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Abstract

Virtual reality (VR) allows users to interact with computer-generated environments

in a controlled yet immersive manner. One of its most relevant features is its ability
to induce virtual embodiment, the process of becoming rooted in a virtual body. A
key component of this experience is the sense of agency over the action-outcomes
produced in the virtual environment. However, to date, no study has jointly exam-
ined explicit and implicit senses of agency within a VR paradigm in which actions
lead to consequences occurring entirely in the virtual environment. To this aim, we
conducted two consecutive experiments in 70 healthy adults, who performed active
or passive hand movements to switch on a virtual lightbulb. On a trial-by-trial basis,
explicit agency was assessed through self-reported ratings, and implicit agency
through intentional binding across three action-outcome delays (200, 400, and 600
ms). In Experiment 1 ("still avatar”, n=35), participants performed the task observing
stationary virtual hands. Because this setup did not elicit the typical intentional bind-
ing phenomenon, indicating no evidence of implicit agency under these conditions,
we conducted Experiment 2 in an independent sample ("responsive avatar", n=35),
in which the avatar’s hands moved synchronously with participants’ real movements.
Across both experiments, participants reported significantly greater explicit agency
during active than during passive movements, regardless of avatar responsiveness.
In contrast, intentional binding was observed only when the avatar’s movements
mirrored the participant’'s real movements (Experiment 2), and exclusively for the
shortest action-outcome delay (200 ms). These findings suggest that avatar respon-
siveness is associated with the emergence of implicit, but not explicit, sense of
agency. This dissociation advances our understanding of the mechanisms underlying
agency in immersive environments and informs the design of VR-based neurorehabil-
itation interventions that promote a stronger sense of control.
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1. Introduction

Virtual reality (VR) allows users to interact with computer-generated environments in
a highly immersive and controlled manner, offering a unique opportunity to investi-
gate bodily self-awareness in ecological settings that go beyond traditional laboratory
paradigms [1]. In particular, VR creates a three-dimensional simulated environment,
allowing users to immerse themselves in and interact with realistic or imaginative
scenarios that evoke genuine perceptions and reactions. One of the most relevant
features of immersive VR is that it can induce virtual embodiment, namely the expe-
rience that a virtual body is experienced as one’s own body and as the locus of one’s
actions [2]. This multidimensional experience is achieved through the development of
a sense of ownership towards the virtual body and a sense of agency over its move-
ments [2-5].

The sense of ownership refers to the continuous experience that one’s body
belongs to oneself [6], and it is thought to depend on the coherent integration of
multisensory signals into a stable body representation [7]. The experience of own-
ership has been described as comprising an implicit feeling of ownership and a
more explicit judgment of ownership [8]: the first operates largely below awareness
when multisensory inputs are consistent with one’s body schema, whereas the latter
involves a higher-level, interpretative attribution that a body part is one’s own. In VR,
both implicit and explicit ownership can be promoted by multisensory congruency,
especially visuomotor correspondence between the user’'s movements and the virtual
body [1,2,9]. Beyond multisensory congruency, ownership is also strengthened when
the avatar respects basic human-like structural features and resembles the personal
characteristics [1,2].

Within the embodiment literature, the term sense of agency is often used to refer
to the experience of controlling the movements of the virtual body [2]. However, this
usage reflects a more specific, body-related aspect of agency. In the broader cogni-
tive neuroscience literature, sense of agency more generally refers to the experience
of being the author of one’s actions, as well as the consequences they produce in the
external environment [10]. This distinction is important, as these two dimensions may
rely on partially different mechanisms and may be differentially affected by features of
the virtual environment. The present study focuses on this latter dimension, namely
the sense of agency over action-outcomes occurring in VR.

