virtual worlds

Article

Perception and Embodiment for Motion-Scaled Virtual Hands

Xiaoyang Feng 1, Shogo Okamoto "* and Masayuki Hara >

W) Check for updates

Academic Editor: Christos J. Bouras

Received: 9 May 2026

Revised: 20 June 2026

Accepted: 23 June 2026

Published: 29 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Computer Science, Graduate School of Systems Design, Tokyo Metropolitan University,
6-6 Asahigaoka, Hino 191-0065, Tokyo, Japan; feng-xiaoyang@ed.tmu.ac.jp

Department of Mechanical Engineering and System Design, Graduate School of Science and Engineering,
Saitama University, 255 Shimo-Okubo, Sakura-ku, Saitama City 338-8570, Saitama Prefecture, Japan;
masayuki@mech.saitama-u.ac.jp

*  Correspondence: okamotos@tmu.ac.jp

Abstract

Virtual reality (VR) provides a flexible platform for investigating human perception of
augmented bodily abilities. While motion scaling of virtual limbs has been explored in
previous studies, psychophysical detection thresholds and embodiment have rarely been
examined together, and direct comparisons between motion enlargement and reduction
remain limited. In this study, we systematically manipulated the motion gain of a virtual
hand in an immersive VR environment and evaluated both detection thresholds for de-
viations from unity gain and embodiment, including the sense of ownership and agency.
Fifteen participants took part in the experiment. The results showed that the 50% detection
thresholds for motion gain were 1.18 for motion expansion and 0.86 for motion shrink-
age. These detection thresholds were approximately symmetric about the unity gain. In
contrast, embodiment ratings showed an asymmetric decline, with ownership and agency
decreasing more steeply for motion shrinkage than for motion expansion. Perceptual
detection and subjective embodiment therefore exhibited both consistency and divergence:
the onset of significant degradation in ownership and agency occurred near the perceptual
detection range, whereas beyond these thresholds, embodiment declined asymmetrically.
These findings provide quantitative guidance for designing motion-scaled body augmenta-
tion in VR, highlighting the importance of considering not only detectability but also the
direction-dependent robustness of embodiment.

Keywords: bodily extension; motion scaling; embodiment; ownership; agency

1. Introduction

Virtual reality (VR) enables users to experience enhanced or augmented bodily abilities
by flexibly transforming their movements in immersive environments. In particular, motion
scaling of virtual limbs can naturally extend users’ reach and movement range, providing
intuitive and often enjoyable interaction experiences [1-6].

VR technology has become a powerful platform for investigating human perception
and motor control, owing to its high level of immersion and interactivity [7,8]. In the
real world, visual perception of one’s limbs naturally corresponds to motor control over
them. In contrast, VR environments can intentionally disrupt this sensory correspondence,
enabling researchers to precisely manipulate or dissociate the relationship between visual
information and actual movement.

Previous studies have examined how such manipulations of limbs influence users’
sense of embodiment by altering the appearance [7,9-11], number [12-14], and motion [15]
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of virtual hands. These manipulations effectively modulate the integration of visual and
proprioceptive cues related to the upper limbs. Moreover, research has shown that when
faced with sensorimotor discrepancies, the human rapidly adapts and compensates to
maintain coherent body perception and stable motor control [16,17].

Numerous studies on bodily redirection have investigated techniques for making
virtual walking spaces appear larger than the physical space available to the user [18-26].
These studies typically manipulate locomotion paths or visual feedback such that users can
traverse a virtually expansive landscape within a limited physical area. Steinicke et al. [21]
highlighted the importance of investigating detection thresholds in motion scaling within
virtual environments. While redirected walking techniques have been extensively studied
for locomotion and rotational manipulations, relatively few studies have investigated
motion scaling [1-6] and position offsetting [27-29] of the upper limbs. Further, some
existing works have primarily focused on gain amplification [1-3]. This limitation is notable,
as shrinkage may impose different constraints on sensorimotor integration compared
to expansion.

One possible reason why motion shrinkage has received less attention is that its
applications in VR are less immediately apparent. Motion expansion is intuitively beneficial,
as it allows users to achieve enlarged perceptual effects with smaller physical movements,
thereby providing enhanced and efficient interaction. In contrast, motion shrinkage has
been shown to be advantageous for fine manipulation in robotics [30-33], suggesting
that similar benefits may be realized in VR for tasks requiring precision. Furthermore,
because motion shrinkage effectively increases the required physical effort relative to the
perceived motion, it may be useful for designing controlled experimental conditions, such
as inducing physical load or fatigue.

