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Fig. 1: The figure shows all experimental conditions from an observer’s perspective, arranged left to right as follows: (1) physical reality
condition while observing their physical self-representation, followed by three VR conditions using a digital twin of the physical lab while
embodying a photorealistic (2) self-similar avatar, (3) dissimilar same-gender avatar, (4) dissimilar opposite-gender avatar.

Abstract— This paper presents the first systematic investigation of how congruence in visual self-representation influences self-
perception and behavior. We span a continuum from the physical self through avatars with graded self-similarity to clearly dissimilar
avatars in virtual reality (VR). In a 1x4 within-user study, participants completed movement and quiz tasks in either physical reality or a
digital twin environment in VR, where they embodied one of three avatars: a photorealistic self-similar avatar, a dissimilar same-gender
avatar, or a dissimilar opposite-gender avatar. Subjective measures included presence, sense of embodiment, self-identification, and
perceived change, and were complemented by an objective movement metric of behavioral change. Compared to physical reality, VR,
even with a self-similar avatar, produced lower presence, a weaker sense of embodiment, and reduced self-identification, revealing a
persistent gap in visual congruence. Within VR, self-similar avatars enhanced body ownership, self-location, and self-identification
relative to dissimilar avatars. Conversely, dissimilar avatars produced measurable behavioral changes compared with self-similar ones.
Gender cues, however, had little impact in gender-neutral tasks. Overall, the findings show that photorealistic self-similar avatars
reinforce embodiment and self-identification. However, VR still falls short of achieving congruence with physical reality, underscoring
key challenges for avatar realism and ecological validity.

Index Terms—Virtual reality, avatars, digital twin, cross-reality comparison, presence, sense of embodiment, self-identification,
behavior change.
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INTRODUCTION

effect [17,33,65]. Users interacting with avatars resembling themselves

Different forms of user representation in virtual reality (VR) have been
explored for several decades. Designs range from functional interfaces,
such as virtual controllers, to partial renderings, such as hands-only
and humanoid full-body avatars [21]. Avatars can appear as robotic
or mechanical entities [19], stylized characters inspired by cartoons or
comics [8], or highly realistic digital twins replicating a user’s physical
features with high fidelity [65]. Increasing avatar realism generally
enhances user experience, and self-similarity further amplifies this
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often report stronger self-attribution, projecting beliefs, attributes, and
self-concepts onto the virtual body [15,17]. Conversely, embodying
dissimilar avatars can also shape behavior and attitudes [49,69]. For
instance, female participants embodying male avatars were buffered
against stereotype threat, showing improved math performance, while
male participants embodying female avatars experienced stereotype
threat, leading to reduced performance [45,49].

Only one study has contrasted physical self-representation with a
digital twin, which replicated the user’s appearance and the physi-
cal environment in VR, showing that digitization alone can alter self-
perception [13]. This aligns with prior theoretical work [58,67], which
argues that VR still does not constitute a perfect substitution of the
physical world because digital twins retain residual sensory gaps. As a
result, contemporary VR can be understood as a form of mixed real-
ity, since sensory information is still partly derived from the physical
world. However, empirical work did not examine self-identification or
behavior change, an important gap given that many VR applications
transfer physical-world paradigms into VR (e.g., therapeutic scenarios),
where shifts in self-perception may affect outcomes. It is also critical
to understand what happens as avatar appearance diverges from the
user’s own. Self-similar avatars influence self-perception and continuity
between physical and virtual selves [17,55], whereas decreasing simi-
larity reduces shared identity cues, potentially shifting self-perception,
behavior, and attitudes toward the avatar’s features [17,49, 69].
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This motivates our two research questions:

RQ1: Does VR itself alter users’ self-perception and behavior
compared to performing the same task in physical reality?

RQ2: How do different appearances of realistic avatars affect
users’ self-perception and behavior?

To address these questions, we designed a four-condition, within-
subjects study that progressively reduced self-related identity cues.
We aim to lower self-similarity between the user and visual self-
representation while keeping the environment largely constant via a
digital twin of the physical lab in VR. Participants completed (i) tasks
in the physical lab while viewing their physical self-representation, and
three VR conditions in the lab’s digital twin environment embodying
a photorealistic (ii) self-similar avatar, (iii) a dissimilar same-gender
avatar, and (iv) a dissimilar opposite-gender avatar. We assessed pres-
ence and sense of embodiment and introduced measures not previously
evaluated in this context: self-identification with the presented body and
subjective and objective measurements of behavior change. Participants
reported higher self-perception (presence, sense of embodiment, and
self-identification) when observing their physical self-representation
than when viewing a self-similar avatar in a digital twin environment in
VR. Moreover, they behaved differently in physical reality versus VR.
This suggests that current VR does not yet match the visual congru-
ence with one’s physical self, contributing to shifts in self-perception
and behavior. Within VR, self-similar avatars, which provide stronger
visual congruence with the physical self-representation, improved self-
perception relative to dissimilar avatars. Self-identification and behav-
ior change did not differ between same-gender and opposite-gender
dissimilar avatars, suggesting that gender cues did not play a role in
our gender-neutral tasks. Overall, our findings clarify visual incongru-
ences between physical reality and a digital twin environment in VR, as
well as among avatar appearances within VR, deepening understanding
of how self-related identity cues in visual self-representation shape a
user’s self-perception and behavior.

2 RELATED WORK
2.1 Comparing Physical and Virtual Reality

Prior work on presence and sense of embodiment highlights both the
potential and limits of VR for shaping a user’s self-perception and
behavior. By substituting visual input, VR can strongly impact self-
perception, which often elicits a strong sense of spatial presence, the
feeling of “being there” [59,61]. However, presence is not a reliable
indicator of reality: users can feel present while fully aware they are
in a simulation [59,66]. Hence, examining how the virtual body itself
influences user experience may be a better indicator of differences be-
tween physical and virtual reality. Avatar embodiment research shows
that VR can reproduce core body-related experiences such as body
ownership [29,30]. Avatars shape how users experience themselves
in VR through the sense of embodiment (SoE), the feeling of owning,
controlling, and being located within a virtual body or body parts, typi-
cally decomposed into body ownership, agency, and self-location [29].
Visuomotor synchrony between the user’s and the avatar’s movement
reliably elicits SoE for virtual limbs and whole bodies [23, 30, 60].
Virtual mirrors amplify this effect by supporting identification with
the virtual body [24,29]. Moreover, photorealistic, self-similar avatars
have been shown to enhance both SoE and spatial presence [16, 65].
Empirical work consistently finds stronger spatial presence and SoE
values in the physical reality than in VR [13,23,31]. Theory accord-
ingly highlights congruence, defined as the objective match between
processed and expected information, as a prerequisite for authentic Vir-
tual, Augmented, and Mixed Reality (XR for short) experiences [34,58].
Milgram and Kishino’s Reality—Virtuality (RV) continuum [41] frames
reality and VR as conceptual endpoints. It places the real environment
at one end, “consisting solely of real objects” and representing unal-
tered physical reality (hereafter the physical reality), and the virtual
environment at the other, “consisting solely of virtual objects” and
excluding all elements of the physical reality, hereafter referred to as
virtual reality (VR). However, the field still lacks systematic empirical
anchors that directly contrast them. In addition, recent discussions