Like ownership experience, the sense of agency should not be considered a uni-
tary phenomenon. Rather, it is often described as a multifaceted experience compris-
ing a non-conceptual feeling of agency and a conceptual judgment of agency [11].
The feeling of agency refers to the implicit and pre-reflective experience of agency. It
is primarily grounded in sensorimotor, proprioceptive, and exteroceptive cues, as well
as in the comparison between predicted and actual sensory consequences. When
prediction and outcome match, actions feel fluent and self-generated; when they
mismatch, actions can feel odd or not fully self-produced. By contrast, the judgment
of agency reflects a higher-level, explicit and metacognitive attribution of author-
ship. It relies more strongly on beliefs and causal inferences, integrating additional
sources of information such as intentions, thoughts, contextual cues and social
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knowledge [11]. Therefore, when characterising agency, it is crucial to consider that the overall experience emerges from
the combination of implicit and explicit components, which may contribute differently depending on task demands and
contextual ambiguity.

According to the “Cue Integration Theory”, the sense of agency arises from integrating low-level cues (sensorimotor
proprioceptive and exteroceptive cues) and high-level cues (cognitive cues). The relative weight assigned to these differ-
ent cues varies based on the agency dimension: the feeling of agency primarily relies on sensorimotor signals, whereas
cognitive cues, such as prior beliefs, play a more prominent role in forming the judgment of agency [8,12]. This theory
reconciles two previous and conflicting models: the “Comparator Model,” which emphasizes the importance of sensorimo-
tor proprioceptive and exteroceptive signals [13], and the “Apparent Mental Causation theory”, which underscores the role
of higher-level cues, such as prior experiences and beliefs [14,15].

Based on this “Cue Integration Theory”, different measures should be employed to appreciate the complexity of the
agency experience fully. Explicit agency is typically assessed through direct questions that prompt participants to reflect
on their actions and intentions [see, for example, 16]. In contrast, the feeling of agency is measured using indirect indices,
such as the intentional binding phenomenon [17]. This phenomenon relies on the perceived compression of the temporal
interval between a voluntary action and its external sensory consequences [i.e., temporal compression, see 18-20]. The
validity of this phenomenon as an index of an implicit sense of agency relies on several key observations: (1) the inten-
tional binding effect is typically observed when comparing active and passive movements, with the time between actions
and consequences being systematically compressed to a greater extent for active movements; (2) this effect appears
within specific time windows and only for active movements, tuned to real-life experiences [see, for example, 20,21,22];
(3) this effect is typically perturbed in patients characterised by abnormal sense of agency, such as schizophrenia patients
with delusion of control [18,23] or with motor disorders [22,24].

While these theoretical frameworks have been extensively investigated in controlled laboratory settings, their appli-
cation to immersive virtual environments remains only partially understood. Understanding how different dimensions of
agency emerge in VR is primarily a theoretical challenge, but it is also relevant for applied contexts. Immersive VR has
increasingly been used as a tool to deliver and enhance rehabilitation interventions in several neurological conditions
[see 3,25], including Parkinson’s disease [26], stroke [27,28], phantom limb pain [29,30], and cerebral palsy [31,32]. In this
respect, clarifying which features of the virtual experience support embodiment and a robust sense of control may provide
useful theoretical foundations for the design of future VR-based interventions.

We have recently demonstrated that the sense of agency might be experienced similarly at the explicit and implicit
level across different spatial contexts [33]. In particular, we modulated the ecological validity of the experimental setup
to explore whether and how different spatial contexts may affect the agency experience. Participants were tested in a
computer-based setting, with limited spatial information available (i.e., depth and perspective), or in a real space setting,
in which participants had full access to spatial information. Results showed that participants reported a similar explicit and
implicit sense of agency in both scenarios, suggesting that spatial information, regardless of whether it is more ecological
or illusory, equally influences predictions about our actions and their consequences in the external, physical, or computer-
based environment. Thus, it seems logical to test whether this effect may be replicated when spatial cues are presented in
a virtual environment.