The studies most closely related to ours are those of Zenner and Kriiger [4], Es-
maeili et al. [5], and Hartfill et al. [6]. In the work by Zenner and Kriiger [4], virtual hand
movements defined in a polar coordinate system were manipulated using gain factors
applied along the depth directions and the corresponding detection thresholds were identi-
fied through psychophysical experiments. Along the rotation directions, they manipulated
the angle offsets. Esmaeili et al. [5] investigated detection thresholds for motion gain of a
virtual arm using the method of constant stimuli. They reported that detection thresholds
varied depending on the direction of hand movement and suggested that task type, such
as reaching tasks and gamified tasks, may also influence these thresholds. Hartfill et al. [6]
focused specifically on gain reduction and estimated detection thresholds using a psy-
chophysical staircase method. Their results indicated that detection thresholds differed
significantly depending on the direction of hand movement. In contrast, the present study
is distinguished by its focus not only on detection thresholds but also on embodiment.

In studies of motion scaling, perceptual detection thresholds are important because
they represent the limits within which users can operate a virtual body without becom-
ing aware of the gain manipulation. However, considering the high adaptability of
humans [16,17], it may be acceptable for users to become aware of such manipulations. In
such cases, the quality of embodiment becomes a more critical factor.

Embodiment is often discussed in terms of multiple components, including the sense
of ownership, agency, and self-location [15,34-36]. In the context of the present study, where
participants manipulate a virtual hand while remaining seated, the sense of ownership
and agency are of primary importance. Even when the motion gain exceeds perceptual
detection thresholds, its use may still be acceptable in certain applications, provided that
the degradation in these embodiment measures remains within an acceptable range.

A similar experimental framework was employed in the authors’ previous work [37],
in which perceptual thresholds for virtual hand motion gain were investigated in a user
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study with ten participants. This study extends that work by enabling the joint examination
of both perceptual thresholds and embodiment within a unified experimental setup.

To the best of our knowledge, no prior study has simultaneously examined both
detection thresholds and embodiment within a single experimental framework. To address
this gap, the present study quantitatively measures perceptual detection thresholds for
changes in the motion gain of virtual hands using the psychophysical method of constant
stimuli, together with subjective measures of embodiment. In addition to estimating
detection thresholds, we are particularly interested in how embodiment changes when the
motion gain exceeds these thresholds.

We hypothesize that the degradation of embodiment differs between motion expan-
sion and shrinkage. Perceptual detection of motion gain is thought to be mediated by
discrepancies between visual information and proprioceptive signals [20,38]. Similarly,
the emergence of embodiment toward a virtual hand, particularly the sense of agency, is
strongly influenced by the consistency between motor predictions and the sensory con-
sequences of self-generated movements, as well as the integration of visual and motor
information [39—-43]. These considerations suggest that the detection of gain manipula-
tion and bodily awareness may rely, at least in part, on shared underlying mechanisms.
Previous studies have shown that motion shrinkage is more readily detected than motion
expansion [5,18,21]. Based on this asymmetry, we expect that changes in embodiment
will also differ between expansion and shrinkage conditions. The present study therefore
contributes both a quantitative comparison of detection thresholds and the first direct
examination of how embodiment changes under motion expansion and shrinkage within
the same experimental framework.

2. Materials and Methods
2.1. Apparatus and VR Environment

The experiment was conducted using a head-mounted display (Meta Quest 3, Meta
Platforms Inc., Menlo Park, CA, USA). Meta Quest 3 was selected because it provides
markerless hand tracking function and has been reported to achieve sufficient spatial
accuracy for interactive VR applications [44,45]. The virtual environment was developed
using Unity 2020.3.35f1 (Unity Software Inc., San Francisco, CA, USA).

To allow participants to focus exclusively on the perception of hand movement, only
computer-generated graphics (CG) of the forearm and hand (from the elbow down) were
displayed within the field of view, minimizing extraneous visual information. The same
hand CG model was used in our previous study [37,46].

