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Figure 1: A user controlling her self-similar virtual avatar in our virtual reality application. 

Abstract 
Virtual reality (VR) training often requires autonomous avatar 
demonstrations, yet embodiment is strongest under direct con-
trol. We examine whether multimodal self-similarity (i.e., in ap-
pearance and voice) can preserve embodiment when control is 
constrained. In a 2 (self-similarity: self-similar vs. non-self-similar) 
× 2 (autonomy: autonomous vs. non-autonomous) within-group 
study, 24 participants performed a block-assembling task with 
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self-avatars. Autonomous self-avatars increased emotional reac-
tivity and frustration; non-autonomous self-avatars improved pres-
ence, agency, and self-attribution. Self-similarity was maintained, 
and self-attribution persisted during autonomous demonstrations. 
Tracking of head-direction (as a proxy for gaze) showed auton-
omy, and self-similarity increased head-based dwell on the mir-
ror, whereas non-autonomous avatars redirected head orientation 
toward the body, environment, and task; an interaction effect re-
vealed greater task-focused head-direction for non-self-similar au-
tonomous avatars. These results indicate that autonomy and self-
similarity appear to have potential additive influences on user per-
ception in this study. We conclude that multimodal self-similarity 
can buffer embodiment loss during non-controllable phases and 
offer evidence-based guidance for designing mixed-control VR ex-
periences. 
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1 Introduction 
Motor learning and rehabilitation applications increasingly rely on 
virtual reality to provide patients with repeated demonstrations of 
correct movements [46, 63, 106]. However, these applications face 
a design challenge: patients benefit from embodying self-similar 
avatars that enhance motor learning and engagement [35, 58], yet 
they also need to observe autonomous avatar demonstrations with-
out direct control. This challenge stems from virtual embodiment 
principles, where users perceive a virtual body as their own through 
three foundational components: body ownership, agency, and sense 
of self-location [70]. When users feel that the virtual body both be-
longs to them and responds to their commands, the system supports 
motor learning, coordination, and engagement [12, 86]. However, 
autonomous self-similar avatars may paradoxically increase user 
frustration by allowing them to observe themselves acting without 
control. 

While embodiment enhances learning when users experience 
agency and ownership simultaneously [34], emerging rehabilitation 
and training protocols explore autonomous avatar demonstrations 
to show correct techniques [15, 31]. Since agency—the sense of con-
trol over avatar actions—represents a fundamental component of 
embodiment [44], autonomous demonstrations that remove direct 
user control raise questions about whether embodiment benefits 
can be preserved. Prior work has not systematically examined how 
self-similarity might preserve embodiment during these necessary 
autonomous phases, particularly when combined with realistic 
voice synthesis. Jung et al. [49] found that personalized avatars 
created via 3D face scans could maintain illusory agency even in 
non-controllable conditions. Inspired by this, our study investigates 
whether more accessible personalization methods can similarly 
support embodiment when paired with different levels of avatar 
autonomy. 

To address the aforementioned gap, we investigated how multi-
modal self-similarity (i.e., visual appearance and voice synthesis) 
interacts with avatar autonomy to influence embodiment, user expe-
rience, and behavioral responses during task performance. We em-
ployed a 2×2 within-group design manipulating both self-similarity 
(i.e., self-similar vs. non-self-similar appearance and voice) and 
autonomy (i.e., autonomous vs. non-autonomous behavior). We 
included both subjective measures and objective head-direction 
tracking to understand how these factors influence not only self-
reported embodiment but also behavioral patterns. Participants 

(𝑁 = 24) engaged in a block-assembling task while embodying 
avatars that varied in self-similarity and autonomy (see Figure 1). 
To capture attentional dynamics, we incorporated a virtual mirror 
and measured head-direction distributions. 

Our findings revealed that autonomous self-similar avatars create 
a unique profile of responses, characterized by increased emotional 
reactivity and frustration; yet, our participants maintained their 
presence and enhanced mirror-focused attention, which could sup-
port observational learning. Importantly, we discovered distinct 
head-direction patterns where autonomous conditions directed 
head orientation toward mirrors, potentially supporting motor 
learning through observation. In contrast, non-autonomous con-
ditions focused attention on task elements and body monitoring. 
Additionally, we observed an interaction effect, showing that partic-
ipants allocated significantly more dwell time to task-related objects 
when a non-self-similar avatar was paired with autonomous be-
havior. These findings provide systematic evidence for designing 
avatar systems that balance demonstration needs with embodiment 
preservation, offering concrete guidance for motor learning appli-
cations where both autonomous demonstration and user agency 
are essential. 

The remainder of this paper is structured as follows. In Section 2, 
we review related work on self-similarity, agency, and embodiment 
in VR. In Section 3, we detail the experimental methodology, includ-
ing the study design and data collection process. In Section 4, we 
present our results, followed by an in-depth discussion in Section 5. 
Finally, we conclude in Section 6 and discuss directions for future 
research. 

2 Literature Review 

2.1 Embodiment 
The sense of embodiment, which is the feeling that a virtual body 
belongs to oneself, emerges from the integration of body own-
ership, self-location, and agency [53]. This foundational concept 
shapes how users experience virtual environments, particularly 
when avatar control is disrupted. The first-person perspective (1PP) 
is crucial for enhancing embodiment, aligning with the user’s nat-
ural viewpoint, and increasing presence. Studies show that 1PP 
enhances body ownership more than the third-person perspective 
(3PP), where users observe their avatar externally [25]. While early 
VR research used virtual mirrors to reinforce embodiment, later 
work found that avatar visual attributes may be more influential. 
Krogmeier and Mousas [61] demonstrated that body type had a 
greater impact on ownership than mirror exposure, emphasizing 
the importance of avatar realism and congruence. Sensory feedback 
is also critical as congruent tactile input in 1PP enhances ownership, 
while 3PP reduces it [25]. 

Advancements in realism and motion tracking further refine 
embodiment. Wu et al. [113] found that avatars with full-body and 
facial tracking improved social presence and task performance in 
collaborative VR, emphasizing behavioral realism. VR can now sim-
ulate social interaction effectively. In Llobera et al. [68], users play-
ing a mirror game with an autonomous agent exhibited synchro-
nization levels comparable to those with human partners. These 
studies show how self-embodiment and interaction contribute to 
immersive VR experiences. Perspective also affects behavior and 
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psychological responses. Won and Zhou [112] found that users, 
even without controlling their avatar, subtly adjusted their move-
ments to match it, supporting the self-follower effect—an uncon-
scious motor alignment with avatar motion—observed in both 1PP 
and 3PP. 

However, the influence of perspective on higher-order behaviors 
remains a complex issue. Dupraz et al. [27] investigated whether 
embodiment amplifies the Proteus effect, a phenomenon in which 
behavioral shifts occur based on avatar identity, by having par-
ticipants embody an elderly avatar under high and low embodi-
ment conditions. Increased embodiment did not enhance stereotype-
driven behavior, suggesting that while perspective influences motor 
alignment, it may not significantly affect identity-linked behavioral 
changes. The avatar customization perspective also shapes embod-
iment. Gonzalez-Franco et al. [39] found that customizing from 
3PP reduced embodiment, especially when body sizes were altered. 
In contrast, 1PP customization increased body ownership and re-
duced implicit bias toward larger bodies, suggesting that direct 
1PP experience supports psychological integration, while external 
observation weakens self-identification. 

Last, the personalization of self-avatar also enhances embodi-
ment further. Fielder et al. [32] showed that avatar personalization 
and active control independently increased embodiment and self-
identification. Participants’ weight judgments of virtual bodies were 
influenced by their own body mass index (BMI) and self-esteem, 
revealing a perceptual bias under high-embodiment. This demon-
strates that embodiment in VR affects motor alignment, social in-
teractions, self-perception, and implicit bias. While these studies 
establish how avatar personalization and control enhance embodi-
ment, they raise critical questions about maintaining these benefits 
when direct control is disrupted, as occurs during autonomous 
demonstration phases essential for motor learning applications. 

2.2 Body Image Perception 
Building on embodiment principles, research demonstrates how 
multisensory integration reshapes body perception. Botvinick and 
Cohen [11] demonstrated the rubber hand illusion: when a fake 
hand is stroked in sync with a hidden real hand, people often feel 
it is “their” hand. This illusion extends to VR, where synchronous 
visuotactile or visuomotor cues induce a virtual hand illusion. Lin 
and Jörg [67] found that more realistic, anthropomorphic virtual 
hands elicited stronger ownership than non-human-like models 
such as wooden blocks. Armel and Ramachandran [3] showed that 
threatening a synchronized rubber hand triggered stress responses, 
indicating its acceptance as part of the body. Other studies have 
emphasized the dominance in recalibrating body awareness. Pavani 
et al. [83] found that visual cues could distort perceived tactile 
location. In contrast, Farne et al. [29] reported that simply seeing a 
rubber hand in a plausible position induced tactile neglect in brain-
damaged patients. These findings demonstrate that the brain rapidly 
integrates visual, tactile, and proprioceptive inputs to modify the 
perception of body image. 

Research also examined how the sensorimotor system adjusts 
to discrepancies between vision and proprioception. Welch [108] 
found that belief in a visual distortion affects proprioceptive adapta-
tion, highlighting cognitive influences. Groen and Werkhoven [42] 

showed people can adjust to visuo-motor discrepancies when con-
trolling a virtual hand, reflecting body representation plasticity. At 
the neural level, Graziano et al. [40, 41] identified premotor cor-
tex neurons that integrate proprioception and visual input, even 
from fake limbs, to encode arm position. This supports the brain’s 
ability to merge senses flexibly and prior beliefs to maintain bodily 
coherence. These neural mechanisms provide the foundation for 
virtual embodiment, where visual and proprioceptive cues must be 
carefully coordinated to achieve a seamless experience. 

Translating these insights to virtual environments, researchers 
have shown how avatar characteristics systematically influence self-
perception. IJsselsteijn et al. [47] showed that a first-person view of 
a virtual body can induce ownership, though typically weaker than 
in physical setups. Later work examined how embodying different 
avatars affects perception and behavior. Banakou et al. [6] found 
that embodying a child avatar led adults to overestimate object 
sizes and show shifts toward child-like self-identification. Osimo 
et al. [80] employed a virtual Sigmund Freud scenario in which 
participants counseled themselves. This altered self-perception and 
improved mood, especially when the avatar’s movements matched 
their own. 