question central aspects of the RV continuum and the spatial presence
construct. They argue that state-of-the-art VR does not instantiate a
pure endpoint on the RV continuum: residual physical-reality cues (e.g.,
proprioception, haptics, environmental awareness, rendering) persist,
creating incongruencies that make VR systems closer to mixed real-
ity [58,67]. Accordingly, VR does not fully replace physical reality
(yet). This complicates measurement of constructs like spatial presence
when physical and virtual cues blend or compete to varying degrees, and
underscores the need to quantify the size of these incongruencies rather
than assuming a perfect measurement framework. Without matched
physical baselines, we cannot tell whether observed differences arise
from avatar-specific manipulations or from the shift into a mediated
environment that does not (yet) achieve full congruence. Yet most
studies contrast only alternative VR conditions and omit equivalent
physical baselines. Systematic comparisons with physical reality are
therefore essential to isolate the influence of VR on self-perception and
behavior. While one recent work compared physical and virtual reality,
it omitted important measures of self-identification and behavior [13].
This leaves a research gap in understanding the differences in visual
self-representation between physical and virtual reality, and motivates
systematic comparisons between artificial stimuli in VR and matched
stimuli in physical reality to isolate the unique influence of VR on
self-perception and behavior.

2.2 Effect of Self-Similar Avatars

In VR, users can embody avatars that resemble their physical self-
representation through congruent visual shared identity cues, increasing
self-identification [16, 18]. In this context, self-identification refers to
recognizing a representation as oneself [18]. It occurs when a user
associates themselves with a virtual representation by recognizing
their identity cues, that is, shared internal or external traits, between
themselves and an avatar. Internal traits include aspects like personality,
values, beliefs, attitudes, and emotions. When users project these traits
onto a virtual representation and perceive them as reflected back, the
process is called self-attribution. External traits include features such
as appearance, facial characteristics, body shape, or clothing. When
users perceive these traits as resembling their own, this is called self-
similarity. According to Fiedler et al. [16], both self-attribution and
self-similarity are core facets of self-identification.

A growing body of research highlights the central role of iden-
tity cues in fostering self-identification [12, 15, 17, 18, 55, 63]. For
example, Salagean et al. [55] found stronger self-identification for
realistic, self-similar avatars. Visuomotor synchrony also acts as a
strong cue: Gonzales-Franco et al. [18] showed that even dissimilar
avatars elicited stronger self-identification when facial animations mir-
rored users’ expressions. Building on this, Fiedler et al. [15, 17] found
that combining self-similarity with visuomotor synchrony between the
user’s and the avatar’s movements produced particularly strong effects
on self-identification. Beyond external cues, Dollinger et al. [12] em-
phasized internal traits, showing that personality similarity expressed
through the body language of non-embodied virtual humans reinforced
self-identification, especially self-attribution.

2.3 Effect of Dissimilar Avatars

Beyond replicas of one’s own appearance, avatars in VR can be dissim-
ilar. They can elicit perceptual and behavioral changes due to incon-
gruent visual identity cues between the user and the avatar [17,20,43].
For example, Gorisse et al. [20] demonstrated that avatar visual fidelity
affects user behavior, with self-similar avatars encouraging protec-
tive actions and robotic ones fostering greater risk-taking. Similarly,
Oberdorfer et al. [43] found that users adapted their body posture
depending on whether their avatar wore sneakers or high heels.
Several psychological theories have been proposed to explain such
behavior changes. The most widely adopted is self-perception the-
ory [6], which posits that individuals infer their attitudes and emotions
by observing their own behavior. Applied to VR, Yee and Bailen-
son [69] argued that avatars convey identity cues (e.g., age, gender, skin
color, clothing) that shape user behavior, which is called the Proteus
effect. Users align their self-concept with behaviors elicited by avatar



appearance, adopting traits such as confidence or walking speed [51,69],
and conforming to the expectations and stereotypes associated with
the avatar’s appearance. Identity cues can elicit attitudinal, physiologi-
cal, behavioral, and cognitive adaptations. Building on this, Ratan et
al. [49,50] integrated priming mechanisms based on situational cues
that individuals focus on, suggesting that avatar identity cues activate
stereotype-related concepts that guide user behavior. The influence of
both identity and situational cues on user behavior depends on how
closely the user feels connected to their avatar, often mediated by SoE.
Supporting this, several studies show that stronger body ownership
over an avatar amplifies avatar-induced behavior change [28,37,48,70],
although others report no clear link between body ownership and be-
havioral effects [49,51]. The Proteus effect has been demonstrated
across numerous studies and contexts [25,38,46,48,69].

Since behavior changes are often subconscious and therefore diffi-
cult to capture with subjective measures alone, researchers have com-
plemented questionnaires measuring a behavior change due to the
avatar [44, 53] with more objective approaches, such as association
tests [4] or explicit behavioral measures [37]. Furthermore, Kilteni
et al. [28] used motion capture to record full upper-body positional
data and demonstrated significant behavioral adaptations when avatars’
appearances were altered. More recently, Merz et al. [39] introduced
an unobtrusive in-situ measurement approach based on deep metric
similarity learning, enabling the detection of avatar-induced behavioral
changes through biometric user modeling.

2.4 Hypotheses

Overall, we conceptualize a continuum of visual self-representation,
from the physical self, through graded levels of self-similarity, to clearly
dissimilar avatars. Along this continuum: (1) fewer shared identity
cues between user and visual self-representation raise visual incongru-
ence and promote shifts in self-perception and behavior; and (2) more
shared identity cues increase visual congruency, thereby dampening
such shifts. This continuum of visual self-representation spans across
the RV continuum, including physical and virtual reality. Current VR
systems do not represent the virtual endpoint of the RV continuum (yet),
resulting in fewer shared identity cues than in physical reality. Hence,
incongruencies between physical and virtual reality arise from tech-
nological limitations of VR systems in visual fidelity (e.g., rendering,
resolution, latency, motion/facial capture), and other physical-reality
cues (e.g., proprioception, haptics, or awareness of the surrounding
environment). In VR, reducing shared identity cues through dissimilar
appearance features (e.g., skin tone, hair color, gender, body shape)
increases visual incongruencies between physical reality and virtual
self-representation (i.e., avatar). What remains unclear is how the po-
sition of the visual self-representation on this continuum influences
self-perception and behavior. This raises two research goals to inves-
tigate whether the proposed continuum can be empirically validated,
and linked to perceptual and behavioral outcomes: (1) isolate the effect
of VR itself by comparing a user’s self-perception and behavior of
physical self-representation in physical reality with a self-similar avatar
in the physical lab’s digital twin environment in VR; and (2) evaluate
how realistic avatar appearances with varying levels of shared identity
cues affect users’ self-perception and behavior.
For the first goal, we formulate the following hypotheses:

H1.1 Spatial Presence is higher when observing the physical self-
representation in physical reality than when observing a self-
similar avatar in a digital twin environment in VR.