To ensure consistent hand movements across participants, a visual guide was pre-
sented in each trial, consisting of either an equilateral triangle (side length: 30 cm) or a circle
(radius: 15 cm), as shown in Figure 1. These figures were selected to include both smooth
continuous movements and movements involving abrupt directional changes, thereby
reducing dependence on a specific movement pattern while keeping the task simple and
easy to perform. The figure was positioned directly in front of the participant and could be
reached by extending the shoulder and elbow.

2.2. Motion Scaling of Virtual Hand

Figure 2 illustrates how the movement gain was applied. The gain caused either an
expansion or a shrinkage of the hand’s motion. The displacement of the virtual hand
was calculated with reference to the baseline position by multiplying the actual hand’s
displacement by the gain factor. Participants were instructed to place their index finger at
the center of the displayed geometric figure before each trial began. This position served
as the baseline position from which the displacement of the actual and virtual hands was
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calculated. At the baseline position, the locations of the actual and virtual hands spatially
coincided regardless of the gain condition.

TTTTT— ——

Figure 1. VR hand-tracing figures. (Left) Equilateral triangle with a side length of 30 cm.
(Right) Circle with a radius of 15 cm. The figures were traced using the index finger of the
dominant hand.

Actual hand’s motion Scaled VR hand’s motion

| O Baseline position @ Current position

Figure 2. Expansion and shrinkage of virtual hand motion. The displacement of the virtual hand
is scaled by a gain factor k with respect to the baseline position (white circles). For visual clar-
ity, the actual and virtual hands are illustrated separately, although they spatially coincide at the
baseline position.

Let the actual hand’s three-dimensional deviation be d, € R3*1 and the virtual hand’s
deviation be dy; € R3*! from the baseline position. Their relationship, using the gain k,
was defined as follows:

dyy = kd,. 1)

Here, when k > 1.0, the motion of the virtual hand represented an expansion relative to
that of the actual hand. When k < 1.0, the virtual hand’s motion represented shrinkage.
When k = 1.0, the motions of the virtual and actual hands matched.

2.3. Experimental Participants

Fifteen university students (5 females and 10 males, mean age = 24.0 years, age range:
20 years and above) participated in the experiment after providing written informed
consent. The sample size was determined a priori using a power analysis (G*Power, ver.
3.1.9.7 [47]) for paired t-tests with a significance level of & = 0.05 and statistical power of
1 — B = 0.8. All participants were right-handed, although handedness was not controlled
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as an inclusion criterion. They were recruited through an open call and were naive to the
purpose of the study. No restrictions were imposed regarding prior experience with VR
head-mounted displays.

2.4. Experimental Procedure
2.4.1. Procedures of Gain Detection Task

The experiment was conducted using the psychophysical method of constant stimuli.
Participants judged the perceived motion gain of each stimulus using a three-alternative
response format: expansion, match, or shrinkage.

This response format allowed both motion expansion (k > 1.0) and shrinkage
(k < 1.0) conditions to be presented within a single experimental sequence, thereby reduc-
ing potential response biases and improving experimental efficiency. Although no explicit
reference stimulus (k = 1.0) was presented, the baseline condition was included among the
test stimuli.

For subsequent analysis, the three response categories were recoded into binary
responses depending on the direction of interest. Specifically, when analyzing expansion
detection, “expansion” responses were treated as hits, whereas “match” and “shrinkage”
responses were treated as non-expansion responses. Conversely, when analyzing shrinkage
detection, “shrinkage” responses were treated as hits, and the other responses were treated
as non-shrinkage responses. This approach is equivalent to a Yes—No task for each motion
direction while maintaining a balanced stimulus presentation across gain conditions.

Because perceptual thresholds vary across individuals, a preliminary session was
conducted prior to the main experiment to estimate each participant’s sensitivity. This was
performed using a simplified staircase method.

Based on the results, the maximum gain was set within the range of k = 1.3-2.0,
and the minimum gain within k = 0.5-0.8. A total of twelve gain levels were tested
between these maximum and minimum values. Among them, five had k < 1.0 and six had
k > 1.0, in addjition to the unity condition (k = 1.0). The gain values were linearly spaced
between each extreme (maximum or minimum) and 1.0. Because the maximum gain was
farther from unity than the minimum gain, the number of expansion gains exceeded that
of shrinkage gains.