2.3 Self-Similarity 
When avatars resemble users themselves, they create unique psy-
chological effects that extend beyond basic embodiment. Among 
other social and cognitive factors, self-similarity influences both 
trust and identification processes [5, 104]. Bailenson et al. [5] found 
that users responded differently to virtual agents wearing their 
own faces versus those of others. Verberne et al. [104] observed 
greater trust in assistants that mirrored users’ behavior, appearance, 
and goals. In social VR, Shih et al. [95] found that self-resembling 
avatars were seen as more persuasive and easier to communicate 
with. These studies suggest users are more likely to trust and en-
gage with virtual entities that reflect their identity, across both 
conversational and task-based settings. 

Self-similarity also shapes embodiment and self-identification. 
Users tend to focus more on avatars that resemble themselves. 
Krogmeier and Mousas [62] found that increased visual fixation on 
self-avatars was linked to stronger perceived resemblance, reinforc-
ing embodiment through self-recognition. Realism also enhances 
these effects. Specifically, Kim et al. [57] showed that self-similar 
avatars increased presence, and Salagean et al. [91] found that 
photorealistic, self-modeled avatars strengthened body ownership 
compared to generic ones. Fiedler et al. [32] demonstrated that 
facial texture and real-time motion tracking enhanced embodi-
ment and self-identification, supporting the notion that multimodal 
self-resemblance deepens the user-avatar connection—even subtle 
behavioral congruence matters. Verberne et al. [104] found that 
agents mimicking user movements and goals fostered greater trust. 
However, these benefits of self-similarity must be balanced against 
the challenges of maintaining embodiment when users lose direct 
control. 

Extending beyond visual similarity, voice personalization creates 
powerful bonds between users and avatars. Research consistently 
shows that self-similar voices enhance social presence [57], educa-
tional engagement [52, 76], and agent believability [43], suggesting 
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that multimodal self-similarity may be particularly effective in 
maintaining connections during autonomous demonstrations. 

However, extreme realism in avatars can backfire. Weisman and 
Peña [107] found that hyper-realistic avatars using users’ faces 
caused uncanny valley effects, reducing trust. Aymerich-Franch et 
al. [4] reported that users with social anxiety felt increased stress 
when embodying self-similar avatars during public speaking. Like-
wise, Wolf et al. [111] found that users with low self-esteem rated 
photorealistic avatars of themselves as less attractive, struggling 
with appearance-based customization. These findings suggest that 
while personalization enhances engagement and embodiment, ex-
cessive realism can trigger discomfort, particularly in users who 
are sensitive to self-image or social evaluation. 

The psychological benefits of personalization have made it pop-
ular in virtual health, training, and self-reflection. Feijóo-García 
et al. [30] found that users engaged more with counseling agents 
who resembled them in terms of personality or demographics, sup-
porting the similarity-attraction principle in building trust. Alves 
da Silva et al. [2] explored avatar customization for self-reflection, 
demonstrating that users who adjusted their avatars to match their 
self-image experienced heightened self-awareness in a training 
simulation. 

2.4 Agency 
While self-similarity influences identification with avatars, the 
sense of agency, the feeling of being in control of avatar actions [102], 
represents another critical component of embodiment that becomes 
disrupted during autonomous demonstrations. Early research on 
bodily self-consciousness showed how agency and body ownership 
interact. Tsakiris and Haggard [101] revisited the rubber hand illu-
sion, finding that synchronous visuotactile feedback induces body 
ownership, while top-down representations modulate its strength. 
These results highlighted the role of both sensory integration and 
cognitive processes in shaping bodily self, laying the groundwork 
for understanding agency. Building on this, Tsakiris et al. [102] 
identified distinct neural signatures for agency versus ownership, 
suggesting that active control engages different brain mechanisms 
than simply feeling ownership. 

Active control over a virtual avatar strengthens agency and 
improves VR task performance. Salomon et al. [92] found that 
active self-movement enabled faster recognition of one’s avatar 
among others, suggesting that agency aids in distinguishing self 
from others. Similarly, Kong et al. [60] showed that active control 
enhanced agency through a stronger intentional binding effect. 
Finally, Yun et al. [116] found that increased avatar motion fidelity 
improved both task performance and embodiment, reinforcing the 
link between agency and immersive task execution. 

Various design and feedback factors can modulate agency. Ba-
nakou and Slater [7] demonstrated that body ownership over a 
virtual body can create illusory agency, even without actual control, 
although it does not affect real-world behavior. Koilias et al. [59] 
found that sensitivity to motion artifacts in avatars depended on 
the observation task. Last, Kim et al. [55] demonstrated that avatar 
appearance and motion synchrony significantly impacted agency 
and other embodiment components, thereby shaping users’ sense 
of presence. 

Recent work has also examined how agency interacts with other 
components of embodiment and explored methods for measuring 
them. Guy et al. [44] manipulated agency, ownership, and self-
location in VR, demonstrating that these dimensions are interre-
lated and that aligning them enhances immersion. Building on this, 
Guy et al. [45] reviewed embodiment measures and advocated for 
dynamic, real-time assessments. 

Last, personalization of avatars can influence users’ sense of 
agency, even in the absence of motion synchrony. Jung et al. [49] 
explored personalized avatars under different motion conditions. 
Using face scanning and body-size matching, they found that mo-
tion synchrony increased agency across avatars. Even with asyn-
chronous motion, personalized avatars elicited higher agency than 
generic ones, suggesting that appearance similarity can create an il-
lusory sense of control, extending Banakou and Slater’s [7] findings 
on illusory agency. 

2.5 Motor Learning and Therapeutic VR 
Applications 

Motor learning theory emphasizes that skill acquisition occurs 
through demonstration, observation, and practice phases [64]. Re-
cent VR research has demonstrated that observational learning 
can outperform active learning in transferring skills to real-world 
tasks [33]. In therapeutic VR applications, the tension between em-
bodiment and demonstration becomes particularly acute. While 
observational learning activates mirror neuron systems essential for 
motor skill acquisition [13, 93], effective rehabilitation also requires 
users to feel embodied in their avatars for optimal engagement and 
neuroplasticity [18, 85]. 

The efficacy of VR-based motor rehabilitation is significantly 
enhanced through embodied avatar experiences. These findings 
extend beyond rehabilitation to motor skill training in sports and 
professional contexts [78, 82]. Supporting this need for embodied 
experiences, Jung et al. [49] demonstrated that personalized avatars, 
combined with motion synchronization, create a sense of agency 
toward movements that participants did not actually perform, a 
finding with profound implications for patients with limited motor 
capabilities. This work demonstrates that self-similar avatars en-
hance both body ownership and agency compared to generic repre-
sentations. A meta-analysis also confirms that avatar characteristics 
induce behavioral conformity through the Proteus effect [89]. The 
therapeutic impact extends beyond mere visual similarity; embod-
ied first-person perspective avatars have been shown to increase 
cortical excitability and strengthen interhemispheric connections, 
directly supporting neuroplasticity mechanisms essential for motor 
recovery [14]. 

However, current therapeutic systems struggle to maintain en-
gagement during autonomous demonstrations, where passive obser-
vation results in a suboptimal cognitive load [18, 93]. This challenge 
motivates our investigation of whether multimodal self-similarity 
can preserve embodiment benefits even when users lose direct 
avatar control. 

Building on these embodiment findings, recent approaches rec-
ognize that effective motor learning interventions require the inte-
gration of multimodal feedback, with research demonstrating that 
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combined visual-auditory-haptic systems outperform unimodal ap-
proaches [88, 96]. Voice feedback serves as a critical mechanism 
for motor control, enabling real-time monitoring and correction 
through auditory feedback loops [79]. Studies demonstrate that mul-
timodal systems, which combine visual feedback with audio cues, 
enhance motor learning compared to single-modality approaches, 
with audio-visual integration producing higher satisfaction and 
engagement in rehabilitation contexts [26]. However, current im-
plementations focus primarily on user-controlled interactions, leav-
ing the challenge of maintaining engagement during autonomous 
demonstrations largely unaddressed. 

2.6 Research Questions 
In this study, we aimed to explore the effects of avatar self-similarity 
(i.e., in appearance and voice) as well as autonomy on various 
aspects of embodiment, user experience, and behavioral responses 
while also examining their potential interaction effects. Specifically, 
we seek to address the following research questions, categorized 
into three key areas: embodiment (RQ1), user experience (RQ2), 
and behavioral responses (RQ3). 

• Embodiment: How does a self-similar avatar with auto-
nomous behavior impact body ownership (RQ1.1), agency 
and motor control ratings (RQ1.2), perception of body loca-
tion (RQ1.3), and perception of external appearance (RQ1.4)? 

• User Experience: How does a self-similar avatar with au-
tonomous behavior impact presence (RQ2.1), emotional re-
activity (RQ2.2), frustration (RQ2.3), and self-attribution 
(RQ2.4)? 

• Behavioral Responses: How do head-direction tracking, as 
a proxy for gaze, (RQ3.1) and task completion time (RQ3.2) 
reveal differences in participant behavior between self-similar 
and non-self-similar avatars across autonomous and non-
autonomous conditions? 

2.7 Contributions 
This work significantly extends prior research by synthesizing in-
sights from multimodal embodiment studies. Building on Richard 
et al.’s [90] demonstration of how haptic feedback enhances em-
bodiment, we extend our multimodal investigation to include syn-
chronized voice alongside visual appearance. While Kao et al. [52] 
demonstrated that voice similarity enhances performance in interac-
tive contexts, our work investigates how combined voice and visual 
similarity affect embodiment during passive observation. Moreover, 
we build upon Fitton et al.’s [33] work on observational learning 
by investigating how self-similarity affects user experience during 
autonomous demonstrations, which is a critical yet understudied 
scenario. Also, unlike Fribourg et al.’s [35] virtual co-embodiment, 
where users shared control with another entity and could antici-
pate motions, we examine pre-programmed autonomous demon-
strations where users observe predetermined movements of their 
self-similar avatars. 