H1.2 Sense of Embodiment (body ownership, agency, self-location) is
higher when observing the physical self-representation in physical
reality than when observing a self-similar avatar in a digital twin

environment in VR.

H1.3 Self-Identification (self-attribution, self-similarity) is higher when
observing the physical self-representation in physical reality than
when observing a self-similar avatar in a digital twin environment

in VR.

Concerning the second goal, our hypotheses are as follows:

H2.1 Spatial Presence is higher when observing a self-similar avatar

than when observing dissimilar avatars.

H2.2 Body Ownership is higher when observing a self-similar avatar

than when observing dissimilar avatars.
Self-Identification (Self-Attribution and Self-Similarity) is higher

when observing a self-similar avatar than when observing dissim-
ilar avatars.

H2.3

H2.4 Perceptual and Behavioral Changes are stronger when observing
an opposite-gender dissimilar avatar, followed by a same-gender
dissimilar avatar, and weakest when observing a self-similar

avatar.

3 METHOD

We conducted a user study to examine how visual self-representation
affects a user’s self-perception and behavior. To address both research
questions and evaluate the proposed continuum, we varied visual self-
representation while holding the environment largely constant via a
digital twin environment of the physical lab in VR. Participants com-
pleted four conditions. One condition occurred in physical reality,
where they observed their (i) physical self-representation (PR). The
other three conditions were with a photorealistic avatar within a physi-
cal lab’s digital twin environment in VR: (ii) embodied in a self-similar
avatar (SS), (iii) embodied in a dissimilar same-gender avatar (SG),
and (iv) embodied in a dissimilar, opposite-gender avatar (OG). To pro-
gressively reduce self-related identity cues within VR, we manipulated
gender, a common factor in behavior-change research [48] and one
with gender-specific gait differences [62], increasing the likelihood of
measurable behavioral change.

Overall, the study used a 1 x 4 within-subjects design with four
conditions: PR, SS, SG, and OG. All participants first completed the
PR condition (framed as training for the VR tasks), followed by the
three VR conditions (SS, SG, and OG) in a counterbalanced order.
We measured presence, SoE, self-identification, and subjective and
objective measurements of behavior change. The study complied with
the Declaration of Helsinki! and received approval from the MCM
Ethics Committee at the University of Wiirzburg?.

3.1 Apparatus

We implemented our system with Unity 6000.0. As a VR HMD, we
used the Meta Quest 3 without controllers and integrated it into our
Unity application with the Meta SDK version 74 and RealityStack
1/0 [26]. We connected the Meta Quest 3 via Air Link and Wi-Fi 6 with
a Windows 11 PC (Intel Core i9-14900K, Nvidia RTX4090 Ti, 64GB
RAM). We changed the settings of the Meta Quest 3, so that it supports
90 fps with a resolution of 3712 x 1984. For the motion tracking, we
used The Captury, which is detailed in Subsubsection 3.1.3. The Unity
application ran consistently with 90 fps. We measured the motion-to-
photon latency with an iPhone 13 Pro Max recording 240 fps. Using
frame-counting [10], the latency in mean was 126.04 (SD = 9.74) ms.
Additionally, we measured wrist movement by placing two wristbands
with AX6 data loggers on the participant. However, the analysis of this
was out of scope.

3.1.1

Figure 2 shows the virtual environment, which was a digital twin of
the physical environment. For this, we took pictures of the room’s
equipment, walls, and the ceiling, measured the room and the equip-
ment, and then rebuilt the room using Blender. We imported the digital
replica via FBX files into our Unity application. We aligned the virtual
environment with the physical one by defining two points in the real
world and matching them with corresponding virtual points, and by
aligning the virtual ground plane with the physical ground. In this way,
both the HMD and motion-tracking coordinate systems were aligned
with the physical environment and thus with each other.

Virtual und Physical Environment

Uhttps://www.wma.net/policies-post/wma-declaration-of-helsinki/
Zhttps://www.mcm.uni-wuerzburg.de/forschung/ethikkommission/
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Fig. 2: The figure shows a top-down view of the experimental setup of
the digital twin environment in VR during the exposures.

3.1.2 Avatar Generation

We created the self-similar avatars using a method introduced by pre-
vious work [1,5]. The required hardware consists of 97 DSLR cam-
eras (Canon EOS 1300D) mounted on a circular rig and a PC (Ryzen
7u 3800X, NVIDIA RTX2070 Super, 32 GB RAM) running Win-
dows 11. It allows multiple photos to be taken simultaneously from
the participants. The photos are then transferred to a high-performance
PC (Intel Core i9-14900K, NVIDIA RTX4090, 64 GB RAM) running
Ubuntu 24. The experimenter then uses this PC and the photos to gener-
ate a self-similar 3D model and high-quality texture that can be quickly
imported into Unity using a custom FBX-based runtime importer. No
further post-processing was performed. For dissimilar avatars, we used
the same approach, using models that reflected the average appearance
of our sample.

3.1.3 Motion Tracking and Avatar Animation

To track the participants’ full-body motions , without altering the user’s
appearance with markers or trackers, we used The Captury’s markerless
tracking system 3, employing eight FLIR Blackfy S BFS-PGE-16S2C-
CS RGB cameras attached to the laboratory trusses at 70 Hz. The cam-
eras were connected to a PC (Intel Core i9-11900K, NVIDIA RTX3090,
64 GB RAM, Ubuntu 24) via a Switch (MS510TXPP-100EUS), stream-
ing the cameras’ data with a 10Gb/s connection. The PC ran The Cap-
tury Live version 270b, and the body pose data was then streamed via a
websocket to the Unity application using The Captury’s Unity plugin.

The body pose data that was streamed from The Captury was applied
to the target avatars using the Character Processor Pipeline [40]. This
enabled us to switch between the various target avatars for the VR
conditions. Since the dissimilar avatars did not match the users’ heights,
we applied a vertical offset to the HMD’s position to align its eye height
with the dissimilar avatars’.