In the main task, a randomized block design was employed, in which each of the
twelve gain levels was presented once per block across fifteen blocks. In total, 180 (12 x 15)
trials were conducted for each participant.

For each trial, participants traced either a triangle or a circle for one minute using the
index finger of their dominant hand. The figure to be traced was selected randomly. They
were asked to complete as many laps as possible within the time limit while focusing on the
sensation of hand movement. After each trial, participants reported whether the motion of
the virtual hand was perceived as expanded, shrunk, or matched relative to their actual
hand motion.

At the beginning of both the preliminary and main phases, the virtual and real hands
were calibrated to align at the center of the displayed figure.

2.4.2. Procedures of Embodiment Rating Task

Following the threshold detection experiment, another tracing task was conducted to
evaluate the sense of ownership and agency. Participants were instructed to continuously
trace the presented figure (the equilateral triangle or circle described in Section 2.1) for
one minute.
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After each trial, participants rated their subjective experience on a 10-point Likert
scale ranging from 0 (strongly disagree) to 9 (strongly agree). Two statements were used to
assess the sense of ownership and agency, respectively:

*  Ownership: I felt as if the virtual hand was my own hand.
e Agency: I felt as if the movements of the virtual hand were caused by my
own movements.

The motion gain k was manipulated over a range from k = 0.4 to k = 3.0. The gain
intervals were finer near k = 1.0 to closely examine deviations from the unity condition.
The tested gains were 0.4, 0.6,0.8,0.9,1.0,1.2,14,1.6,1.8,2.2,2.6, and 3.0. The gain range
extended beyond the perceptual thresholds identified in our preliminary measurements,
allowing embodiment to be evaluated across both near-threshold and strongly distorted
motion conditions. Because the analysis was conducted on pooled data, the same gain
values were used for all participants.

The presentation order of the gain conditions followed a randomized block design.
Each condition was repeated twice. A one-minute interval was provided between trials.

2.5. Data Analysis
2.5.1. Psychometric Curve for Method of Constant Stimuli

Participants’” responses were separated into the expansion (k > 1.0) and shrinkage
(k < 1.0) conditions, and psychometric curves were fitted for each. The extended four-
parameter psychometric function was used for the analysis [48].

For motion expansion (k > 1.0), the psychometric function was defined as

Pe(k):7€+(176/\e)q><k Uf{e>/ 2)
where P, (k) represents the proportion of “expansion” responses at gain k. Here, ., Ae, jle,
and o, represent the guess rate (false alarm rate), lapse rate, threshold (location parameter),
and slope (scale parameter), respectively. ®(-) denotes the cumulative distribution function
of the standard normal distribution.

For motion shrinkage (k < 1.0), the psychometric function was defined using the
deviation from the unity gain, 1.0 — k, as

Ps(k):’Ys‘F(l_'Ys—/\s)q)((lD_alz)_l/ls>/ )

where Ps (k) represents the proportion of “shrinkage” responses at gain k. The parameters
s, As, Hs, and o have the same interpretations as in the expansion case.

For the expansion condition, the psychometric function was fitted as a monotonically
increasing function of k, because the proportion of “expansion” responses increases as k
becomes larger than 1.0. For the shrinkage condition, the psychometric function was fitted
as a monotonically increasing function of the deviation from unity, 1.0 — k, because the
proportion of “shrinkage” responses increases as k becomes smaller than 1.0.

The parameters . and ys were fixed to the observed false alarm rates at the unity-gain
condition. The remaining parameters (e, 0¢, A¢) and (ps, 05, As) were estimated using
maximum likelihood estimation.

Because the psychometric function included lapse and false-alarm parameters,
the probability at k = p did not necessarily equal 0.5. Nonetheless, y was treated as
the 50%-equivalent threshold because it represents the center of the underlying sensitivity
function. For the expansion condition, the 50% and 84% detection thresholds in gain units
were defined as y, and . + o, respectively. For the shrinkage condition, because the
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function was fitted using 1.0 — k, the 50% and 84% detection thresholds in gain units were
defined as 1.0 — ys and 1.0 — (ps + 0 ), respectively. Thresholds were computed for each
participant and then averaged across participants.

To statistically evaluate the symmetry of motion perception, we compared the magni-
tude of threshold deviation from the unity-gain condition between expansion and shrinkage.
Specifically, the deviations were calculated as y, — 1.0 for expansion and y; for shrinkage,
and were compared using paired t-tests. Additionally, the sensitivity parameters ¢, and o5
were compared between the two conditions using paired t-tests.