Overall, our study builds upon Jung et al.’s [49] findings on 
personalized avatars that maintain illusory agency by incorporat-
ing realistic voice cloning and examining the specific context of 
autonomous demonstrations, a scenario essential for motor learn-
ing and rehabilitation but previously unexplored in embodiment 

research. More importantly, we reveal that autonomy and self-
similarity operate as independent factors, influencing embodiment 
in parallel, providing VR designers with the flexibility to adjust 
these parameters separately without complex interdependencies. 
More importantly, across our self-report measures, we did not de-
tect a statistically significant autonomy × self-similarity interaction, 
suggesting largely additive influences on embodiment in this study. 
This pattern gives VR designers flexibility to tune autonomy and 
multimodal personalization as separate levers in similar mixed-
control experiences. By integrating objective behavioral measures 
(i.e., head-direction tracking) with comprehensive subjective assess-
ments, the research establishes evidence-based design principles 
for VR systems that balance expert demonstration requirements 
with the preservation of embodiment necessary for effective motor 
learning and engagement. 

3 Methodology 

3.1 Participants 
To determine the necessary sample size for this study, we conducted 
an a priori power analysis using G*Power v3.1. This analysis was 
based on four conditions following a 2 × 2 factorial within-group 
design, examining the effects of two main factors: self-similarity of 
avatar appearance and voice (self-similarity: self-similar vs. non-
self-similar) and whether or not the avatar demonstrates auto-
nomous behaviors (autonomy: autonomous vs. non-autonomous). 
Based on one group with four repeated measures, a small effect size 
(𝑓 = .25) [24] and an alpha level of .05 to achieve 80% power (1 − 𝛽 
error probability), the analysis recommended a sample size of 24 
participants. We recruited the recommended sample size (𝑁 = 24) 
of participants through department-wide email distributions and 
in-class announcements. Of the sample (age: 𝑀 = 24.38, 𝑆𝐷 = 3.50), 
12 were female, 11 were male, and one preferred not to disclose. 
Our participants volunteered without receiving monetary compen-
sation. 

3.2 Virtual Reality Application 
In this study, we developed a VR application utilizing the Unity 
game engine with the Final IK tool1 for inverse kinematics anima-
tions and self-avatar control. We designed a semi-realistic living 
room as the virtual environment (see Figure 2), lit with a combi-
nation of directional and point lighting sources to produce subtle 
shadows and visual depth. At the center of the room, we placed a 
workstation featuring nine wooden blocks, each distinguished by 
a unique combination of textures and shapes, alongside an empty 
game board for the block assembly task. A completed wooden 
block castle served as the reference model. We selected this simple 
spatial reasoning task for its clarity and consistent pacing across 
participants. Additionally, we placed a virtual mirror in front of 
the workstation, allowing participants to observe their avatars and 
upper body movements, thus enhancing self-awareness and en-
gagement with the virtual experience. Throughout all experimental 
conditions, participants maintained a first-person perspective, em-
bodying their avatar and viewing the virtual environment through 
the avatar’s eyes. Moreover, a virtual mirror provided a reflected 

1http://root-motion.com/ 

http://root-motion.com/
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(a) (b) (c) (d) 

Figure 2: The virtual environment and task within our VR application. (a) Perspective view of the virtual environment. (b) 
Top-down view of the entire virtual room layout. (c) Close-up view of the block-assembling task area. (d) Top-down view of the 
block-assembling workspace. 

view of their embodied avatar while participants retained this first-
person viewpoint. 

The main task in this experiment was to assemble the wooden 
blocks. Block assembly tasks have been widely used in rehabilita-
tion research, showing benefits for improving both motor skills 
and cognitive functions, including visuospatial working memory, 
executive functions, and fine motor coordination [65, 72, 75]. These 
three-dimensional construction paradigms have become popular 
methodologies in VR research for investigating spatial cognition 
and motor learning, offering ecological validity with experimental 
control [17, 71]. We incorporated intuitive guidance mechanisms 
for participants in designing the application. At the onset, the first 
block designated for placement is highlighted with an emissive 
material, encouraging participants to engage with it and place it on 
the game board. After the block was accurately placed, it snapped 
into its predetermined location. Then, the highlighting transitioned 
to the next sequential block, and the previously completed block 
reverted to its original texture. This iterative process continued 
until the construction of the block castle was complete. 

In conditions featuring non-autonomous avatars, participants 
directly controlled their avatars to complete the assembly task, 
resembling a traditional VR gameplay scenario. Conversely, avatars 
independently completed the block puzzle task in the autonomous 
avatar scenarios, requiring no input from the participants. Here, 
the avatars’ movements were animated using inverse kinematics. 
During these instances, participants could observe their avatars 
in action via the virtual mirror, which serves as a layer of self-
observation and reflection on the experience. We illustrate the four 
conditions in Figure 3 and the accompanying video. 

3.2.1 Virtual Characters and Voice Generating. For this study, we 
selected two types of virtual characters. For the non-self-similar 
conditions, we used prompts tailored to match the demographics 
of university students from the Midwest, United States, to generate 
headshots of male and female individuals in MidJourney2 and trans-
formed these headshots into 3D models using Character Creator3 

v4.31 with the Headshot v2 plugin. In the experiments, we paired 
these models with the participants’ self-reported sex assigned at 
birth. Consequently, participants who identified as non-binary were 
matched with an avatar corresponding to their biological sex charac-
teristics to maintain the fidelity of the limb-length and joint-center 
mapping for the Final IK solver (see Figure 4). To create avatars 
2https://www.midjourney.com/imagine
3https://www.reallusion.com/character-creator/ 

Figure 3: A two-by-two matrix illustrating the four experi-
mental conditions of the user study. 

closely resembling the participants, we utilized Character Creator 
v4.31 and the Headshot v2 plugin again, maintaining consistency 
across all conditions. We based these models on high-resolution 
photographs (6240×4160 pixels) taken with a Fujifilm XT-4 camera 
and a 35mm F2 lens, ensuring uniform lighting and background for 
consistency. When automated processes could not replicate specific 
features, such as beards, a 3D modeler manually added these de-
tails, enhancing self-similarity. The 3D modeler (27 years old with 
five years of 3D modeling experience) also manually adjusted the 
avatars’ body shapes in Character Creator to approximate partici-
pants’ heights and weights, thereby minimizing the impact of body 
type discrepancies during the VR interaction (see Figure 5). 

We employed ElevenLabs’ Text to Speech4 service for the avatars’ 
voices, selecting sex-matched, predefined voice models for non-self-
similar conditions. For avatars meant to mirror participants’ voices, 
we used ElevenLabs’ voice cloning service, starting with partici-
pant recordings of “The Tale of Peter Rabbit” by Beatrix Potter [87]. 
We conducted these recordings in a noise-minimized lab environ-
ment and used Descript5 v79.1.2 for any additional noise reduction. 
We then generated monologues that closely matched the scripted 

4https://elevenlabs.io/text-to-speech
5https://www.descript.com/ 

https://www.midjourney.com/imagine
https://www.reallusion.com/character-creator/
https://elevenlabs.io/text-to-speech
https://www.descript.com/
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Figure 4: The non-self-similar virtual characters we used in 
our study. 

Figure 5: Flowchart illustrating the generation pipeline for 
self-similar avatars’ appearance (upper) and voice synthesis 
(lower). 

interactions and accurately reflected the participants’ voices (see Ta-
ble 1). We standardized voice behavior across all conditions through 
scripted monologues to isolate the effect of motor autonomy while 
maintaining consistent instructional feedback. This design decision 
ensures that differences between conditions stem from movement 
control rather than varying verbal content or interaction styles. 

3.2.2 Sanity Checks. To validate the perceived self-similarity of the 
avatars and their voices, we conducted a two-phase sanity check 
involving both the research team and the study participants. In 
the initial phase, two computer graphics experts (age: 𝑀 = 33.00, 
𝑆𝐷 = 8.49; years of experience: 𝑀 = 8.00, 𝑆𝐷 = 5.66) assessed the 
resemblance between the generated avatars and the participants. 
Each researcher voted on the fidelity of the avatars’ appearance 
and voice. Disagreements prompted revisions, with the 3D modeler 
making adjustments based on the feedback. This iterative process 
continued until we achieved approval from the team, ensuring that 
both the visual and auditory representations met our criteria for 
self-similarity. 

Following the expert evaluation, we moved to the second phase, 
where participants themselves played a critical role in affirming 
the avatars’ plausible self-similarity. We presented each participant 
with a video showcasing their virtual counterpart, after which they 
completed a short survey. We utilized Qualtrics, an online survey 
tool, to distribute the survey and invited participants to rate, on a 
7-point Likert scale, the degree to which they believed their avatar 

mirrored their appearance and voice. Evaluation statements were 
as follows: Q1: “The virtual character looks like me.” (1 = Not at all; 7 
= Totally); Q2: “The virtual character sounds like me.” (1 = Not at all; 
7 = Totally); Q3: “The combined appearance and voice of the virtual 
character resemble me.” (1 = Not at all; 7 = Totally). The results indi-
cated that participants generally perceived their avatars as plausibly 
self-similar in both appearance and voice. Mean ratings were above 
the midpoint of the scale, suggesting a strong alignment between 
participants’ expectations and virtual representations. Specifically, 
the appearance of the avatar (Q1: 𝑀 = 5.25, 𝑆𝐷 = .94) and its voice 
(Q2: 𝑀 = 5.71, 𝑆𝐷 = 1.20) were rated favorably, with the combined 
resemblance of appearance and voice (Q3: 𝑀 = 5.46, 𝑆𝐷 = 1.02) 
also receiving a high score. 

To validate dissimilarity, we applied the same procedure to the 
non-self-similar avatars, which were sex-matched but intentionally 
generic. Participants rated these avatars substantially lower across 
the same items, confirming that they were not perceived as resem-
bling them. Specifically, the appearance (Q1: 𝑀 = 2.78, 𝑆𝐷 = 1.62), 
voice (Q2: 𝑀 = 2.11, 𝑆𝐷 = 1.29), and combined resemblance (Q3: 
𝑀 = 2.56, 𝑆𝐷 = 1.26) all fell below the scale’s midpoint. 

3.3 Experiment Conditions 
We created four distinct experimental conditions to investigate how 
avatar self-similarity in appearance and voice, as well as the pres-
ence or absence of autonomous behaviors in the avatar during the 
block assembly task, affect participant perceptions and behavioral 
responses. The specific conditions are outlined as follows: 

• Non-self-similar Appearance & Voice with Non-auto-
nomous Behavior (NSNA): For this condition, we em-
ployed a sex-matched avatar we created from the gener-
ated headshots, as detailed in Section 3.2.1, ensuring low 
visual self-similarity with participants. Then, we synthe-
sized the accompanying voice using a sex-matched voice 
model from ElevenLabs, which also lacked self-resemblance. 
The self-avatar demonstrated a non-autonomous behavior, 
functioning solely based on participant input. 