3.2 Tasks

The task design ensured that participants walked extensively during
each exposure without becoming bored. The tasks consisted of move-
ment and quiz tasks, presented on a TV screen in the physical or virtual
room. In VR, we only used the virtual TV, while we moved the physical
TV aside to prevent collisions. Participants received tasks on the TV
screen, which was only visible from a specific location, requiring them
to walk there to obtain each new task. An audio signal indicated task
completion and the availability of the next task.

The movement tasks consisted of simple body-movement exercises
performed in front of a physical or virtual mirror while observing their
full-body motion from both an egocentric (looking down at their body)
and an allocentric (via the mirror) perspective. Exercises included,
waving each hand, circling the arms, lifting the legs, and moving the
hips from side to side, and were adapted from prior work [11,65]. For
these tasks, participants were instructed to walk to the marker in front
of the mirror and to perform the exercise there in a relaxed manner.

3https://captury.com/real-time-processing/

Table 1: Summary of the questionnaires used in the study.

Questionnaire Range Measure
Presence
1PQ [56] [1-7] General Presence

[1-7]
Sense of Embodiment (SoE)

Spatial Presence

VEQ [53] [1-7] Virtual Body Ownership
[1-7] Agency
VEQ+ [1-7] Self-Location
Self-Identification
VEQ+ [1-7] Self-Attribution
[1-7] Self-Similarity
Perceptual and Behavioral Change
VEQ [53] [1-7] Change
PES [1-7] Proteus Effect
Controls
UVI [22] [1-5] Humanness
[1-5] Eeriness
FMS [27] [0-20] Simulator Sickness
RSES [14,52,54] [0-30] Self-Esteem
BFI10 [47] [1-5] Personality
ITQ [68] [1-7] Immersive Tendencies

Each exercise was to be repeated 12 sec until the audio signal indicated
the transition to the next task.

Each quiz task consisted of one question with three possible answers.
Participants selected the correct answer by walking to and standing on
the field in the room corresponding to the letter of the chosen answer
for three seconds, until the audio signal confirmed that the answer
had been registered. Participants were instructed that the audio signal
indicated when a correct answer had been given. The quiz questions
were divided into three categories: identifying a sound (animal or
instrument), selecting the word that did not fit the other two, and
answering easy general knowledge questions.

3.3 Measures

To test our hypotheses and control for potential confounds, we used a
combination of quantitative (subjective and objective) measures and
qualitative semi-structured interviews.

3.3.1

All questionnaires were completed using LimeSurvey 6. To conduct the
questionnaires in German, we used either existing validated translated
versions or translated the questions using back-and-forth translation.
In the PR condition outside of VR, participants were also asked about
their experienced SoE, self-identification with their body, and perceived
presence. For this purpose, the questionnaire items used in the VR
conditions were adapted accordingly. The adapted items are provided
in the Supplementary Material. All questionnaires used are summarized
in Table 1. The time of measurement is shown in Figure 3.

Quantitative Subjective Measures

Revised Version of VEQ+ The Virtual Embodiment Question-
naire+ (VEQ+) [16] extends the VEQ [53] to additionally capture
self-location and two facets of self-identification, self-attribution and
self-similarity, with an avatar. For this study, an updated (not yet vali-
dated) VEQ+ item pool was obtained from the instrument’s developers.
Administration followed the VEQ’s original instructions and response
scale. The proposed items for self-location showed good internal con-
sistency, & = .840. Self-similarity (o« = .965) and self-attribution
(¢ = .947) showed excellent internal consistency in our experiment.
The questionnaire is listed in the Supplementary Material.

Proteus Effect Scale Although behavior changes are often sub-
conscious and difficult to capture with self-report alone, we developed
an exploratory Proteus Effect Scale (PES) to assess avatar-induced be-
havioral change. The items were newly created for this study and rated
on a 1-7 Likert scale. The PES demonstrated good internal consistency
(a0 = .880). The scale is listed in the Supplementary Material.



3.3.2 Quantitative Objective Measures

For the quantitative objective measure, we adopt the methodology in-
troduced by Merz and Schach et al. [39]. This approach measures
behavior change across different conditions by analyzing movement
data based on head and hand tracking data. We adapt this method by
using the same data preprocessing steps and machine learning model.
For this, we use The Captury’s recorded head and hand movement
data from participants and transform it into a body-relative coordinate
system, meaning the HMD position and rotation is the origin. This
transformation removes environment-specific spatial information. Sub-
sequently, we derive movement velocities from the position data and
feed them into a deep metric similarity learning model consisting of a
gated recurrent unit (GRU) and a Transformer. For the hyperparameter
search, training, and testing, we split our dataset into three subsets: 14
participants for training, 7 for validation, and 14 for testing. Using
the test dataset, we compute the identification error rate between all
14 users across different conditions. With the resulting model, we
can calculate the identification error rate, which indicates the extent to
which the movement patterns of all test users differ across conditions.
An identification error rate of O indicates no change in movement be-
havior, whereas a value of 1 signifies complete behavioral change. The
identification error rate is derived from user identification performance
based on individual movement sequences. For each motion sequence,
our model returns an embedding representing this motion. We then
find the centroid of the closest user embedding and determine whether
it corresponds to the correct user. This allows us to calculate the user
identification rate. Hence, this approach enables the detection of be-
havioral change. However, it cannot determine what, or how, the users’
motion changed.

For our first research goal, we examined behavioral change between
the PR and the SS conditions. PR served as the reference template.
Accordingly, both PR and SS are used as queries to calculate the iden-
tification error rate (IER) for SS relative to PR (with PR vs. PR as a
quality check). For the second research goal, we analyzed behavioral
change among VR conditions by using SS as the reference and calcu-
lating IERs for SS, SG and OG conditions relative to SS to quantify
changes in user behavior.

3.3.3 Qualitative Interviews

We conducted semi-structured interviews after participants had com-
pleted all conditions. The aim was to obtain more detailed insights
into participants’ experiences during the different exposures and to
complement the quantitative measures. The interviews included ques-
tions about perceptions of and identification with the visual self-
representation, perceptions of the different experimental settings, and
perceptions of the different tasks. The complete interview guide is
provided in the Supplementary Material.

3.4 Participants

An a priori power analysis was conducted with G¥*Power 3.1.9.7 for
a repeated-measures ANOVA (within-subjects design). Assuming a
small-to-medium effect size of f = 0.2 for finding a behavior change,
as found by previous work [7,48], an alpha level of .05, and desired
power of .80, the analysis indicated a required total sample size of
35 participants. This corresponds to an actual power of .81, ensuring
sensitivity to detect the expected within-subject effects.