2.5.2. Analysis of Embodiment Scores

For the analysis of the sense of ownership and agency, mean ratings across the two
repetitions were computed for each gain level. For each measure, ratings at non-unity gains
(k # 1.0) were compared with those at the unity gain (k = 1.0) using paired t-tests. To
control for the increased risk of Type I errors due to multiple comparisons, Holm correction
was applied because it controls the family-wise error rate while being less conservative
than the Bonferroni correction.

In addition, to examine whether embodiment ratings decreased differently on the
expansion and shrinkage sides, a linear mixed-effects model was applied to the question-
naire ratings. The model included the distance from the unity-gain condition, |k — 1.0|,
the direction of deviation (expansion or shrinkage), and their interaction as fixed effects.
The model was specified using Wilkinson notation as:

rating ~ |k — 1| x direction + (1 | participant),

where |k — 1| represents the magnitude of deviation from the unity gain. The interaction
term was used to test whether the slopes differed between the expansion and shrinkage
sides. Participants were included as a random effect to account for repeated measurements.
The unity-gain condition (k = 1.0) was excluded from this slope analysis because it did not
belong to either direction. Separate models were fitted for ownership and agency ratings.

3. Results

Figure 3 shows example psychometric curves for one participant under the motion
expansion and shrinkage conditions. In Figure 3a, the vertical axis represents the proportion
of trials in which the participant perceived the virtual hand movement as expanded. In
Figure 3b, the vertical axis represents the proportion of trials in which the participant
perceived the motion as shrunk.

Table 1 summarizes the mean and 95% confidence intervals of the estimated motion
gain thresholds across participants. For the motion expansion condition, the mean and
95% confidence interval of the 50% threshold was 1.18 4= 0.05, and the 84% threshold
was 1.27 £ 0.07. For the motion shrinkage condition, the 50% and 84% thresholds were
0.86 £ 0.03 and 0.78 =+ 0.04, respectively.

Table 1. Psychophysical detection thresholds (DT, # and y + ¢) of motion gain and slope (). Mean
and 95% confidence interval (CI).

Motion Enlargement (k > 1) Motion Shrinkage (k < 1)
Parameters 50%-DT (1) 84%-DT (u + o) (o 50% ()  84%-DT (u + o) o
Mean =+ 95% CI 1.18 £0.05 1.27 £0.07 0.08+0.02 0.86+0.03 0.78 £0.04 0.08 +0.01
Difference from 1.0  0.18 £0.05 - - 0.14+£0.03 - -
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Figure 3. Examples of approximated psychometric functions and detection thresholds for one
participant. Panel (a) shows the expansion condition (k > 1.0), and panel (b) shows the shrinkage
condition (k < 1.0). Blue circles indicate the observed response proportions, and orange curves
indicate the approximated psychometric functions. The 50% and 84% thresholds estimated from the
approximated functions are also shown.

Figure 4 visually illustrates the paired comparison of the 50% threshold deviations
from unity gain for motion expansion and shrinkage across participants. Paired t-tests
revealed no significant difference in the magnitude of threshold deviation between the
expansion and shrinkage conditions (mean difference = 0.037 [—0.017,0.092], #(14) = 1.47,
p = 0.16, d, = 0.39). Similarly, there was no significant difference in the slopes () between
the two conditions (mean difference = 0.011 [—0.016,0.038], #(14) = 0.89, p = 0.39,
d, = 0.24). These results did not show statistically significant differences in either threshold
deviations or sensitivity between the shrinkage and expansion conditions.

04 [

0.3

50% perceptual threshold
(deviation from the unity gain)
(=)

[N

L o— )
o
Expansion (50%) Shrinkage (50%)

Figure 4. Paired comparison of the psychometric 50% thresholds for motion expansion and shrinkage.
Each circle represents one participant. The values are shown as deviations from the unity gain
(k=1.0).

Figure 5 shows the mean ownership and agency ratings as a function of motion gain.
Both ratings were highest near the unity-gain condition and decreased as the motion gain
deviated from k = 1.0.