• Non-self-similar Appearance & Voice with Autonomous 
Behavior (NSA): We maintained the use of a sex-matched 
non-self-similar avatar and introduced autonomous behav-
iors, meaning that the self-avatar would solve the puzzle on 
its own rather than mapping the movements of the partici-
pant’s physical body. 

• Self-similar Appearance & Voice with Non-autonomous 
Behavior (SNA): We used an avatar that visually and vocally 
mirrors the participant and generated it from participants’ 
photographs and voice recordings. Despite this high degree 
of self-similarity, the avatar remained under the participant’s 
direct control, with no autonomous actions. 

• Self-similar Appearance & Voice with Autonomous 
Behavior (SA): We used an avatar with self-similar appear-
ances and voices that exhibited autonomous behaviors. 

3.4 Ratings and Measurements 
3.4.1 Survey. We developed a survey (see Table 2) to assess partic-
ipants’ subjective experiences across eight variables: presence from 
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Table 1: The monologues we used in our virtual reality experience. 

Step Monologue Action 

1 What a beautiful day! Perfect for a block game. Okay, only nine pieces. 
This should be easy. 

Application start 

2 First piece, you go to the corner. Picking up the first block 
3 Second piece, you’re next to the first one! Picking up the second block 
4 Hmm, where should I put this one? Picking up the third block 
5 Piece four, let’s see where you fit. Picking up the fourth block 
6 Halfway there, it’s going well! Picking up the fifth block 
7 This is starting to look like a castle now. Picking up the sixth block 
8 Piece seven, where do you belong? Picking up the seventh block 
9 Only two left, I’m almost done. Picking up the eighth block 
10 Last one... Picking up the ninth block 
11 Done! That felt good. Placed the last block 

Slater et al. [97], body ownership, agency and motor control, loca-
tion of the body, and external appearance from Gonzalez-Franco 
and Peck [38], emotional reactivity from Mousas et al. [73], frustra-
tion from Choi et al. [22], and self-attribution from Wolf et al. [111]. 
Moreover, we also asked our participants to leave comments that 
they think would be useful for our study in a designated area in 
our survey at the end of the study. 

3.4.2 Application Logs. In our application, we included a head-
direction tracking system that uses head orientation as a coarse 
proxy for the user’s gaze direction. While not a substitute for true 
eye-tracking, using head-mounted display orientation as an in-
dicator of attentional focus is a method adopted in prior VR re-
search [1, 20, 21, 23, 98]. However, we acknowledge that this method 
has limitations. It approximates the center of the user’s field of view 
and cannot capture fine-grained eye movements, such as saccades 
or specific fixations, which are distinct from head orientation. We 
implemented a script that tracks the user’s head orientation. The 
script calculates the center of the field of view to determine the 
approximate location of the user’s viewpoint. A ray is cast from 
the center point of the HMD’s view in the direction the user’s head 
is facing, and any objects hit by the ray are logged along with the 
timestamp. The orientation data is logged continuously at the ap-
plication’s frame rate, which runs at 90 Hz on the Oculus Quest 
2, collecting 90 gaze samples per second. Upon application exit, 
the recorded data is saved in a structured directory for statistical 
analysis. 

          For our head-direction data, we categorized it into four groups
based on the names of the game objects in the virtual environment. 
Objects containing “Hand,” “Arm,” or “Torso” were grouped into 
the Body category to represent head orientation toward the self. 
Objects labeled as “Mirror” were assigned to the Mirror group, 
head-direction associated with self-reflection. Any objects related 
to tasks, such as “Block,” “Game board,” or “Example,” were cate-
gorized under Task to capture task-relevant head orientation. The 
remaining objects, such as “Walls” or “Desk,” were grouped into the 
Environment. This grouping allows us to analyze head-direction dis-
tribution across these four categories and examine how autonomy 
and self-similarity influence orientation patterns. 

We did not include traditional performance comparisons (e.g., 
task accuracy, execution quality, or movement efficiency) because 
these metrics were not meaningful or comparable across our condi-
tions. In half of the experiment (i.e., the autonomous avatar con-
ditions), the block-assembly task was performed entirely by our 
system rather than by the participant. As a result, any performance 
outcome would reflect the autonomy controller rather than user 
behavior or user-avatar interaction. Moreover, the autonomous 
avatar was not optimized to perform the block-assembly task in 
a maximally efficient or “correct” manner, and, to our knowledge, 
no clearly defined optimal trajectory exists for this task in VR. 
Therefore, even if performance differences were measurable, they 
would not provide interpretable insights about embodiment or user 
experience. For these reasons, our analysis focuses on perceptual, 
experiential, and behavioral indicators (e.g., subjective ratings and 
head-direction patterns), which more accurately reflect the con-
structs under investigation. 

3.5 Procedure 
3.5.1 Appointment 1: Initial Setup and Data Collection. Upon par-
ticipants’ arrival at our research laboratory, we welcomed them and 
provided a brief introduction to the study’s objectives. We initiated 
a pre-screening process to confirm eligibility, ensuring that partici-
pants had no history of severe motion sickness or other common 
risk factors typically screened for in VR research. These included 
self-reported issues such as photosensitive epilepsy, recent head in-
juries, uncorrected vision impairments, or adverse reactions to VR 
exposure. Eligible participants then reviewed and signed a consent 
form approved by our university’s Institutional Review Board (IRB), 
which detailed the study’s scope and rights. Following consent, 
we proceeded with data collection for avatar personalization. We 
captured high-resolution photographs of each participant under 
consistent lighting and background conditions. We also recorded 
a one-minute voice sample as participants read a prepared script 
aloud for voice cloning. 

3.5.2 Between Appointments: Avatar and Environment Preparation. 
Using the collected photographs and voice recordings, we crafted 
self-similar avatars, emphasizing a high degree of resemblance in 
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Table 2: The survey we used in our study. 

# Item Anchors of the Scales 

Presence 

1 To what extent were there times during the experience when the computer-generated world became 
the “reality” for you, and you almost forgot about the “real world” outside? 

1 = Not at all, 7 = All the time 

2 When you think back to the experience, do you think of the virtual environment more as images that 
you saw or more as somewhere that you visited? 

1 = Images, 7 = Somewhere I visited 

3 During the time of the experience, which was the strongest on the whole, your sense of being in the 
virtual environment or of being elsewhere? 

1 = Being elsewhere, 7 = Being in the virtual 
environment 

4 During the time of your experience, did you often think to yourself that you were actually in the 
virtual environment? 

1 = Not at all, 7 = Very much 

Body Ownership 

5 I felt as if the virtual body was my body. 1 = Strongly disagree, 7 = Strongly agree 
6 It felt as if the virtual body I saw was someone else. 1 = Strongly disagree, 7 = Strongly agree 
7 It seemed as if I might have more than one body. 1 = Strongly disagree, 7 = Strongly agree 
8 The body I saw in the mirror felt like mine. 1 = Strongly disagree, 7 = Strongly agree 
9 The body I saw in the mirror felt like that of another person. 1 = Strongly disagree, 7 = Strongly agree 

Agency and Motor Control 

10 I could control the virtual body as if it were my own. 1 = Strongly disagree, 7 = Strongly agree 
11 The virtual body’s movements were caused by mine. 1 = Strongly disagree, 7 = Strongly agree 
12 The virtual body’s movements influenced mine. 1 = Strongly disagree, 7 = Strongly agree 
13 The virtual body moved by itself. 1 = Strongly disagree, 7 = Strongly agree 

Location of the Body 

14 My body felt located where I saw the virtual body. 1 = Strongly disagree, 7 = Strongly agree 
15 I felt out of my body. 1 = Strongly disagree, 7 = Strongly agree 
16 My body or the avatar felt like they were drifting toward each other. 1 = Strongly disagree, 7 = Strongly agree 

External Appearance 

17 My real body felt like it was turning into an avatar. 1 = Strongly disagree, 7 = Strongly agree 
18 My real body felt like it was taking on the avatar’s posture. 1 = Strongly disagree, 7 = Strongly agree 
19 The avatar resembled my real body. 1 = Strongly disagree, 7 = Strongly agree 

Emotional Reactivity 

20 I felt uneasy with this virtual avatar. 1 = Strongly disagree, 7 = Strongly agree 
21 The avatar’s motion made me uncomfortable. 1 = Strongly disagree, 7 = Strongly agree 
22 The avatar’s appearance made me uncomfortable. 1 = Strongly disagree, 7 = Strongly agree 

Frustration 

23 I felt frustrated in this virtual environment. 1 = Strongly disagree, 7 = Strongly agree 

Self-attribution 

24 I felt like the virtual avatar was me. 1 = Strongly disagree, 7 = Strongly agree 
25 I could identify with the virtual avatar. 1 = Strongly disagree, 7 = Strongly agree 
26 The virtual avatar behaved how I would. 1 = Strongly disagree, 7 = Strongly agree 
27 The avatar had similar attributes to me. 1 = Strongly disagree, 7 = Strongly agree 

Overall Experience 

28 Please provide additional comments on your overall experience. Open-ended response 

appearance and voice. This phase also included a two-stage sanity 
check involving our research team and the participants to validate 
the avatars’ self-similarity in appearance and voices. We also ap-
plied the sanity checks to the non-self-similar avatars, confirming 
that their appearance and voices were not inadvertently too close 
to participants, as detailed in Section 3.2.2. 

3.5.3 Appointment 2: Experimental Engagement. During the second 
visit, participants engaged in a brief tutorial to familiarize them-
selves with the VR setup and controls, ensuring a smooth and com-
fortable user experience, as prior research indicated that tutorials 
substantially improve control learnability and user experience [51]. 
We then introduced participants to the four distinct experimental 



CHI ’26, April 13–17, 2026, Barcelona, Spain Guo et al. 

conditions, each exploring various combinations of avatar appear-
ance and voice (i.e., self-similar vs. non-self-similar) and autonomy 
(i.e., autonomous vs. non-autonomous). We employed the Latin 
squares method [109] to balance these conditions, eliminating po-
tential carry-over (residual) effects. Following each experimental 
condition, we asked participants to complete our survey (see Sec-
tion 3.4.1 and Table 2). After completing all experimental conditions 
and the corresponding questionnaires, we thanked the participants 
for their contribution before concluding the session. We provide 
an overview of the study procedure in Figure 6. 