We recruited 42 participants fulfilling the following inclusion re-
quirements: (1) normal or corrected to normal vision and hearing; (2)
at least ten years of experience with German; and (3) no known sen-
sitivity to simulator sickness. Three participants were undergraduate
students and received course credit, nine were university employees,
and the remaining 30 participants received monetary compensation. We
excluded 5 participants due to technical difficulties and two participants
with simulator sickness questionnaire values above the cut-off value
of 15 [27]. The remaining participants (21 females, 14 males) were
aged 18-34 (M = 25.06, SD = 4.19), all of whom self-reported their
ethnicity as white. 31.4% of the participants have used HMDs less than
three times, 25.7% have used HMDs between three to ten times, and
42.9% have used HMDs more than ten times.

3.5 Procedure

Our study followed a standardized procedure, visualized in Figure 3.
The total duration averaged 111 min, with each exposure lasting ap-
proximately 12 min. The experiment was always conducted by two
experimenters: one scanned the participants to create the self-similar
avatars, and the other conducted the main study. We had three experi-
menters who rotated doing these two parts. Participants first provided
informed consent for study participation and data storage. The ex-
perimenter measured each participant’s body height, as required for
the body scan. Before the scan, participants were instructed to wear
tight-fitting, non-monochromatic clothing and to remove glasses or
other accessories that could lead to reconstruction errors. While the
avatar generation pipeline was running, participants completed the
pre-questionnaires on a dedicated questionnaire computer, as listed in
Figure 3. Before the first condition began, participants were equipped
with two wrist-worn sensors to record their hand movements on both
wrists, which they wore throughout all conditions.

During all four exposures (outside and inside VR), instructions were
automatically delivered as pre-recorded voice prompts. Participants
then performed the PR condition first, framed as a training trial for
the following VR conditions, and completed the corresponding post-
questionnaires, as shown in Figure 3. Subsequently, participants per-
formed the three VR conditions (SS, SG, and OG) in counterbalanced
order. For the VR exposures, participants received instructions from the
experimenter on how to wear the VR HMD, and the avatar calibration
was conducted. Afterwards, a pre-programmed experimental procedure
was initiated, and participants entered the virtual environment. After
leaving VR, participants completed the post-experience questionnaires
on the questionnaire computer. The second and third VR conditions fol-
lowed. Finally, participants were interviewed about their experiences.
Participants completed 40 tasks per condition (10 movement tasks, 30
quiz tasks with 10 tasks per category). The tasks were performed as
described in Subsection 3.2 and were displayed on the TV screen.

Information & Consent

I |
| Body Height Measurement |
I Body Scan |
[ Demographics, RSES, BFI10, ITQ 3|
|

I Physical Self-Representation (PR) |
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‘ @ Body Movement Task & Quiz |
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v
I Semi-Structured Interview I
I Embodiment Calibration

Vision Test

I Compensation
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IPQ, VEQ, VEQ+, PES, UVI, FMS

Fig. 3: The figure shows the complete experimental procedure on the
left. A detailed overview of the physical self-representation condition and
the VR conditions is shown in two boxes on the right.

4 RESULTS

For data aggregation, the machine learning model, and plots, we used
Python 3.9. We used R version 2024.04.1* for statistical analysis.
All tests were conducted with ¢ = .05. Because the data violated
normality and sphericity assumptions, we used nonparametric repeated-
measures tests. For presence, SoE, and self-identification, we cal-
culated 1 x 4 Friedman tests, including the PR condition. For per-
ceptual/behavioral change, uncanniness, and simulator sickness, we
calculated 1 x 3 Friedman tests on the VR-conditions only. Post-hoc
analyses used Wilcoxon signed-rank tests with Bonferroni adjustments.

“https://www.R-project.org/



Because the a priori power analysis was based on a repeated-measures
ANOVA, analyzing the same sample size with the Friedman test is
more conservative [71]. Therefore, to demonstrate the sensitivity of
our conclusions, we report test-specific effect sizes (Kendall’s W for
Friedman tests and rank-biserial correlation r for Wilcoxon signed-rank
tests). Since we had no expectations for the PR condition relative to the
dissimilar avatar conditions, we conducted pairwise comparisons of PR
vs. SS, SS vs. SG, SS vs. OG, and SG vs. OG, but not PR vs. SG/OG.
All descriptive data and post hoc comparisons are in Table 2, Friedman
tests are reported in the following subsections, and plots are shown
in Figure 4. To control for demographics in our analysis, we added
gender of the participants and the experimenter of the main study as a
between-factor, and age as a covariate, which resulted in no significant
effects of those factors.

4.1 Presence

We found a significant main effect of our conditions on spatial presence,
x2(3) =26.11, p < .001, W = 0.25. For H1.1, pairwise post hoc
tests indicated greater spatial presence when observing the self-similar
avatar than when observing the physical self-representation, contrary
to the hypothesis (large effect). However, a reliability analysis for
spatial presence in the PR condition revealed a very poor fit (o0 = .249),
indicating that the items do not work as intended in this condition.
General presence also differed by condition, x2(3) =23.90, p < .001,
W = 0.23. Pairwise post hoc tests showed a higher general presence
for the PR condition than the SS condition (large effect), supporting
H1.1. For H2.1, VR-condition-only pairwise post hoc tests showed no
differences, so the hypothesis H2.1 was not supported.

4.2 Sense of Embodiment

Friedman tests revealed significant effects for body ownership, 952(3) =
89.46, p < .001, W = 0.85, agency, x2(3) = 50.29, p < .001, W =
0.48, and self-location, y2(3) = 20.80, p < .001, W = 0.20. For H1.2,
pairwise post hoc tests revealed higher body ownership and agency
when observing the physical self-representation than when observing
the self-similar avatar (very large effects), whereas self-location did
not differ between the two conditions, thus partially confirming H1.2.
For the VR-condition-only comparisons relevant to H2.2, pairwise post
hoc tests showed higher body ownership for the self-similar avatar
than for both dissimilar avatars, while the same-gender exceeded the
opposite-gender avatar, confirming H2.2. Agency did not differ among
avatar types, and self-location was higher for the self-similar avatar
than for both dissimilar avatars (not hypothesized).

4.3 Self-ldentification

Friedman tests indicated significant effects for both scales, self-
attribution, x2(3) =85.52, p < .001, W = 0.81, and self-similarity,
2%(3) =92.58, p < .001, W = 0.88. For H1.3, pairwise post hoc
tests showed higher self-attribution and self-similarity ratings for the
physical self-representation than the self-similar avatar (very large
effects), confirming H1.3. For the VR-only comparison, H2.3 was
supported: pairwise post hoc tests indicated higher self-attribution and
self-similarity for the self-similar avatar than for both dissimilar avatars,
while they did not differ significantly.

4.4 Perceptual and Behavioral Change

For the Proteus effect scale, the Friedman test showed no significant
effect of condition, y2(2) =2.27, p = .321, W = 0.03.