Table 2 summarizes the results of the linear mixed-effects analyses including an
interaction between deviation magnitude and direction. For both the ownership and
agency scores, the effects of the gain and interaction were significant whereas the effect of
the direction was not.
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Figure 5. Mean ownership and agency ratings as a function of motion gain k. Blue circles indicate
ownership ratings, and orange circles indicate agency ratings. Error bars represent the standard error
of the mean.

Table 2. Summary of the linear mixed-effects analyses: (a) ownership and (b) agency.

(a) Ownership
Effects Coefficient 95% CI t(157)-value p-value
Intercept 7.17 [6.65,7.70] 26.96 <0.001
Gain deviation (|1 — k|) —2.78 [—3.09, —2.46] —17.43 <0.001
Direction (expansion/shrinkage) 0.32 [—0.34,0.97] 0.96 0.34
Gain deviation x Direction —5.71 [—7.14, —4.28] —7.88 <0.001
(b) Agency
Effects Coefficient 95% CI t(157)-value p-value
Intercept 7.45 [6.92,7.98] 27.83 <0.001
Gain deviation (|1 — k) —2.73 [—3.04, —2.42] —17.46 <0.001
Direction (expansion/shrinkage) 0.39 [—0.25,1.03] 1.20 0.23
Gain deviation x Direction —6.24 [—7.65, —4.84] —8.78 <0.001

For the ownership ratings, the slopes were significantly different between the expan-
sion and shrinkage conditions (mean difference = —5.71 [-7.14, —4.28], t(157) = —7.88,
p < 0.001). The estimated slope was —2.78 on the expansion side (95% CI: [—3.09, —2.46])
and —8.48 on the shrinkage side (95% CI: [—9.88, —7.09]).

For the agency ratings, the slopes were also different between the two conditions
(mean difference = —6.24 [—7.65, —4.84], t(157) = —8.78, p < 0.001). The estimated slope
was —2.73 on the expansion side (95% CI: [—3.04, —2.42]) and —8.97 on the shrinkage side
(95% CI: [—10.34, —7.60]).

Table 3 summarizes the mean ownership and agency ratings at each motion gain,
the mean differences from the unity-gain condition (k = 1.0) with the 95% confidence
intervals and the Holm-adjusted p-values. Negative mean differences indicate lower
ratings than those in the unity-gain condition.
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Table 3. Mean ownership and agency ratings at each motion gain. Diff. denotes the mean difference
from the unity-gain condition (k = 1.0), and the 95% confidence intervals correspond to these mean
differences. The f-values were obtained from paired t-tests comparing each condition with the
unity-gain condition, with df = 14 for all comparisons. Adjusted p-values were obtained using
Holm correction.

Ownership Agency
Gain (k) Mean Diff. 95% CI t-Value Adjusted Mean Diff. 95% CI t-Value Adjusted
p-Value p-Value

0.4 263 —457 [-572,-342] 851 <0.001 253 —473 [-573,-3.73] —10.18 <0.001
0.6 377 —343 [-4.50,-236] —6.87 <0.001 413 -313 [-4.13,-214] —6.75 <0.001
0.8 563 —157 [-242,-071] —3.93 0.003 6.00 —-127 [-198, -056] —3.83 0.004
0.9 695 —0.18 [—-0.86,0.49] —0.60 0.56 700 —0.05 [-0.64,0.55] —0.17 0.87
1.0 7.20 - - - - 7.27 - - - -
12 713  —0.07 [-0.60,0.47] —0.27 0.79 720 —0.07 [-0.63,0.50] —0.25 0.80
1.4 603 —-117 [-191,-042] —3.36 0.009 653 —073 [-1.32,-0.14] —2.66 0.037
1.6 543 177 [-243,-111] -573 <0.001 573 —-153 [-211,-096] —5.69 <0.001
1.8 473  —247 [-3.31,-1.62] —6.25 <0.001 510 —217 [-296,-137] —5.85 <0.001
22 320 —4.00 [-4.78, -322] —11.05 <0.001 353 373 [—456,-291] —9.73 <0.001
2.6 273  —447 [-5.28,-3.65] —11.77 <0.001 3.07 —420 [-5.19,-321] —9.08 <0.001
3.0 207 =513 [-5.95,—431] -13.42 <0.001 240 —487 [-5.75,-399] —11.88 <0.001

For both ownership and agency, no significant differences from the unity-gain condi-
tion were observed at k = 0.9 and k = 1.2. In contrast, ratings were significantly lower than
those in the unity-gain condition at k < 0.8 and k > 1.4.