Figure 6: Overview of the study procedure. Appointment 1: 
pre-screening, consent, photo capture, and voice recording. 
Between appointments: self-similar avatar creation and san-
ity checks. Appointment 2: tutorial, four counterbalanced 
experimental conditions, questionnaires, and open-ended 
responses. 

4 Results 
In our statistical analyses, we used the autonomy and self-similarity 
factors as independent variables, and the self-reported ratings and 
behavioral responses as dependent variables. The Q-Q plots of 
the residuals and the Shapiro-Wilk test at the 5% level confirmed 
the normality of the collected data. Thus, we performed a two-
way repeated measures analysis of variance (RM-ANOVA) for each 
variable using IBM’s SPSS software v.25. We provide detailed results 
of our self-reported data in Table 3 and behavioral responses in 
Table 4. For any post-hoc pairwise tests, we applied a Bonferroni 
correction to control for multiple comparisons. 

4.1 Self-reported Data 
4.1.1 Embodiment. 

Body Ownership. We did not find a statistically significant main 
effect of autonomy (Wilk’s Λ = .994, 𝐹 [1, 23] = .145, 𝑝 = .707, 
𝜂 2 
𝑝 = .006), self-similarity (Wilk’s Λ = .997, 𝐹 [1, 23] = .067, 𝑝 = .797, 

𝜂 2 
𝑝 = .003), or an autonomy × self-similarity interaction effect 
(Wilk’s Λ = .986, 𝐹 [1, 23] = .317, 𝑝 = .579, 𝜂 2 

𝑝 = .014). 

Agency and Motor Control. We found a statistically significant 
main effect of autonomy (Wilk’s Λ = .291, 𝐹 [1, 23] = 56.100, 𝑝 < 
.001, 𝜂 2 

𝑝 = .709), indicating that participants rated their agency and 
motor control higher when exposed to non-autonomous (𝑀 = 4.40, 
𝑆𝐸 = .14) than autonomous (𝑀 = 3.34, 𝑆𝐸 = .11) avatars. However, 
we did not find a significant main effect of self-similarity (Wilk’s 

Λ = .879, 𝐹 [1, 23] = 3.160, 𝑝 = .089, 𝜂 2 
𝑝 = .121), nor a significant 

autonomy × self-similarity interaction effect (Wilk’s Λ = .995, 
𝐹 [1, 23] = .126, 𝑝 = .726, 𝜂 2 

𝑝 = .005). 

Location of the Body. We did not find a statistically significant 
main effect of autonomy (Wilk’s Λ = .985, 𝐹 [1, 23] = .355, 𝑝 = 
.557, 𝜂 2 

𝑝 = .015). In contrast, self-similarity showed a statistically 
significant effect (Wilk’s Λ = .779, 𝐹 [1, 23] = 6.542, 𝑝 = .018, 
𝜂 2 
𝑝 = .221), as participants reported a stronger sense that their body 
was located where they saw the virtual body in the self-similar 
(𝑀 = 4.21, 𝑆𝐸 = .14) than the non-self-similar (𝑀 = 3.70, 𝑆𝐸 = 
.18) conditions. Finally, we did not find a statistically significant 
autonomy × self-similarity interaction effect (Wilk’s Λ = .999, 
𝐹 [1, 23] = .016, 𝑝 = .901, 𝜂 2 

𝑝 = .001). 

External Appearance. We found a statistically significant main 
effect of autonomy (Wilk’s Λ = .828, 𝐹 [1, 23] = 4.779, 𝑝 = .039, 𝜂 2 

𝑝 = 
.172), indicating that participants rated their external appearance 
higher when exposed to non-autonomous (𝑀 = 3.89, 𝑆𝐸 = .26) than 
autonomous (𝑀 = 3.38, 𝑆 𝐸 = .17) avatars. Also, self-similarity was 
statistically significant (Wilk’s Λ = .455, 𝐹 [1, 23] = 27.550, 𝑝 < .001, 
𝜂 2 
𝑝 = .545), with participants rating self-similar avatars higher (𝑀 = 
4.15, 𝑆𝐸 = .23) than non-self-similar avatars (𝑀 = 3.12, 𝑆𝐸 = .19). 
However, we did not find a statistically significant autonomy × 
self-similarity interaction effect (Wilk’s Λ = .970, 𝐹 [1, 23] = .706, 
𝑝 = .410, 𝜂 2 

𝑝 = .030). 

4.1.2 User Experience. 

Presence. We found a statistically significant main effect of auton-
omy (Wilk’s Λ = .573, 𝐹 [1, 23] = 17.166, 𝑝 < .001, 𝜂 2 

𝑝 = .427), with 
participants reporting a higher presence in the non-autonomous 
(𝑀 = 4.85, 𝑆𝐸 = .20) than the autonomous (𝑀 = 4.16, 𝑆𝐸 = .24) 
conditions. We also found a significant main effect of self-similarity 
(Wilk’s Λ = .735, 𝐹 [1, 23] = 8.282, 𝑝 = .008, 𝜂 2 

𝑝 = .265), as self-
similar avatars elicited a higher presence (𝑀 = 4.67, 𝑆𝐸 = .20) than 
non-self-similar avatars (𝑀 = 4.34, 𝑆𝐸 = .22). However, we did not 
find a statistically significant autonomy × self-similarity interaction 
effect (Wilk’s Λ = .999, 𝐹 [1, 23] = .020, 𝑝 = .890, 𝜂 2 

𝑝 = .001). 

Emotional Reactivity. We found a statistically significant main 
effect of autonomy (Wilk’s Λ = .500, 𝐹 [1, 23] = 23.043, 𝑝 < .001, 
𝜂 2 
𝑝 = .500), with autonomous avatars eliciting stronger emotional 
responses (𝑀 = 4.01, 𝑆𝐸 = .27) compared to non-autonomous 
avatars (𝑀 = 3.22, 𝑆𝐸 = .20). However, there was no statistically 
significant main effect of self-similarity (Wilk’s Λ = .900, 𝐹 [1, 23] = 
2.548, 𝑝 = .124, 𝜂 2 

𝑝 = .100), nor a significant autonomy × self-
similarity interaction effect (Wilk’s Λ = .991, 𝐹 [1, 23] = .207, 𝑝 = 
.654, 𝜂 2 

𝑝 = .009). 

Frustration. We found a statistically significant main effect of 
autonomy (Wilk’s Λ = .754, 𝐹 [1, 23] = 7.494, 𝑝 = .012, 𝜂 2 

𝑝 = 
.246), with autonomous avatars leading to higher frustration (𝑀 = 
3.38, 𝑆𝐸 = .31) compared to non-autonomous avatars (𝑀 = 2.52, 
𝑆𝐸 = .22). There was no statistically significant main effect of self-
similarity (Wilk’s Λ = .990, 𝐹 [1, 23] = .222, 𝑝 = .642, 𝜂 2 

𝑝 = .010), nor 
a significant autonomy × self-similarity interaction effect (Wilk’s 
Λ = .958, 𝐹 [1, 23] = 1.000, 𝑝 = .328, 𝜂 2 

𝑝 = .042). 
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Table 3: Detailed results from the self-report measures in our study (we present significant results with bold font). NSNA: Non-
self-similar Appearance & Voice with Non-autonomous Behavior; NSA: Non-self-similar Appearance & Voice with Autonomous 
Behavior; SNA: Self-similar Appearance & Voice with Non-autonomous Behavior; and SA: Self-similar Appearance & Voice 
with Autonomous Behavior. Autonomy 𝑑 𝑓 = 1, Self-similarity 𝑑 𝑓 = 1, Interaction 𝑑 𝑓 = 1, and Error 𝑑 𝑓 = 23. Notes: (1) Body 
Ownership, (2) Agency and Motor Control, (3) Location of the Body, (4) External Appearance, (5) Presence, (6) Emotional 
Reactivity, (7) Frustration, and (8) Self-Attribution. 

(1) (2) (3) (4) (5) (6) (7) (8) 

M SD M SD M SD M SD M SD M SD M SD M SD 

NSNA 4.00 .77 4.28 .83 3.64 1.01 3.44 1.31 4.70 1.05 2.99 1.37 2.67 1.31 3.08 1.28 
SNA 3.98 .51 4.51 .88 4.17 .86 4.33 1.46 5.00 1.08 3.46 1.38 2.38 1.01 4.58 1.40 
NSA 3.99 .97 3.18 .73 3.76 1.20 2.80 1.02 3.99 1.38 3.69 1.65 3.33 1.83 2.25 .93 
SA 4.09 .64 3.50 .77 4.25 .74 3.96 1.11 4.33 1.11 4.33 1.63 3.42 1.72 3.94 1.32 

Autonomy (Main Effect) 

F .145 56.100 .355 4.779 17.166 23.043 7.494 23.286 
p .707 < .001 .557 .039 < .001 < .001 .012 < .001 
𝜂 2 
𝑝 .006 .709 .015 .172 .427 .500 .246 .503 

Self-similarity (Main Effect) 

F .067 3.160 6.542 27.550 8.282 2.548 .222 37.951 
p .797 .089 .018 < .001 .008 .124 .642 < .001 
𝜂 2 
𝑝 .003 .121 .221 .545 .265 .100 .010 .623 

Autonomy × Self-similarity (Interaction Effect) 

F .317 .126 .016 .706 .020 .207 1.000 .323 
p .579 .726 .901 .410 .890 .654 .328 .575 
𝜂 2 
𝑝 .014 .005 .001 .030 .001 .009 .042 .014 

Self-Attribution. We found a statistically significant main effect 
of autonomy (Wilk’s Λ = .497, 𝐹 [1, 23] = 23.286, 𝑝 < .001, 𝜂 2 

𝑝 = 
.503), with non-autonomous avatars beeing rated higher (𝑀 = 3.83, 
𝑆𝐸 = .23) than autonomous avatars (𝑀 = 3.09, 𝑆𝐸 = .17). Similarly, 
we found a significant main effect of self-similarity (Wilk’s Λ = .377, 
𝐹 [1, 23] = 37.951, 𝑝 < .001, 𝜂 2 

𝑝 = .623), with self-similar avatars 
receiving higher ratings (𝑀 = 4.26, 𝑆𝐸 = .26) compared to non-self-
similar avatars (𝑀 = 2.67, 𝑆𝐸 = .20). However, we did not find a 
statistically significant autonomy × self-similarity interaction effect 
(Wilk’s Λ = .986, 𝐹 [1, 23] = .323, 𝑝 = .575, 𝜂 2 

𝑝 = .014). 