Perceived change did differ significantly between conditions,
x2(3) =42.71, p < .001, W = 0.41, with post hoc tests indicating
greater perceived change for the self-similar avatar than for the physical
self-representation. However, pairwise post hoc tests did not differ
between all VR-conditions, so H2.4 was not confirmed.

The behavioral change measured with the identification error rate
is shown in Table 3. In Subsubsection 3.3.2, we describe how we
determined the behavior change.

4.5 Control Variables

Humanness differed significantly by condition, x2(2) = 13.42, p =
001, W = 0.19, as did eeriness, y>(2) = 11.31, p = .004, W = 0.16.
Pairwise post hoc tests showed higher humanness and eeriness for the
self-similar avatar than for either dissimilar avatar, while the dissimilar
avatars did not differ.

Simulator sickness also showed a significant effect, x2(2) = 10.09,
p=.006, W = 0.14. Pairwise post hoc tests indicated higher reports for
the opposite-gender avatar than for both self-similar and same-gender
avatars, whereas they did not differ. However, these outcomes had a
small effect size with low descriptive values, suggesting that the main
psychological results are unlikely to be artifacts of simulator sickness.

4.6 Exploratory Analysis

We calculated correlations and adjusted o with Bonferroni correction.
Since previous work showed that immersive tendencies can impact
various VR qualia [35], we calculated correlations with all our depen-
dent variables. We found a significant positive correlation between
immersive tendencies and perceived change, r = .450, p = .036. Self-
esteem can influence preferences for avatar appearance [19]. Hence,
we calculated correlations with all our dependent variables. There is
a significant negative correlation between self-esteem and the Proteus
effect scale, r = —.480, p = .022. Prior work showed that users’ per-
sonality traits can influence their VR experience [3], but we found no
significant correlations between participants’ personality traits and the
dependent variables measured.

4.7 Qualitative Analysis

We analyzed the interviews using a thematic analysis with clustered
responses on sticky notes [9]. The following summarizes participant
feedback on (1) comparing the digital twin environment in VR to the
physical reality environment, (2) perceiving avatars with varying levels
of self-related identity cues, and (3) perceiving behavioral changes
when embodying avatars.

Most participants perceived the VR environment as broadly com-
parable to the physical reality, with six noting strong similarity and
nine describing it simply as the same setting, only in VR. Some dif-
ferences were highlighted: delayed movements (4 participants), lower
resolution, missing level of detail (“the experimenter was missing”;
7), and different appearance of the avatar compared to the physical
self-representation (7). Furthermore, most participants (26) reported
observing their visual self-representation in the mirror more frequently
in VR than in physical reality. Of these, 10 participants stated that they
looked in the mirror more often while embodying their self-similar
avatar than the dissimilar avatars.

Self-identification increased with the level of self-related identity
cues. The self-similar avatar elicited the strongest self-identification,
either through visual resemblance (12 participants) or knowledge of
being body-scanned. However, reduced texture quality, lack of facial
expressions, and posture mismatches hindered self-identification (16),
while six participants explicitly noted that knowing “this is not real”
limited their sense of self-identification. Dissimilar avatars were asso-
ciated with weaker identification, though some participants described
role-taking (3) or relating through shared movements (4). Identification
was stronger for the same-gender avatar compared to the non-matching
one due to similarities in gender and body shape (6).

All participants correctly recognized the gender of the dissimilar
avatars based on external appearance. Most reported no change in
gender identity or behavior due to embodying an avatar of the other
gender (28 participants). Still, a few described disorientation when em-
bodying an opposite-gender avatar, particularly when body proportions
did not match typical gender expectations (e.g., “this was a male avatar
with female-like height”; 3). Two participants noted that the avatar’s
appearance helped them “get into character”. Subtle shifts were also
mentioned: one female participant felt taller and more muscular when
embodying the male avatar, while one male participant reported moving
slightly differently as a female avatar. Overall, gender-related effects
were rare and difficult for most participants to articulate.



Table 2: This table shows the descriptive statistics and Wilcoxon paired post-hoc tests for all questionnaires. As reported in Section 4, there is a
significant main effect for each variable except for the Proteus effect scale, which is therefore marked as not significant (ns) for the post hoc tests.

Descriptive values: Mean (SD)

Wilcoxon post hoc tests: p (rank-biserial r)

Variable PR SS SG oG \ PR-SS SS-SG SS-0G SG-0G
Presence
General Presence 6.60 (1.12) 597 (1.20) 5.79(1.25) 5.74(1.58) | 0.014(0.75) 1.000(0.33) 1.000(0.33)  1.000(0.03)
Spatial Presence 449 (0.96) 551(1.84) 5.41(1.59) 5.49(1.62) | 0.019(0.58) 1.000(0.24) 1.000(0.09) 1.000(0.30)
Sense of Embodiment
Body Ownership ~ 6.72 (0.72) 4.80 (1.59) 2.61(1.49) 223(1.48) | <.001(1.00) <.001(0.93) <.001(0.99) 0.020(0.70)
Agency 6.74 (0.65) 5.46(1.54) 5.06(1.00) 5.14(1.29) | <.001(0.99) 0.588(0.37) 1.000(0.26) 1.000(0.27)
Self Location 575(0.77) 5.26(1.79) 4.46(1.91) 4.49(1.99) | 0.600(0.38) 0.006(0.78) 0.013(0.79) 1.000(0.13)
Self-Identification
Self-Attribution 597 (1.45) 4.29(1.78) 2.11(1.16) 2.06(1.24) | <.001(0.95) <.001(1.00) < .001(1.00) 1.000(0.13)
Self-Similarity 6.60 (0.89) 5.69 (0.87) 2.07(0.90) 1.71(0.96) | <.001(0.79) < .001(1.00) < .001(1.00) 0.064(0.59)
Perceptual and Behavioral Change
Change 1.55(1.04) 3.57(1.93) 4.60(2.18) 4.60(2.57) | <.001(0.93) 0.077(0.54) 0.163(0.48) 1.000(0.05)
Proteus Effect - 2.97(1.92) 2.84(1.59) 3.11(1.84) - ns ns ns
Uncanniness
Humanness - 3.31(1.18) 2.47(0.87) 2.49(0.95) - 0.003 (0.67) 0.003(0.70) 1.000(0.09)
Eeriness - 2.73(0.69) 2.28 (0.83) 2.29 (0.96) - 0.001(0.79) 0.009(0.70) 1.000(0.08)
Control
Simulator Sickness - 343 (3.61) 3.74(3.46) 4.31(3.96) \ - 0.789(0.31) 0.024(0.78)  0.007(0.87)
T 71— 7 7
6 — S . 6 6 — 6
51 5 — 5 5 . -
4 4 4 = 4
3 3 o 3 3
2 2 = 2 — = 2
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(c) Self-Attribution (d) Perceived Change

Fig. 4: These are violin plots for some of our dependent variables. Significant differences are not shown in the plots but reported in Table 2.