Several studies have investigated whether individuals may experience a sense of agency towards their voluntary
actions and their outcomes in VR. Most of these studies use explicit judgments and self-report questionnaires. Partic-
ipants are typically asked to execute movements with their upper limbs [34—36] or other body districts [37—41] while
observing the same movement executed by their avatar in an immersive VR environment. By introducing spatial or
temporal discontinuity, these experiments manipulate the visuomotor congruency between real and their avatar’s virtual
movements. Participants are then asked to judge how much they felt they controlled or caused their avatar’s movements.
Results show that explicit agency can be experienced in VR, as long as a visual congruency between real and virtual
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movements is guaranteed [see for example, 34,40,42]. Nevertheless, most of these studies did not consider the implicit
dimension of agency. This is surprising, as our everyday experience of agency is usually implicit, and being asked to
explicitly reason about our actions may be perceived as unnatural.

The few studies focusing on the implicit dimension of the feeling of agency, have taken advantage of the intentional binding
phenomenon [see, for example, 43—46]. These studies typically require participants to estimate the perceived time interval
occurring between their voluntary actions and an auditory tone. These estimates are then compared with the same measures
collected in control conditions, where participants estimated the time occurring between two tones [44,47—49], or between a
passive action and an auditory outcome [43,45,50,51]. Results consistently show a significant intentional binding phenomenon
in VR, as typically observed in computer-based and physical settings [see, for example, 43—46].

Nevertheless, these studies leave several aspects unexplored. First, they have considered only auditory or tactile
action-outcomes. It follows that the consequences of participants’ actions are not fully virtual but occur in the physical
environment. In other words, participants make evaluations about an action-outcome not appearing within the virtual
environment. This could affect how participants perceive the connection between actions and outcomes and the temporal
delay between them. Actually, in line with Cue Integration Theory [8], the experience of implicit agency may be preserved
when sensorimotor cues are strong and reliable, overriding other sources of information. Conversely, when sensory cues
are unavailable or imprecise, the implicit experience of agency may be impaired, an issue that may arise when action out-
comes are presented in a virtual environment [52]. To the best of our knowledge, this issue has been directly addressed
only by Kong et al. (2023), who used a temporal judgment task in a VR setting. In their study, participants were placed in
a virtual hallway and presented with a switched-off lightbulb positioned at either a near or far distance [53]. Through either
an active or passive movement, participants triggered the lightbulb to switch on after a variable delay and were then asked
to estimate the temporal interval between their action and the corresponding outcome. Their results failed to demonstrate
the intentional binding effect at any distance, leading the authors to question its presence in VR. However, their study
did not account for potential confounding factors, such as access to sensorimotor information in virtual reality, which may
have influenced participants’ implicit sense of agency.

Second, only a limited number of studies have compared explicit and implicit agency within the same experimental par-
adigm, and none of them have collected these measures on a trial-by-trial basis. Studies that have assessed both implicit
and explicit agency generally did so by either (a) asking participants to express their experience of control over their virtual
actions and the resulting auditory outcome after a series of trials [45,46,54] or (b) using post-experimental questionnaires
with broader and more generic questions about the sense of responsibility and control [44,47—49]. Measuring implicit and
explicit agency on a trial-by-trial basis, along with an experimental paradigm in which the consequences of actions occur
entirely in the virtual setting, may provide a more comprehensive understanding of how these components interact and
influence each other within VR environments. To address these unexplored issues, we have adapted a validated experi-
mental paradigm to measure explicit and implicit agency toward a simple action leading to a sensory outcome appearing
in the VR setting.