4.2 Behavioral Responses 
Environment. We found a statistically significant main effect of 

autonomy on the percentage of time participants spent orienting 
their head toward the environment (Wilk’s Λ = .481, 𝐹 [1, 23] = 
24.843, 𝑝 < .001, 𝜂 2 

𝑝 = .519), with participants devoting more dwell 
time to the environment in the non-autonomous condition (𝑀 = 
.57, 𝑆𝐸 = .03) compared to the autonomous condition (𝑀 = .36, 
𝑆𝐸 = .04). However, there was no statistically significant main 
effect of self-similarity (Wilk’s Λ = .871, 𝐹 [1, 23] = 3.400, 𝑝 = .078, 
𝜂 2 
𝑝 = .129), nor a significant autonomy × self-similarity interaction 

effect (Wilk’s Λ = .877, 𝐹 [1, 23] = 3.229, 𝑝 = .086, 𝜂 2 
𝑝 = .123). 

Mirror. We found a statistically significant main effect of auton-
omy (Wilk’s Λ = .302, 𝐹 [1, 23] = 53.096, 𝑝 < .001, 𝜂 2 

𝑝 = .698), 
with participants devoting significantly more dwell time to the 
mirror in the autonomous condition (𝑀 = .63, 𝑆𝐸 = .04) compared 
to the non-autonomous condition (𝑀 = .34, 𝑆𝐸 = .02). We also 
found a significant main effect of self-similarity (Wilk’s Λ = .777, 
𝐹 [1, 23] = 6.595, 𝑝 = .017, 𝜂 2 

𝑝 = .223), with self-similar avatars lead-
ing to greater mirror-directed head orientation (𝑀 = .52, 𝑆𝐸 = .03) 
than non-self-similar avatars (𝑀 = .45, 𝑆𝐸 = .03). However, the 
autonomy × self-similarity interaction effect was not statistically 
significant (Wilk’s Λ = .916, 𝐹 [1, 23] = 2.116, 𝑝 = .159, 𝜂 2 

𝑝 = .084). 

Body. We found a statistically significant main effect of auton-
omy (Wilk’s Λ = .723, 𝐹 [1, 23] = 8.811, 𝑝 = .007, 𝜂 2 

𝑝 = .277), 
with participants devoting more dwell time to their virtual body 
in the non-autonomous condition (𝑀 = .05, 𝑆𝐸 = .02) compared 
to the autonomous condition (𝑀 = .01, 𝑆𝐸 = .00). We did not 
find a significant main effect of self-similarity (Wilk’s Λ = .995, 
𝐹 [1, 23] = .108, 𝑝 = .745, 𝜂 2 

𝑝 = .005), nor a significant autonomy × 
self-similarity interaction effect (Wilk’s Λ = .974, 𝐹 [1, 23] = .622, 
𝑝 = .438, 𝜂 2 

𝑝 = .026). 
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Table 4: Detailed results from the application log in our study (we present significant results with bold font). NSNA: Non-self-
similar Appearance & Voice with Non-autonomous Behavior; NSA: Non-self-similar Appearance & Voice with Autonomous 
Behavior; SNA: Self-similar Appearance & Voice with Non-autonomous Behavior; and SA: Self-similar Appearance & Voice 
with Autonomous Behavior. Self-similarity 𝑑 𝑓 = 1, Autonomy 𝑑 𝑓 = 1, Interaction 𝑑 𝑓 = 1, and Error 𝑑 𝑓 = 23. Notes: (1) Body, (2) 
Environment, (3) Mirror, (4) Task, and (5) Time. 

(1) (2) (3) (4) (5) 

M SD M SD M SD M SD M SD 

NSNA .05 .08 .57 .18 .32 .13 .02 .02 84.40 27.53 
NSA .06 .09 .57 .14 .36 .13 .02 .02 82.30 28.56 
SNA .01 .01 .41 .25 .58 .26 .01 .01 87.18 1.08 
SA .01 .01 .31 .19 .68 .19 .00 .00 87.20 1.00 

Autonomy (Main Effect) 

F 8.811 24.843 53.096 14.444 .498 
p .007 < .001 < .001 .001 .487 
𝜂 2 
𝑝 .277 .519 .698 .386 .021 

Self-similarity (Main Effect) 

F .108 3.400 6.595 .710 .062 
p .745 .078 .017 .408 .806 
𝜂 2 
𝑝 .005 .086 .223 .030 .003 

Autonomy × Self-similarity (Interaction Effect) 

F .622 3.229 2.116 4.516 .068 
p .438 .086 .159 .045 .796 
𝜂 2 
𝑝 .026 .123 .084 .164 .003 

Task. We found a statistically significant main effect of autonomy 
(Wilk’s Λ = .614, 𝐹 [1, 23] = 14.444, 𝑝 = .001, 𝜂 2 

𝑝 = .386), with 
participants devoting more dwell time to task-related objects in 
the non-autonomous condition (𝑀 = .02, 𝑆𝐸 = .00) compared 
to the autonomous condition (𝑀 = .01, 𝑆 𝐸 = .00). There was 
no statistically significant main effect of self-similarity (Wilk’s 
Λ = .970, 𝐹 [1, 23] = .710, 𝑝 = .408, 𝜂 2 

𝑝 = .030). However, we 
found a significant autonomy × self-similarity interaction effect 
(Wilk’s Λ = .836, 𝐹 [1, 23] = 4.516, 𝑝 = .045, 𝜂 2 

𝑝 = .164). To examine 
this interaction further, we conducted post-hoc pairwise 𝑡 -tests. 
When the avatar was non-self-similar, participants spent more 
dwell time with their head oriented toward task-related objects in 
the non-autonomous (𝑀 = .02, 𝑆𝐷 = .02) than in the autonomous 
(𝑀 = .01, 𝑆𝐷 = .01) condition (𝑡 [23] = 2.36, 𝑝 = .027, 𝑑 = .48). 
When the avatar was self-similar, participants spent more dwell 
time with their head oriented toward task-related objects in the 
non-autonomous (𝑀 = .02, 𝑆𝐷 = .02) than in the autonomous 
(𝑀 = .00, 𝑆𝐷 = .00) condition (𝑡 [23] = 4.34, 𝑝 < .001, 𝑑 = .89). 
We also examined the simple effects of self-similarity under non-
autonomous and autonomous conditions; neither comparison was 
significant. 

Time. We did not find a statistically significant main effect of 
autonomy (Wilk’s Λ = .979, 𝐹 [1, 23] = .498, 𝑝 = .487, 𝜂 2 

𝑝 = .021), 
self-similarity (Wilk’s Λ = .997, 𝐹 [1, 23] = .062, 𝑝 = .806, 𝜂 2 

𝑝 = .003), 
or an autonomy × self-similarity interaction effect (Wilk’s Λ = .997, 

𝐹 [1, 23] = .068, 𝑝 = .796, 𝜂 2 
𝑝 = .003) on the time participants spent 

finishing the task. 

4.3 Qualitative Data 
To complement the quantitative findings, we thematically analyzed 
participants’ open-ended reflections on their self-avatar experi-
ences, grouped into themes of appearance, voice, movement, and 
overall impressions. 

Three participants commented on the self-avatar’s visual resem-
blance (appearance): P6 noted it “resembled me to some extent” and 
would feel “very real” with additional customization, while P12 
found mismatched body proportions and mouth movement that 
“made me uneasy,” and P16 felt “strange to see myself on a body with 
different body features.” Mirror reflections shaped identification for 
others; P2 wanted more mirror coverage to “feel more confidence,” 
and P8 described strongly identifying with the self-similar avatar in 
one session, stating it felt like “a copy or clone of me... I was clashing 
with it.” In contrast, the dissimilar avatar allowed them to “lose 
myself in the virtual environment more.” 

Voice feedback varied: P11 found it “really cool” to hear a familiar 
voice in the environment, while P13 described it as strange to hear 
their voice saying “artificial things,” and P15 noted that the lip-sync 
animation “looked very weird and scary.” 

Participants emphasized the importance of interactivity and 
movement realism. P9 preferred when they could “freely move my 
hands,” while P4 suggested refining “the grab and hold, the length of 
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the arms, and the volume of the body,” and found the mouth move-
ment “very weird.” P21 proposed adding elbow tracking to improve 
realism, suggesting “add some sensor on the user’s elbow to make the 
hand movement more vivid.” 

Overall impressions were largely positive: P3 described the ex-
perience as “nice,” and P10 wrote, “Great job! I’m curious to see the 
results.” P14 emphasized how “the experience was more immersive 
due to the environment,” while P21 was excited by face similarity, 
stating “I always imagine that we could reconstruct our face in VR.” 
Finally, three noted areas for improvement: P24 described moments 
of feeling “disconnected” and called the self-similar avatar “creepy,” 
while P5 mentioned “I wasn’t really focusing on the mirror” during 
the task, and P26 noted “it took me sometime to understand that 
there was a mirror.” 

5 Discussion 
In this study, we examined the effects of multimodal self-similarity 
and avatar autonomy on embodiment, user experience, and behav-
ioral responses in VR, and we discuss these findings in the following 
sections. 

5.1 RQ1: Embodiment 
The self-reported data on embodiment provide insights into how 
autonomy and self-similarity shape different facets of embodiment 
in complementary ways, revealing both overlaps and dissociations 
across body ownership, agency and motor control, location of the 
body, and external appearance. 

• RQ1.1: Body ownership appeared relatively robust, as it did 
not vary across the conditions. 

This suggested that the body ownership aspect of embodiment 
may be less sensitive to these manipulations. This finding contrasts 
with prior research emphasizing the role of visuo-proprioceptive 
synchronization in enhancing body ownership [101]. A possible 
explanation lies in the distinction between agency and body own-
ership: while agency arises from the perception of control over an 
avatar’s actions, body ownership relies on multisensory integration, 
such as visuo-tactile and visuo-proprioceptive congruence, to create 
a unified sense of self [103]. Specifically, Steed et al. [99] found that 
a self-avatar alone was insufficient to enhance embodiment unless 
accompanied by meaningful interaction. This suggests that owner-
ship is not solely a function of visual self-resemblance but instead 
requires sensorimotor coherence. In our study, the controller-based 
input, while sufficient to elicit agency, may not have provided the 
sensory congruence necessary to enhance body ownership. 