4. Discussion

This study differs from previous work that primarily focused on identifying perceptual
detection thresholds [4-6] by simultaneously examining both detection thresholds and
subjective embodiment. From an application perspective, even when motion gain exceeds
detection thresholds, such gains may still be usable if the degradation in embodiment
remains within an acceptable range. Therefore, the present study focused on the behavior
of embodiment in the suprathreshold region.

A central research question was whether the degradation of embodiment differs
between motion expansion (k > 1) and motion shrinkage (k < 1). The results showed that
embodiment ratings declined more steeply under motion shrinkage than under motion
expansion. This indicates that the effect of motion gain on subjective embodiment is
asymmetric with respect to the unity gain.

Ownership and agency ratings remained comparable to the unity-gain condition at
k = 0.9 and k = 1.2, whereas they were significantly reduced at k < 0.8 and k > 1.4.
This suggests that embodiment is maintained only within a limited range near the unity
gain. Moreover, the acceptable range appears to be asymmetric: moderate expansion
was tolerated, whereas shrinkage led to earlier degradation. These findings indicate that
embodiment is more sensitive to motion shrinkage than to motion expansion.

One possible explanation for the preserved embodiment under moderate gain ma-
nipulation is the high adaptability of the human sensorimotor system. Previous studies
have shown that humans can flexibly adapt to altered visuomotor mappings in VR en-
vironments through sensorimotor adaptation processes [16,17]. Therefore, embodiment
degradation observed under motion gain manipulation may not solely reflect immediate
sensory discrepancies, but also the limits of adaptation to altered visuomotor relationships.

Several previous studies have reported that motion expansion gains are less readily
detected than motion shrinkage gains. For example, Esmaeili et al. [5] reported that,
for lateral hand movements, the detection threshold for shrinkage gains was 0.81 (95% CI:
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[0.80, 0.82]), whereas that for expansion gains was 1.31 (95% CI: [1.30, 1.33]). A similar
tendency was observed across other movement directions, consistently indicating that
expansion gains were more tolerable than shrinkage gains. Beyond upper-limb movements,
Hutton et al. [18] investigated rotational motion, in which participants were required to
rotate their bodies by 71/2 rad to look to the right. In their study, the rotational gain
applied to the avatar’s motion was manipulated relative to the participant’s actual body
rotation. The gain threshold for amplification exceeded 1.5, whereas that for reduction was
around 0.7. Taken together, these studies consistently indicate that detection thresholds for
expansion and shrinkage gains are asymmetric with respect to the unity gain.

Nonetheless, Zenner and Kriiger [4] and the present study suggest that perceptual
thresholds can be approximately symmetric when centered around the point of subjective
equality. In our study, detection thresholds for expansion (1.18 [1.13, 1.23]) and shrinkage
(0.86 [0.83, 0.89]) were nearly symmetric around unity, indicating comparable sensitivity in
both directions.

Taken together, previous studies suggest that motion shrinkage is often detected more
readily than motion expansion; however, this asymmetry may diminish under certain
experimental conditions. In contrast, the present results indicate that embodiment exhibits
a robust asymmetry, with motion shrinkage leading to a more pronounced degradation
than motion expansion.

The results of the present study suggest, for the first time, that while the asymmetry
of perceptual detection thresholds for motion gain may be context-dependent or mod-
ifiable, subjective embodiment exhibits a robust asymmetry. The present findings are
also consistent with studies suggesting that subjective and behavioral measures related to
embodiment do not necessarily exhibit identical characteristics [46,49-52].

The asymmetric degradation of embodiment observed in this study may be explained
by multiple factors.

First, motion shrinkage reduces the visual consequences of self-generated movements,
resulting in a mismatch between predicted and observed sensory feedback [53,54]. From the
perspective of predictive processing, such shrinkage may generate larger prediction errors
than motion expansion because expected sensory consequences are partially absent [55,56].
Although both excess and reduced visual feedback could, in principle, be attributed to
external causes, the absence of expected sensory consequences in motion shrinkage may be
less plausibly explained. For example, it may require unnatural interpretations, such as the
hand movement being externally constrained or otherwise impaired.