In particular, the present study comprised two experiments (“still avatar’ and “responsive avatar”) aimed at testing
whether a sense of agency can be experienced in VR when sensory consequences occur in the virtual environment and
whether this experience may vary according to the agency dimension (implicit vs. explicit), adapting the intentional binding

The two experiments differed in the degree of avatar responsiveness, namely, the extent to which the avatar’s move-
ments were contingent upon and matched the participant’'s real movements. According to established frameworks of
virtual embodiment [2], such visuomotor correspondence is a key determinant of body-related sense of agency over the
avatar’'s movements. Thus, in the present study, avatar responsiveness can be interpreted as a manipulation of
embodiment-related agency, which may in turn influence the sense of agency over action-outcomes occurring in the
virtual environment.
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Based on the aforementioned cognitive models on the sense of agency and the available literature on the sense of
agency in VR, we can draw different predictions:

Scenario A. Participants may experience a sense of agency at both explicit and implicit levels. This would indicate that
spatial and sensory information, even when presented virtually, enables them to make accurate predictions about their
actions and sensory consequences in the virtual environment (which are crucial for the implicit sense of agency). Addi-
tionally, it allows participants to explicitly perceive themselves as the authors of their actions.

Scenario B. Participants may experience a sense of agency only at the explicit level, suggesting that virtual spatial and
sensory information does not permit the creation of accurate predictions about our actions and their consequences in
the virtual environment, leading to a lack of implicit agency. However, this information still enables participants to explic-
itly perceive themselves as the authors of their actions.

As the reader will see, the first experiment (“still avatar”) yielded results coherent with Scenario B. However, we believe
that some features of the experimental setting may have influenced the results, prompting us to conduct a second exper-
iment (“responsive avatar”) using the same task but fostering virtual embodiment. Indeed, at the very beginning of the
first experiment (“still avatar”), participants saw their avatars in a congruent position but remained still in the virtual envi-
ronment (even if, in this phase of the experiment, subjects were instructed to stay still, thus, no incongruence between
the participants and the avatar was detectable). However, we believe that this lack of correspondence between real and
avatar movements may have affected our subsequent results.

In the second experiment (“responsive avatar”), the avatars moved consistently with the participants’ actual hand move-
ments. This modification aimed to enhance virtual embodiment by providing more realistic visuomotor feedback, thereby
offering a clearer understanding of the agency experience in VR.

2. Experiment 1 — “Still avatar”
2.1 Materials and methods

Participants. An a priori power analysis was conducted using Jamovi (pamlj module [57]). The analysis targeted
the Action * Delay interaction, characterised by 2 degrees of freedom, based on an effect size of np?=.20 observed in
a previous study using the same experimental paradigm [21]. Assuming a repeated-measures factorial design and a
significance level of a=.01, the analysis indicated that a sample size of 32 participants would provide 80% statistical
power to detect an effect of this magnitude.

To consider possible dropouts and outliers, we recruited thirty-five adult participants (mean age, 22.5+2.7 years; mean
education, 14.4+3.11 years; male/female ratio, 12:23) with no history of neurological or psychiatric illness. One participant was
excluded because it was discovered after data collection that they were taking antidepressant medication at the time of the
experiment.

Participants were university students recruited via word of mouth and through official university channels. Recruitment
took place between November 26, 2022, and April 17, 2024. The study protocol was conducted in accordance with the
ethical standards of the Declaration of Helsinki and was approved by the local Ethics Committee (Committee for Research
Evaluation, Department of Psychology, University of Milano-Bicocca; protocol number RM-2022—-510). All participants
provided written informed consent prior to taking part in the experiment.

Experimental setting and procedure. \WWe measured the sense of agency experienced while executing a daily life
action, namely, switching on a lightbulb (Fig 1a).

Before the experimental session, participants underwent for five minutes a familiarisation phase. They were seated
comfortably on a chair in front of a table, wearing a Meta Quest 2 headset. In this virtual scenario, developed using the
Unity game engine modelling environment (ver. 2022.3.17f1) and C# scripting, they found themselves in an empty room;
a gender-matched virtual body was sitting on a chair, with its virtual hands resting on the table (Fig 1b). Participants were

PLOS One | https://doi.org/10.1371/journal.pone.0351839  June 22, 2026 5/22




PLO\Sﬁ\\.- One

Active
d
( ) Movement
\\ \/"| « How long was the interval «How much do you feel to
\ ] between the action and have caused the lightening
- the feedback?» of the light bulb?»
Action-outcome % 400 ay g
delays 600 . 200 .