• RQ1.2: Agency and motor control was closely tied to au-
tonomy, with participants reporting stronger agency when 
directly operating the avatar. 

This aligns with prior work that shows agency arises when users 
perceive a match between their motor intentions and the avatar’s 
movements [66]. In these conditions, the avatar acted as an exten-
sion of the self, strengthening the perception of agency. In contrast, 
autonomous avatars executing predefined actions disrupted this 
mapping, leading to diminished agency ratings. The lack of a sig-
nificant effect for self-similarity supports prior findings that visual 
resemblance alone is insufficient to enhance agency without motor 

congruence [80]. According to Kilteni et al. [53], agency relies criti-
cally on the match between predicted and actual sensory outcomes 
of movement, rather than on appearance. Moreover, recent findings 
by Boban et al. [10] suggest that while users may spontaneously 
follow an autonomous avatar under uncertainty, this follower effect 
does not preserve the same sense of agency and may instead lead 
to a dissociation between the self and the avatar. 

• RQ1.3: Self-similarity reinforced body location, as users 
felt more strongly anchored in the body when the avatar 
resembled them. In contrast, autonomy did not significantly 
influence participants’ perception of body location. 

This suggests that the avatar’s control mode did not alter their 
sense of spatial alignment with the virtual body. In the meantime, 
self-similarity had a significant effect, aligning with prior research 
showing that visual cues dominate spatial localization [83] and 
that visual realism, particularly self-resemblance, enhances self-
location [34, 55]. Notably, this contrasts with Jung et al. [49], who 
found that motion, not appearance, influenced self-location. This 
divergence may result from our inclusion of both visual and vocal 
self-similarity, which likely reinforced self-recognition through mul-
timodal cues. Moreover, our interactive task may have increased 
attentional engagement, further anchoring the body to the self-
similar avatar. These differences showed how task demands and 
multimodal personalization can shape spatial embodiment in dis-
tinct ways. 

• RQ1.4: Perceptions of external appearance were jointly influ-
enced by autonomy and self-similarity, indicating that how 
the avatar looks cannot be separated from how it behaves. 

This result reinforces the idea that visual resemblance strength-
ens self-attribution and identification, as proposed by Biocca et 
al. [9]. Importantly, our findings suggest that participants eval-
uated their avatars not only on aesthetic preference but also on 
the perceived alignment between the avatar and their self-image. 
Banakou et al. [6] provide critical evidence that altering avatar 
appearance, such as embodying a child-like body, can shift per-
ceptual judgments and even implicit self-associations. This sup-
ports the idea that appearance influences how users internalize 
and project identity within a virtual body. Moreover, the higher 
ratings for self-similar avatars align with findings by Krogmeier 
and Mousas [62], who observed that participants tend to look more 
often at avatars they perceive as similar to themselves, suggesting a 
link between perceived similarity and visual attention patterns. The 
significant autonomy effect on external appearance ratings could 
further be explained by Kilteni et al.’s [53] research on embodiment, 
where motor control enhances agency and strengthens the sense of 
body ownership, leading users to incorporate the avatar into their 
self-representation and evaluate its appearance more favorably. 
This effect may also reflect self-affirmation processes, as Kang and 
Kim [50] demonstrated that avatar control serves as a self-affirming 
activity, creating psychological investment in the avatar’s positive 
evaluation. 

5.2 RQ2: User Experience 
The self-reported data on user experience provide insights into how 
autonomy and self-similarity exert distinct influences, with control 
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primarily modulating presence and frustration, and resemblance 
driving self-attribution. 

• RQ2.1: Presence benefited from both self-similarity and con-
trol, with participants feeling more immersed when avatars 
resembled them and when they had agency over the avatar’s 
body. 

The increased presence in non-autonomous conditions likely 
resulted from the active engagement required to control the avatar, 
which enhances the sense of being an active participant in the 
virtual environment [97]. Self-similarity further enhanced pres-
ence by triggering self-referential processing [77] and promoting 
identification with the avatar [9]. Interestingly, this contrasts with 
Jung et al. [49], who found that presence was enhanced by motion 
synchrony but not significantly affected by appearance. This dis-
crepancy may reflect differences in modality and task. While their 
study focused on visual personalization, our use of visual and vocal 
self-similarity may have enhanced the sense of being there. 

• RQ2.2: Emotional responses intensified under autonomy, 
showing that observing one’s avatar act independently can 
heighten affective engagement. 

This may reflect the discomfort associated with observing one’s 
avatar act independently, disrupting the coherence between self-
perception and perceived control. This idea is supported by Gall 
et al. [37], who demonstrated that virtual embodiment amplifies 
emotional responses to visual stimuli. In their study, participants 
reported significantly higher arousal, dominance, and valence for 
positive stimuli when the illusion of body ownership and agency 
was successfully induced through synchronous visuotactile and 
visuomotor feedback. Interestingly, self-similarity did not signif-
icantly affect emotional reactivity, suggesting that the emotional 
impact of losing control outweighed the effect of visual or vocal 
resemblance. While Jung et al. [49] found no significant emotional 
effects from appearance and only modest effects from motion syn-
chrony, these differences may be attributed to variations in study 
design, task demands, and emotion measurement approaches. In 
contrast, our results indicate the emotional impact of autonomous 
avatar behavior during embodied experiences, particularly in a 
first-person perspective where users lack direct control over the 
avatar. 

• RQ2.3: Frustration was triggered by loss of control, even 
when the avatar was self-similar, highlighting the delicate 
balance between resemblance and autonomy. 

This suggests that predefined avatar actions introduced a mis-
match between participants’ expectations and the avatar’s behavior. 
We argue that this disruption likely weakened the sense of seam-
less control, increasing cognitive demands during the task. This 
aligns with recent findings by Kim et al. [56], who showed that 
reduced avatar control significantly lowers agency and disrupts 
embodiment. Frisco et al. [36] further emphasize that spatial pre-
diction of one’s body plays a central role in body ownership, and 
misalignment between expected and actual actions may lead to 
discomfort. In our study, the increased frustration in self-similar 
autonomous conditions may result from increased self-referential 
processing, as participants watched avatars resembling themselves 
act independently and unexpectedly. In contrast, participants in 

non-autonomous conditions could directly control their avatars, 
leading to alignment between intention and motion and reduced 
cognitive strain. 

• RQ2.4: Self-attribution was consistently boosted by self-
similarity, confirming that resemblance plays a central role 
in identification with the avatar. 

This result aligns with self-awareness theory, which posits that 
self-focused attention intensifies when individuals observe actions 
that reflect their own traits or intentions [16]. In our study, the vir-
tual mirror functioned as a tool for self-focusing, which potentially 
enhanced participants’ awareness of their avatars. Recent work sup-
ports this interpretation. Frisco et al. [36] showed that alignment 
between predicted and observed body position plays a central role in 
embodiment. Kim et al. [56] found that, more than appearance alone, 
motor congruence drives agency and self-identification. Jo et al. [48] 
also demonstrated that visual resemblance enhances body owner-
ship, particularly when users are actively engaged. Mirror-based 
self-observation further enhances these effects, which promote self-
referential processing through alignment between internal body 
models and visual feedback [28, 69]. 

5.3 RQ3: Behavioral Responses 
The logged head-direction data provides insights into how auton-
omy and self-similarity shape head orientation patterns, which 
serve as a proxy for visual attention. Despite using pseudo-gaze 
tracking rather than precise eye-tracking technologies, our findings 
demonstrated interesting trends across different gaze categories. 

• RQ3.1: Autonomy was correlated with increased head orien-
tation toward mirrors, whereas direct control was correlated 
with focus on the task and the avatar’s body, illustrating how 
control dynamics shape exploratory behavior. 

In the Environment category, we found a significant main ef-
fect of autonomy, with participants orienting their head more to-
ward the environment in the non-autonomous conditions than 
in the autonomous conditions. This difference is consistent with 
the task demands across conditions: when participants directly 
controlled the avatar, they needed to actively complete the assem-
bly task and could reasonably scan the surrounding environment 
for task-relevant objects and spatial cues. This result can be in-
terpreted using the cognitive load theory [94], as participants in 
the non-autonomous conditions may have directed their head ori-
entation outward to situate themselves within the task context. 
Conversely, the reduced environment-directed head orientation in 
the autonomous conditions likely reflects a cognitive shift toward 
observing the avatar’s autonomous actions, as participants were 
relieved of direct task control. We also observed a significant effect 
of self-similarity, with participants spending more time observ-
ing the environment in the non-self-similar conditions. This may 
be because participants in the self-similar conditions were more 
captivated by their avatars, which closely resembled themselves, 
drawing their orientational focus away from the environment. 

In the Mirror category, we found a significant effect of autonomy, 
with participants devoting more head orientation time to the mirror 
in the autonomous condition. This could reflect increased engage-
ment with the avatar’s actions, as users monitor their avatar while 
performing tasks independently. While increased head-direction 
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toward the mirror may also suggest confusion or anxiety about the 
avatar’s autonomous behavior, we must be cautious in our inter-
pretation, as head orientation data alone cannot confirm the user’s 
affective state. Prior research suggests virtual mirrors promote self-
focused attention and facilitate self-recognition by visually linking 
agency and appearance [54, 110]. Moreover, prior studies demon-
strate that mirror feedback enhances the sense of embodiment 
by supporting self-evaluation and full-body awareness, especially 
when the avatar’s motion is visible but not directly controllable [74]. 
Our finding that self-similar avatars induce more mirror-directed 
head orientation complements prior works, which show that visual 
resemblance contributes to self-avatar recognition and intensifies 
self-referential processing, particularly when congruent visual and 
motion cues are present [54]. Thus, in our study, mirrors appear 
to serve not only as visual aids but also as focal points for head 
orientation during autonomous avatar behavior, especially when 
participants observe autonomous behaviors performed by a self-
similar avatar. While this increased orientational focus may support 
observational learning, the specific cognitive and emotional pro-
cesses underlying this gaze behavior require further investigation. 

