Conversely, the change in
avatar representation including the functionality or control-
lability as well as its appearance may influence both SoA
and SoBO; hence, it may further foster self-attribution.

Furthermore, evidence from several studies indicates
the effectiveness of haptic feedback. For instance, Caola

et al. [44] found that synchronous visuo-tactile stimulation
counteracted the visuomotor inconsistencies (i.e., virtual
arms moved while real arms kept still) to induce SoBO. Lee
et al. [85] also showed that finger-based cutaneous haptic
feedback increased the detection threshold of the visuo-
proprioceptive conflict arising from tracking error. To apply
these findings to hand remapping technique in terms of
SoBO would be an interesting future prospect.

This study dealt with a basic retargeting model that
linearly remaps a hand movement according to a fixed
angle as an example of a hand remapping technique ex-
ploiting visual dominance. Nevertheless, considering the
theory of SoBO, the avatar appearance may influence the
self-attribution in more complex remapping techniques as
well. Moreover, it may be applicable to visuo-proprioceptive
discrepancies, which is unintentionally caused by tracking
errors and latency. Finally, the investigation of the effective-
ness of avatar appearance in combinations of multimodal
integration other than visuo-proprioceptive, such as visuo-
vestibular (i.e., used in redirected walking techniques), is a
potentially fruitful area of future work.

6 CONCLUSION

Taking advantage of visual dominance, previous research
has developed a variety of hand interaction techniques
which remap physical hand movements onto different vir-
tual movements. However, there is a problem that when
the offset between virtual and physical hands increases,
the users become aware of the remapping. We hypothe-
sized that realistic avatars (i.e., human hands) can make
the remapping less noticeable than abstract avatars (i.e.,
spherical pointers) by fostering the SoBO over the remapped
hands. The results showed that realistic avatars increased
the detection threshold (i.e., lowered sensitivity) by 31.3%
than the abstract avatars when the leftward shift was ap-
plied (i.e., when the hand moved in the direction away
from the body-midline), supporting the hypothesis. In ad-
dition, we also measured the proprioceptive drift (i.e., the
displacement of self-localization toward an avatar). It was
larger, indicating a greater weight being given to visual
information, when realistic avatars are used than abstract
avatars are used for leftward shifts. Our findings show
that the more visual dominance over proprioception can be
exploited by simply manipulating avatar appearance.
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