(200/400/600 ms) 800

’
:

Passive
Movement

(b)

(d)

Fig 1. Graphical illustration of the experimental “lightbulb” paradigm and settings. (a) Trial timeline (for both active and passive conditions): par-
ticipants are presented in a VR scenario with a switched-off lightbulb with a green or red base. The green base indicated participants to press a button
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with their right finger at their own time to switch on the lightbulb (active condition), and the red base invited participants to stay still and wait for the exper-
imenter to press their finger on the button (passive condition). In both conditions, the button press caused an action consequence: the lightbulb switched
on after a variable delay (200, 400, or 600 ms) from the active or passive movement. Then, participants were asked to rate the perceived time interval
between the button press and the lightening of the lightbulb (to measure the intentional binding phenomenon, i.e., implicit measure of agency) and to
judge how much they felt to have produced, with their action, the lighting on of the lightbulb (judgment of agency, i.e., explicit measure of agency). (b)
Participants observed their virtual hands stationary on a table before the experiment, with the instructions to stay still. (c) VR scenario presented during
the experimental session: an avatar sitting, with its hands still on a keyboard located on the table and a turned-off lightbulb in the centre of the empty
room; on the table, also, a keypad was visible, congruently with the real environment. Please note that participants did not look at their hands during the
experimental trials. (d) Participants saw the possible options on the floating panel in HMD and made their judgments with a keypad on explicit (on the
left) and implicit (on the right) agency.

https://doi.org/10.1371/journal.pone.0351839.9001

invited to position their hands in alignment with the virtual avatar’s hands and to remain still until the experiment began.
Accordingly, the virtual avatar remained stationary.

Participants were then presented with a new virtual scenario in which the avatar sat in front of a table with a turned-off
lightbulb in the centre of the empty room. They were instructed to observe the environment, which was spatially congruent
with the real-world setting (Fig 1c¢).

To modulate the action-outcome causality in the experience of agency, we varied both the intentionality of movement
(active vs. passive button press) and the time interval between the action and its outcome. Specifically, the lightbulb had
either a red or green base (Fig 1a). In the active condition, the lightbulb base was green, and participants were instructed
to press a button located both physically and virtually on the table in front of them using their right index finger. In the pas-
sive condition, the lightbulb base was red, and participants were instructed to remain still while an experimenter pressed
their right index finger to produce a passive action. After either an active or passive button press, the lightbulb switched
on following a variable delay of 200, 400, or 600 milliseconds. These temporal delays were introduced to investigate their
impact on the perceived agency over the action-outcome (temporal) relationship [see 58].

Throughout the experiment, the keyboard was visible in the VR scene in a physically congruent position relative to the
participant (Fig 1b). During the main task, however, the avatar’'s hands were static, and no visually congruent button-press
movements were displayed. Moreover, participants were instructed to maintain their attention on the lightbulb (i.e., the
action-outcome), which was not simultaneously visible with the hand and keyboard. Compliance was monitored online by
the experimenter via a mirrored display of the VR scene.

After the lighting on of the lightbulb, participants rated the perceived time interval between their button press and the
lightbulb lighting up (to measure the intentional binding phenomenon, implicit agency dimension). Participants chose from
five response options: 1, 200, 400, 600, and 800 milliseconds. The lowest (1 milliseconds) and the highest (800 millisec-
onds) answer options were included to allow underestimation and overestimation of the actual temporal interval.

Participants were also asked to judge the perceived level of agency, reporting how much they felt they had produced,
with their action, the lightening of the lightbulb (i.e., explicit agency dimension). Again, they had to select one of five
options on a visual scale, from 1 (not at all caused by me) to 5 (entirely caused by me).