Table 3: Behavior change measured as mean identification error rate in
% with (SD).

Reference PR SS SG OoG
PR 21.00(8.00)  52.30(21.45) - -
SS - 12.80(4.10)  27.10(13.60)  26.70(11.60)

5 DiscussION

Our work provides a first systematic investigation into the influence
of the visual self-representation as a continuum from a physical self-
representation through graded levels of visual self-similarity to clearly
having a dissimilar self-representation in VR. In a within-subjects
design, participants first solved quiz tasks in physical reality with
a physical self-representation, and then, in a counterbalanced order,
in three VR conditions with a self-similar avatar, a dissimilar same-
gender avatar, and a dissimilar opposite-gender avatar within a digital
twin environment of the physical lab. Some of our control variables
showed a significant influence on our measurements. Motion sickness
was significantly different between our conditions. However, further
analysis showed no correlation of motion sickness with spatial presence
or sense of embodiment, indicating that it was not a confounding factor
with overall low descriptive scores. Humanness and eeriness were
significantly higher for the self-similar avatar than for the dissimilar

avatars. Previous work documented such an effect as well, which points
toward an uncanny valley effect [42].

5.1 Incongruencies of Digital Twins

We first contrasted physical reality against meticulously matched digital
twin avatar and environment in VR to isolate how VR affects a user’s
self-perception and behavior when the environment and tasks are held
constant. Hence, we compared the results of observing the physical self-
representation in physical reality to observing the self-similar avatar in
a digital twin environment in VR. In line with H1.1, general presence
was higher in physical reality than in VR. However, the IPQ Spatial
Presence subscale favored VR over the physical self-representation
condition in contrast to recent empirical work [13]. One possible
reason for this finding in spatial presence lies in the limited reliability
of the IPQ [56] Spatial Presence scale within the physical reality. While
we initially applied this scale to test H1.1, reliability analysis indicated
a poor fit in the physical self-representation condition (¢ = .249),
likely due to contextual adaptation of the items, as already noted in
prior work [59, 64, 67]. As these works noted, applying the same
questionnaire to VR and physical reality contexts is problematic. Our
findings support this view, as the IPQ Spatial Presence scale failed to
capture presence reliably in the physical self-representation condition.
We therefore interpret only the general presence pattern as broadly
consistent with a residual gap favoring the physical reality, while noting
the measurement caveat for spatial presence outside VR.

Consistent with our hypotheses H1.2 and H1.3, participants re-



ported a higher sense of embodiment (ownership, agency) and self-
identification (self-attribution, self-similarity) for their physical self-
representation than for a self-similar avatar in VR. Moreover, the results
of self-similarity fulfill our manipulation check. Together, this con-
firms that even under tightly controlled, visually faithful conditions,
VR introduces incongruencies that reduce key facets of physical self-
representation in comparison to the self-similar photorealistic avatar.
Our objective measure of user behavior supports this. The identification
error rate was higher in VR when embodying a self-similar avatar than
in the physical self-representation condition. This indicates that the
user’s movement pattern changed, as did their self-perception, stressing
that a residual gap remains between “being in the physical reality” and
“being in its virtual replica”.

Consequently, the question remains: Why does the gap persist? Our
design held auditory, olfactory, and spatial layout cues constant and
manipulated the visual channel via HMD-mediated rendering and avatar
embodiment. Qualitative reports point to residual visual incongruence
between participants’ physical self-representation and their self-similar
avatars: Despite praising the close match between the physical lab
and its digital twin environment, they noted discrepancies in avatar
appearance, movement mirroring, and absent facial mimicry. This
indicates that environmental replication had little impact on the gap.
Instead, it likely stems primarily from visual incongruencies between
the participant’s physical self-representation and the self-similar avatar,
which shrink SoE and self-identification. This is in line with theories
that treat congruence as a prerequisite for authentic XR experiences [34,
58] and that state-of-the-art VR does not represent an endpoint on the
RV continuum since technical limitations persist [58, 67].

Overall, this offers a practical contribution by informing how reliably
physical reality interventions can be transferred into virtual contexts.
Our findings raise awareness of “what is getting lost” between phys-
ical and virtual reality and inform how reliably interventions can be
transferred. For example, for body-related therapy and training (e.g.,
physiotherapeutic movement exercises), practitioners should expect
reduced self-identification, sense of embodiment, and adapted behavior
(e.g., different movement patterns), and thus potentially a different
treatment effect than in physical reality. More broadly, our findings
underscore the need to quantify incongruencies between physical and
virtual reality with objective movement metrics and self-reports when
evaluating transfer from physical to virtual contexts. These incongruen-
cies are caused by technological limitations of VR systems in visual
fidelity (e.g., rendering, resolution, latency, motion/facial capture), and
other physical-reality cues (e.g., proprioception, haptics, or awareness
of the surrounding environment). Given these current VR limitations,
perfect congruence is not yet achievable. Until VR systems improve,
careful benchmarking against physical baselines remains essential.

5.2 Avatar Appearance Shapes Perception & Behavior

Within VR, spatial presence did not differ between avatar appearances,
providing no support for H2.1 and suggesting a partial dissociation
once a sufficient immersive baseline is reached. Moreover, avatar
appearance systematically shaped both self-perception and behavior.
Self-similar avatars strengthened body ownership and self-location,
and increased self-identification relative to dissimilar avatars, while
agency remained unchanged. Thus, H2.2 and H2.3 were supported,
and agency functioned as a useful technical control. These outcomes
align with prior work indicating that shared identity cues, combining
visual similarity with visuomotor congruence, strengthen SoE and self-
identification without necessarily elevating presence [17,29, 65].
Contrary to H2.4 and our manipulation check of perceived self-
similarity, we did not observe the predicted falling gradient in subjec-
tive measures from self-similar to same-gender to the opposite-gender
avatar appearance. The two dissimilar avatars were statistically com-
parable and both significantly lower than the self-similar avatar on
subjective measures of SoE and self-identification (also applying to the
manipulation test of perceived self-similarity). Interview data are con-
sistent with this pattern: most participants reported no change in gender
identity or gendered behavior, and when changes were mentioned, they
were subtle and hard to articulate. This is in line with self-perception

accounts and priming mechanisms of the Proteus effect-related theories,
which emphasize that avatar identity cues bias attitudes and behavior
primarily when they fit the context [6,49,50]. Our gender-neutral task
context likely accounts for the lack of a gender-based gradient between
the dissimilar avatars, despite their clear difference from the self-similar
avatar. Previous work likewise highlights the importance of cue—context
fit to elicit a Proteus effect (e.g., protective actions with self-similar or
humanlike avatars, greater risk-taking with robotic ones, and induction
or mitigation of stereotype threat with gendered avatars) [20,45]. Ob-
jective movement analysis provided a complementary view. Relative
to the self-similar avatar, both dissimilar avatars produced higher iden-
tification error of similar magnitude, indicating condition-dependent
behavioral deviations even when subjective reports did not register atti-
tudinal or behavioral change. This reconciles recurring gaps between
questionnaires and action-level evidence and echoes prior work show-
ing that subtle, often non-conscious adaptations are better captured by
objective measures than by self-report alone [28,37,39,44,53]. Qual-
itative reports, high variance in our subjective and objective change
measures, and exploratory correlations (i.e., immersive tendency with
perceived change; self-esteem with Proteus effect ratings) point toward
individual sensitivity.