We observed a significant effect of autonomy on the Body cate-
gory, with participants orienting their head more frequently toward 
their virtual bodies in non-autonomous conditions. This pattern 
likely reflects a greater need for self-monitoring when users directly 
control the avatar, consistent with prior findings that visuomotor 
synchrony is a key contributor to the sense of agency and embod-
iment [28]. In contrast, the reduced body-directed head orienta-
tion in the autonomous condition may suggest that participants 
shifted their attention to the mirror for indirect self-observation, 
as mirrors can function as external feedback sources when direct 
control is absent. Nakano and Narumi [74] demonstrated that mir-
rors and extended visual fields support embodiment by facilitating 
visual self-monitoring, especially when full-body feedback is in-
accessible. Interestingly, self-similarity did not significantly affect 
body-focused head orientation behavior, suggesting that visual re-
semblance alone is insufficient to influence attention allocation 
when agency is constrained. While a prior study has shown that 
self-similar avatars enhance self-recognition and embodiment, they 
also emphasize the dominant role of motion congruence over ap-
pearance in driving self-identification [54]. This supports the idea 
that task demands, particularly those related to action monitoring, 
may override visual resemblance in directing attention toward the 
body. 

Autonomy significantly influenced the percentage of dwell time 
participants spent with their head oriented toward task-related ob-
jects, with participants allocating more orientational focus to these 
elements in the non-autonomous condition (𝑀 = .02) compared to 
the autonomous condition (𝑀 = .005). These mean values repre-
sent the proportion of total gaze samples directed at task-relevant 
objects during each condition. Although the absolute numbers are 
small, the relative difference suggests that participants were more 
visually engaged with the task when they had direct control over 
their avatar’s actions. In contrast, during autonomous conditions, 
participants may have shifted their focus toward observing the 
avatar’s independent movements. Self-similarity did not signifi-
cantly impact task-related head-direction, suggesting that avatar 
resemblance played a minimal role in directing visual attention. 

However, a significant interaction effect revealed that participants 
spent more dwell time with their head oriented toward task-related 
objects when the autonomous avatar was not self-similar, possibly 
indicating reduced social engagement with the dissimilar avatar 
and a redirection of head orientation toward the task. 

• RQ3.2: Task completion time remained stable across condi-
tions, indicating that experiential differences did not trans-
late into measurable performance changes. 

We thus argue that this consistency in exposure duration strength-
ens the internal validity of our study, as the observed differences 
in user experience and behavior are less likely to be attributed to 
time spent in the virtual environment and more likely to reflect the 
intended experimental manipulations. 

5.4 Implications 
Our findings suggest that self-similar appearance and voice can 
preserve aspects of embodiment even when users do not control 
the avatar directly. Although autonomous behavior reduced agency 
and self-attribution, self-similar avatars maintained presence and 
enhanced the sense of body location, indicating that visual and vocal 
resemblance may support embodiment during passive observation. 
This has practical relevance for systems where demonstration is 
necessary, such as in rehabilitation or training scenarios that require 
users to observe correct techniques. 

Because we found significant main effects of self-similarity and 
autonomy (with no significant interaction), these factors appear 
to influence embodiment independently, suggesting that designers 
can adjust them individually. Since we did not detect a statistically 
significant autonomy × self-similarity interaction in our self-report 
analyses, we argue that our data are consistent with largely ad-
ditive contributions of these factors to embodiment in this study, 
suggesting that designers can adjust them individually. Multimodal 
personalization can be used to improve user identification without 
interfering with motion autonomy, providing flexibility in appli-
cations that require both observational learning and a sense of 
personal relevance. By separating control from self-recognition, 
systems can support a wider range of user needs and capabilities 
without compromising engagement. 

Last, behavioral responses further support this distinction. The 
increase in mirror-focused head-direction during autonomous and 
self-similar conditions, combined with reduced head orientation 
toward task elements, indicates that users shift their orientational 
focus from action execution to self-reflection. These patterns point 
to the potential of head-direction tracking as a non-invasive proxy 
for monitoring user engagement and embodiment in real-time. 
VR systems that respond to such behavioral cues may be able to 
adaptively balance demonstration and interaction phases more 
effectively. 

5.5 Limitations 
While this study provides meaningful insights into how autonomy 
and self-similarity influence user perception when embodying a 
virtual avatar, it is essential to acknowledge the limitations in our 
work, as they help to better interpret our findings. First, the catego-
rization of head-direction tracking data relied on grouping object 
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names into predefined categories (i.e., Body, Mirror, Task, and En-
vironment). While this approach provided structured insights, it 
inherently simplified the complexity of attentional behaviors. No-
tably, the data analyzed in this study were based on head orientation 
derived from avatar head and body orientations rather than actual 
eye-tracking data. As a result, some subtleties of gaze direction 
and intent might have been overlooked. Thus, we argue that in-
tegrating eye-tracking technologies would enable researchers to 
achieve more precise and context-aware gaze tracking, offering 
richer insights into gaze behaviors. 

Second, although the avatar’s appearance and voice were care-
fully configured to reflect self-similarity, the fidelity of these rep-
resentations was constrained by the tools used for voice cloning 
and avatar creation. For example, participants with distinct accents 
may have experienced reduced identification with their avatars, 
which could potentially affect their responses. We obtained consent 
for voice cloning from all participants, but we did not assess how 
they felt about this process or how it affected their sense of self. 
Recent work conceptualizes voice cloning as a tension between 
voice as personal identity and as commodified data and examines 
cases where cloned voices are misused in ways that compromise 
identity and security [8, 105], suggesting that comfort with voice 
cloning and perceived control over one’s vocal identity may shape 
the acceptance of self-similar avatars. While self-similar representa-
tions went through a sanity check to ensure resemblance, perceived 
similarity in the non-self-similar condition was not explicitly veri-
fied, and there is a possibility that some participants perceived the 
“non-similar” avatar or voice as unintentionally familiar. Thus, we 
think that enhancing customization technologies and incorporat-
ing user feedback on perceived non-similarity would improve the 
robustness of similar studies. 

Third, our autonomy manipulation focused specifically on motor 
control during the block assembly task, while voice behavior was 
intentionally pre-scripted across all conditions to isolate motor 
autonomy effects and ensure consistent instructional content. While 
this design choice enabled clear interpretation of motor autonomy 
effects, it limits the generalizability to fully multimodal autonomous 
interactions. As such, the findings should be interpreted within the 
context of this controlled, unimodal autonomy framework. 

Fourth, we can argue that interaction realism was limited by the 
technologies used for motion capture and avatar control. Instead of 
employing a high-quality motion capture system, we relied on an 
inverse kinematics solver and VR controllers as inputs to control 
the avatar’s movements. While this approach provided functional 
control, it may have lacked the precision required to achieve fully 
naturalistic avatar behaviors; therefore, the resulting interactions 
might not have fully reflected the subtleties of real-world movement 
dynamics. 

Fifth, our avatar design approach prioritized morphological con-
sistency, but imposed a binary sex constraint for non-self-similar 
avatars based on participants’ sex assigned at birth. While effective 
for standardization, this approach may not reflect the full spec-
trum of gender identity, as it could risk gender dysphoria in non-
cisgender participants [84] or impact perceived humanness [81]. We 
also did not screen for body dysmorphia, which may interact nega-
tively with high-fidelity self-avatars. These are important consider-
ations for future studies involving hyper-realistic personalization. 

Additionally, although generic avatars reflected the dominant demo-
graphics at our institution, we did not collect participants’ ethnicity 
information or control avatar ethnicity or skin tone, which limits 
ecological validity and prevents us from assessing how ethnicity 
shapes embodiment. Although no concerns emerged in participant 
feedback, we argue that researchers should support diverse skin-
tone calibration and non-binary morphologies. Finally, our sample 
consisted primarily of young adult university students; thus, gener-
alization to clinical or older populations should be made cautiously. 

Sixth, in the non-autonomous conditions, although participants 
retained full motor control over their avatars, the avatars’ verbal 
output remained pre-scripted and autonomous. This mismatch be-
tween motor agency and vocal autonomy may have introduced 
an unintended hybrid autonomy condition, potentially reducing 
the perceived sense of full control. In our study, hearing an avatar 
speak independently, even while controlling its body, may have 
disrupted participants’ perception of their avatar as an extension 
of themselves, particularly if the speech content felt incongruent 
with their intentions or self-image. 

Finally, the scope of interactions in this study was constrained to 
a block-assembling task. While participants engaged with avatars 
in this specific context, the restricted task scope may not fully rep-
resent how autonomy and self-similarity influence interactions in 
broader, less-structured VR environments. Introducing more varied 
and complicated tasks, such as free-form conversations [115] or 
collaborative problem-solving [22], could provide a more compre-
hensive understanding of user-avatar interactions. Furthermore, we 
focused on immediate subjective and behavioral outcomes rather 
than long-term performance gains; thus, we argue that researchers 
should examine whether the embodiment benefits observed here 
translate into improved skill acquisition or task performance over 
time. 

6 Conclusions and Future Work 
We investigated the effects of multimodal self-similarity (i.e., visual 
appearance and voice) and avatar autonomy on embodiment, user 
experience, and behavioral responses in virtual reality. Our find-
ings reveal that autonomy and self-similarity each had significant 
main effects on user experience, with no significant interactions 
observed. Critically, we demonstrated that self-similar avatars can 
maintain presence and self-attribution even during autonomous 
demonstrations, while autonomous conditions increased emotional 
reactivity and frustration compared to user-controlled conditions. 
Non-autonomous avatars enhanced agency, motor control, and 
self-attribution ratings. Our behavioral analysis revealed distinct 
head-direction patterns. In autonomous conditions, participants 
were more often oriented toward mirrors, while in non-autonomous 
conditions, they were more often oriented toward task elements 
and their own bodies. A single significant interaction effect was 
observed, indicating increased task-focused head orientation when 
non-self-similar avatars exhibited autonomous behavior. 

Looking forward, several promising research directions emerge 
from our findings. For example, advanced pose estimation through 
systems like MobilePoser [114] opens possibilities for real-time 
personalized avatar control using consumer devices, making our 
multimodal self-similarity approach more accessible. Integration 
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of neural acoustic fields [100] could enhance our voice synthesis 
approach with spatial audio that adapts to virtual environments, 
creating more convincing demonstrations. Moreover, as machine 
learning approaches have demonstrated promising accuracy in 
gaze-based intention prediction [19], integrating such methods 
could allow VR systems to anticipate when users wish to transi-
tion from observation to control, paving the way for more fluid 
and intuitive interaction paradigms. Streamlining the preparation 
pipeline for voice and avatar personalization, which is currently 
reliant on manual photo and audio capture, will also be key to more 
efficient deployment beyond a research lab. Future studies should 
also explore full multimodal autonomy by incorporating real-time 
voice control alongside movement control, and investigate these ef-
fects across more diverse task contexts beyond structured assembly 
tasks. 
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