Participants could see the options on a floating panel for each evaluation directly in the VR simulation, while the estima-
tions were reported using a keypad on the table in front of them (Fig 1d), which was also congruently represented in the
VR environment.

We administered 72 trials, equally distributed between active and passive trials (36 for each condition), with 12 trials for
each of the three action-outcome delays.

Statistical analyses — Explicit agency. Data were analysed using R (version 4.4.2; R Core Team, 2024) with a within-
subject (repeated-measures) 2 x 3 design. For the explicit experience of agency, the dependent variable was the agency
rating provided by participants in response to the question: “How much do you feel you caused the lightbulb to light up?”
responses were given on a Likert scale ranging from 1 (not at all caused by me) to 5 (entirely caused by me). Agency
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ratings were then averaged for each participant, separately for each combination of action type (active vs. passive) and
temporal delay, resulting in a single mean value per condition. These represented the dependent variable of the model,
while the factors “Action” (active/passive) and “Delay” (200/400/600 ms) were the independent variables. The outlier
exclusion criterion was defined prior to data analyses, and it was performed at the participant level using condition-specific
mean values (i.e., each participant’s average score within each Action x Delay condition). Participants whose mean value
exceeded 1.5 times the interquartile range [59] in at least one condition were excluded from that analysis.

Based on this, four participants were classified as outliers (total sample size for this analysis: 30 participants). After
removing these outliers, given the nonparametric distribution of the data (trough visual inspection of the Q-Q plot, 57), we
performed a non-parametric Aligned Rank Transform [ART, 60] ANOVA using the ARTool package in R. Significant effects
were explored with post-hoc tests corrected for multiple comparisons.

Statistical analyses — Implicit agency. We first calculated the variable called “time compression”, namely the
difference between the actual and estimated duration of the action outcome delay. This measure was taken as an indirect
measure of the sense of agency (the greater the compression, the higher the implicit sense of agency), in line with the
intentional binding phenomenon [17]. Negative time compression values indicate a stronger time compression, and a
stronger time compression in active compared to passive conditions indicates a significant intentional binding effect (and
thus enhanced implicit sense of agency).

We considered these values, averaged for each participant, for every combination of action type and temporal delay,
as the dependent variable of the model, while the factors “Action” (active/passive) and “Delay” (200/400/600 ms) were
the independent variables, according to a within-subject (repeated-measures) 2 x 3 design. Based on the outlier detection
procedure described in the previous paragraph, none of the participants was classified as outlier (total sample size for this
analysis: 34 participants).

Given the parametric distribution of the data [trough visual inspection of the Q-Q plot, 57], we tested this statistical
model using a parametric repeated-measures ANOVA. Significant effects were explored through planned post-hoc com-
parisons, corrected for multiple comparisons using the Bonferroni method.

Statistical analyses — Exploratory correlation analyses between implicit and explicit sense of agency
measures. To examine the relationship between explicit and implicit measures of agency, we averaged agency ratings
(explicit agency) and correlated them with time compression values (implicit agency) across different temporal delays for
the active conditions. Significant p-values were corrected using Bonferroni adjustment for the planned comparisons.

2.2 Results

Explicit agency. The ART ANOVA revealed a significant main effect of Action (F(1,145) = 181.81, p<0.001),
indicating that ratings were higher in Active compared to Passive conditions, and Delay (F(2,145) = 3.17, p=0.045). The
Action*Delay interaction (F(2,145) = 0.37, p=0.69) was not significant. Tukey-corrected post-hoc pairwise comparisons
revealed that agency ratings were higher for the 200ms compared to the 600ms action-outcome delay (200-400
ms: t(145) = 1.63, p corrected=0.24; 200-600 ms: t(145) = 2.48, p corrected=0.04; 400-600 ms: t(145) = 0.85, p
corrected=0.67, see Fig 2).