Second, from the perspective of agency, shrinkage weakens the perceived causal
relationship between motor commands and visual outcomes, as intended movements
produce insufficient visual responses.

Third, motion shrinkage may conflict with the internal body schema by effectively
constraining the perceived movement range, whereas motion expansion can be interpreted
as an extension of bodily capability.

Together, these factors may account for the stronger disruption of embodiment under
motion shrinkage compared to motion expansion, although these interpretations remain
speculative and warrant further investigation.

The findings of this study provide design implications for motion-scaled VR inter-
action systems. The psychophysical thresholds offer quantitative reference values for
determining the range within which gain changes are likely to be difficult to detect. Mean-
while, the embodiment results indicate the range within which users can maintain a sense
of ownership and agency, even when the gain exceeds perceptual thresholds. In particular,
embodiment tends to remain higher under motion expansion than under motion shrinkage.

https://doi.org/10.3390/virtualworlds5030029


https://doi.org/10.3390/virtualworlds5030029

Virtual Worlds 2026, 5, 29

12 of 15

Therefore, when designing motion-gain manipulations for VR applications, both perceptual
detectability and subjective embodiment should be considered.

Several limitations of the present study should be acknowledged. First, the experiment
employed a specific tracing task, which, although suitable for controlled measurement, may
limit the generalizability of the findings to other types of interactions, such as reaching or
object manipulation. In particular, previous studies have reported that detection thresholds
depend on task characteristics [5].

In addition, hand movements were constrained by predefined geometric figures, po-
tentially reducing variability in motor behavior. Embodiment and detection thresholds
may differ under more naturalistic or unconstrained movement conditions. Furthermore,
the tracing task in this study did not involve hand motion along the depth direction,
even though detection thresholds are known to vary with movement direction [5,6]. Fu-
ture studies should examine whether these effects generalize to other interaction tasks,
such as reaching, object manipulation, and three-dimensional movements involving the
depth direction.

The visual environment was simplified by displaying only the forearm and hand,
thereby minimizing contextual visual information. While this design enabled the iso-
lation of sensorimotor factors, the results may not directly generalize to more complex
VR environments.

Another limitation is that participants completed the embodiment task after the
threshold detection task. Repeated exposure to motion gain manipulations may have
increased participants’ awareness of the experimental manipulation and sensitized them to
motion-gain discrepancies, which may have influenced their subsequent subjective ratings.
Future studies may counterbalance task order or employ independent participant groups
to further examine this possibility.

Although the sample size was determined through a priori power analysis, the preci-
sion of some parameter estimates was limited by the number of participants, as reflected in
the reported 95% confidence intervals. Future studies with larger and more diverse popula-
tions would help improve estimation precision and establish the generality of the findings.

Finally, this study focused on immediate perceptual responses and did not address
potential adaptation effects. Given the known adaptability of human sensorimotor systems,
prolonged exposure to motion gain manipulation may alter both detection thresholds and
embodiment. Future studies should investigate how perceptual thresholds and embodiment
change over time during extended exposure to motion scaling and whether the asymmetric
effects observed between motion expansion and shrinkage persist after adaptation.

5. Conclusions

This study investigated the perceptual detection thresholds and subjective embod-
iment associated with motion gain manipulation of virtual hands in VR. Using the psy-
chophysical method of constant stimuli and subjective ratings of ownership and agency,
we examined both the detectability of motion gain and its impact on embodiment within a
unified experimental framework.

The results showed that perceptual detection thresholds for motion expansion and
shrinkage were approximately symmetric under the present experimental conditions. In
contrast, embodiment exhibited a robust asymmetry: motion shrinkage led to a more rapid
degradation of ownership and agency compared to motion expansion. These findings
suggest that perceptual sensitivity and subjective embodiment are governed by partially
distinct mechanisms, and that symmetry in detection does not necessarily imply symmetry
in embodiment.
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From a practical perspective, the results indicate that relying solely on perceptual
detection thresholds may be insufficient for designing motion-scaled VR interactions. Even
when gain manipulation exceeds detection thresholds, embodiment may be preserved
within a limited range, particularly for motion expansion. Therefore, both perceptual
detectability and subjective embodiment should be considered when designing motion-
gain manipulations.

Opverall, this study highlights the importance of considering suprathreshold perceptual
effects and provides new insights into the asymmetric nature of embodiment in motion-
scaled VR interactions.
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