To sum up, self-similar avatars strengthened body ownership, self-
location, and self-identification without altering agency, supporting
H2.2 and H2.3. Dissimilar avatars, regardless of gender match, pro-
duced an objectively measurable behavior change that self-reports did
not uniformly show. Reducing shared identity cues via appearance
manipulations (e.g., skin tone, hair color, gender, body shape) did in-
duce visual incongruencies. Hence, we partially confirm our proposed
continuum of visual self-representation, from the physical self, through
graded self-similarity, to clearly dissimilar avatars. Perceived self-
similarity followed the intended order (physical self-representation >
self-similar avatar > dissimilar avatars). However, we did not observe
the predicted decline in the gradient from same-gender to opposite-
gender avatar appearance. Even so, our results support the continuum’s
directional claim: The better the visual self-referential cues match phys-
ical self-representation, the lower the visual incongruencies, thereby
mitigating such shifts in self-perception and behavior (and vice versa).
In practice, we recommend using photorealistic self-similar avatars
when identity continuity is the goal. To intentionally shape behavior,
pair specific identity cues with task contexts that make those cues con-
sequential, and verify effects additionally with objective movement
measures rather than depending on questionnaires alone.

5.3 Limitations and Future Work

Our manipulations focused on binary gender (self-similar vs. dissimi-
lar same-gender vs. dissimilar opposite-gender avatars). This choice
was driven by sample size and task neutrality, but limits generalizabil-
ity to other identity cues (e.g., age, ethnicity, body shape, disability)
and to gender-salient contexts. While our sample had a gender im-
balance, adding gender as an additional factor to our analysis did not
reveal significant gender effects. Since our experiment only included
one cultural and ethnic background, larger, more diverse samples and
multifactorial cue manipulations are needed to test interactions and
intersectional effects. The avatar choice was motivated by previous
work that utilized these avatars as generic representations of a similar
white sample [15, 16]. Future work should pretest whether used avatars
are perceived as dissimilar ones. Additionally, we could not perfectly
replicate the physical world and the physical self-representation con-
dition in the VR conditions. Future work should evaluate whether our
avatar-generation method led participants to dislike their avatars, as
shown in previous work [36].

A further limitation is our use of the IPQ [56] to measure presence
in the PR condition. Since the IPQ was developed for mediated virtual
environments, several items may be a poor fit for physical reality and
likely require contextual reinterpretation. Accordingly, the IPQ, particu-
larly the Spatial Presence subscale, which showed poor reliability in PR,
may not have captured presence as intended, limiting cross-condition
comparability. However, there is currently no widely established mea-
sure that validly assesses presence in both VR and physical reality,



making direct comparisons methodologically challenging. Future work
should therefore develop and validate cross-context presence measures
to establish construct equivalence across realities.

Moreover, our design was not fully randomized because the PR
condition was always performed first. We chose this order to provide a
baseline for familiarization and to help participants become comfort-
able with the task before entering VR. However, this fixed ordering
may have introduced an anchor effect. While such an anchor would not
contradict our expectation of PR as an upper bound, it could still influ-
ence subjective ratings and potentially amplify perceived differences
between PR and VR. Future work should therefore replicate the study
with fully randomized condition orders.

Wearing an HMD introduced experiential and measurement con-
founds (facial occlusion, added mass), potentially affecting head-
movement metrics and animation realism. The animation realism of
avatars can impact users’ perception [2]. Additionally, the avatars
lacked real-time facial expressions (only random blinks), which partici-
pants cited as reducing self-identification, consistent with evidence that
facial animation increases embodiment [32]. Together, these factors un-
derscore that our comparison spans physical reality and a high-fidelity
digital twin avatar and environment in VR, which, in practice, is closer
to mixed reality [57,67]. Future work should add real-time facial ex-
pression capture to improve visual congruence to physical reality and
sample additional levels along the RV continuum (e.g., augmented
reality and augmented virtuality variants). They would provide a more
complete map of how visual congruence varies across the RV contin-
uum and how it shapes self-perception and behavior.

Our manipulation was not sensitive enough to detect differences
between same- and opposite-gender dissimilar avatars. Future work
should probe the continuum with finer-grained manipulations of visual
self-representation and test how individual characteristics and context
affect these dynamics.

Finally, we note that the mirror in the physical setting was smaller
than the mirror in the digital twin environment in VR. Because body
perception (e.g., SoE, self-identification) was nevertheless higher in
physical reality, there is little indication that this size difference ma-
terially shrank the physical reality advantage; however, subtle effects
cannot be ruled out. Future work should equalize mirror size and
exposure across conditions.

6 CONCLUSION

This work provides a systematic examination of visual self-
representation as a continuum spanning physical reality, self-similar
avatars, and dissimilar avatars in virtual reality. By directly comparing
a physical self-representation with a highly controlled digital twin of
this self-representation in VR, we demonstrate that even photorealistic,
self-similar avatars do not fully reproduce the levels of presence, sense
of embodiment, and self-identification (summarized as self-perception)
experienced in physical reality. This persistent gap highlights residual
visual incongruencies and supports the view that current VR does not
yet constitute an endpoint on the reality—virtuality continuum. In VR,
decreasing visual self-similarity reliably reduced embodiment and self-
identification, resulting in measurable behavioral changes. While self-
similar avatars reinforced identity continuity, dissimilar avatars induced
subtle but detectable behavioral adaptations, even when subjective re-
ports showed limited sensitivity. Together, these findings underscore
the importance of visual congruence in maintaining self-perception
and highlight the significance of objective measures in evaluating be-
havioral effects. Overall, our results have practical implications for
the transfer of interventions from physical reality to VR. Designers
and practitioners should anticipate reduced self-identification and al-
tered behavior as visual incongruence increases, and favor self-similar
avatars when continuity of the self is desired.
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