Implicit agency. We found a main effect of the factor Action (F(1,33)=11.29, p=0.002, n?p=0.25) and Delay
(F(2,66)=47.91, p<0.001, n?p=0.59) and a significant Action*Delay interaction (F(2,66)=10.58, p<0.001, n?p=0.24). We
explored the Action*Delay interaction with Bonferroni corrected planned post-hoc comparisons.

We observed greater time compression for passive actions than active ones at 400ms and 600ms, thus showing
repulsion rather than implicit sense of agency for the longer action-outcome delays (200ms: £(33)=0.38, p corrected >0.99,
400ms: t(33)=-3.14, p corrected=0.012, 600ms: t(33)=-4.10, p corrected<0.001, see Fig 3).

In other words, we could not replicate the intentional binding phenomenon, thus indicating that our participants did not
experience an implicit sense of agency.
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Fig 2. Mean and standard error values of agency judgments. Participants show greater explicit agency for active actions than passive ones.
***p <.001, **p <0.01, * p, <0.05.

https://doi.org/10.1371/journal.pone.0351839.9002

corrected corrected

Exploratory correlation analyses between implicit and explicit sense of agency measures. The correlation
between the judgments of agency and the time compression values was not significant for all the temporal delays and
type of actions investigated (Passive action: 200ms: Spearman’s rho (28)=-0.04, p=0.82; 400ms: Spearman’s rho
(28)=-0.13, p=0.51; 600ms: Spearman’s rho (28)=0.07, p=0.70; Active action: 200ms: Spearman’s rho (28)=-0.30,
p=0.10; 400ms: Spearman’s rho (28)=-0.14, p=0.45; 600ms: Spearman’s rho (28)=-0.27, p=0.16).

2.3 Interim discussion

In this first experiment (“still avatar”), we assessed explicit and implicit sense of agency on a trial-by-trial basis while par-
ticipants performed daily life actions within a VR setting.

At the explicit level, we observed higher agency ratings in active compared to passive conditions across all temporal
delays, suggesting that individuals can experience agency for their virtual actions and following outcomes, similar to what
was found in real space and computer-based settings [33].

Conversely, we could not replicate a significant intentional binding effect: time compression values were similar in
active and passive actions in the shortest temporal delay, and stronger for passive conditions in the longer temporal
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delays. This suggests that our participants did not experience implicit agency for actions whose consequences are not
produced in the virtual environment.

These results are consistent with the hypothesised Scenario B indicating that participants experience explicit, but not
implicit, agency when performing actions in a virtual spatial contest with “virtual” sensory consequences. However, some
features of the experimental setting may have influenced these results. Notably, in this experiment, the avatar did not
provide congruent visuomotor feedback during the actions: although the participants saw their avatars in a congruent
position, it remained still in the virtual environment. Importantly, participants were instructed to keep their attention on the
lightbulb and therefore did not continuously monitor their hands during action execution. Nevertheless, the absence of
coherent visuomotor evidence (and the resulting mismatch between participants’ movements and the visual state of the
avatar) may have weakened the sensorimotor predictions that contribute to the implicit sense of agency, thereby contribut-
ing to the absence of intentional binding in this experiment.

Therefore, we designed a second experiment (“responsive avatar”) to investigate whether tracking the avatar’s move-
ments may influence the implicit experience of agency thanks to an enhanced virtual embodiment driven by a more realis-
tic visuomotor feedback.
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3. Experiment 2 — “Responsive avatar”

With this experiment, we wanted to (i) evaluate whether tracking the avatar’s movement can restore the implicit experi-
ence of agency and (ii) assess the relationship between agency measures and the explicit experience of ownership.

In this second experiment (“responsive avatar”), conducted on an independent sample of participants, we maintained
the same experimental design as in Experiment 1 (“still avatar”), modifying the VR experience by allowing the avatar to
match participants’ movements. The participant’s avatar was designed by using an online generation tool (i.e., ReadyPlay-
erMe). However, avatars generated with this tool do not allow an advanced hand-tracking mechanism. Consequently, the
generated model was edited through a rigging procedure. Rigging in VR Unity involves creating a skeletal structure for 3D
models, which allows for realistic movements and animations in a VR scene. This includes setting up bones, joints, and
constraints to allow natural and fluid movements. In particular, the avatar’s arms, hands, and fingers were adapted using
this modelling technique. To animate the avatar based on the user’s actions, we made a dedicated C# script. This script is
responsible for tracking the user’s head, arms, hands, and fingers movements and updating the avatar’s position accord-
ingly. Indeed, matching participant’s arms, hands, and fingers movements was essential for the goals of the present work.
All participants experienced the virtual scenarios through a Meta Quest 2 head-mounted display.

Moreover, to facilitate the process of embodiment, a virtual mirror was introduced in the VR environment to allow users
to see and control their avatar’s movements in real-time, thus allowing immediate visual feedback that fosters a stronger
connection between the user and the virtual body [61].

Moreover, in this second experiment, the explicit experience of ownership over the virtual limb was also assessed
[44,46].

3.1 Materials and methods

Participants. We recruited a new and independent sample of thirty-five adult participants (mean age, 22.8 +2.92
years; mean education, 14.46 £ 1.79 years; male/female ratio, 13:22) with no neurological or psychiatric illness history.
Similarly to Experiment 1 (“still avatar”), participants were university students recruited through word of mouth and the
official channels provided by the university. Recruitment took place between November 26, 2022, and April 17, 2024. The
study protocol was conducted in accordance with the ethical standards of the Declaration of Helsinki and was approved by
the local Ethics Committee (Committee for Research Evaluation, Department of Psychology, University of Milano-Bicocca;
protocol number RM-2022-510). All participants provided written informed consent prior to taking part in the experiment.

The sample size was determined based on the same power analysis described in Experiment 1 (“still avatar”).

Experimental setting and procedure. The experimental setting and procedure were the same as in Experiment 1
(“still avatar”). However, the familiarisation phase changed: in this virtual scenario, participants found themselves in an
empty room while a gender-matched virtual body was sitting on a chair in front of a mirror. Participants were invited to look
at their avatar in the mirror while executing a series of instructed and free movements. Thus, unlike Experiment 1, during
the five-minute familiarisation phase, participants could see their virtual hands moving consistently with their real hand
movements (Fig 4a).

Following the familiarisation phase, participants started the experimental session, which was identical to Experiment 1
(“still avatar”). As in Experiment 1, participants could see a virtual button positioned in a physically congruent location with
respect to the real response device. However, unlike Experiment 1, in Experiment 2 (“responsive avatar”), participants
experienced the avatar’s hand moving coherently with their own movements and performed the button press in the virtual
environment. In addition, participants provided their evaluations differently: they made their choice by touching, with their
virtual fingers, an interactive floating panel displayed in the VR scenario, emulating a touchscreen interaction (Fig 4b). As
in Experiment 1 (“still avatar”), participants were instructed to maintain their attention on the lightbulb and to avoid looking
down at their hands during the main task, as the hand/button and the lightbulb could not be viewed simultaneously. Com-
pliance with this instruction was continuously monitored by the experimenter via a mirrored display of the VR scene.
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(a)

Fig 4. Graphical illustration of the (a) familiarization phase of Experiment 2 (“responsive avatar”) and (b) floating panel used by participants
to report their evaluations.

https://doi.org/10.1371/journal.pone.0351839.9004

Similarly to previous studies [44,46], at the end of the experimental session, we asked participants to retrospectively
rate their subjective feeling of ownership experienced over their avatar, presenting them with three questions, adapted
from Rossetti et al. [62]: (Q1) “It seemed like | was looking directly at my own hand’, (Q2) “It seemed like the avatar’s
hand belonged to me”, (Q3) “It seemed like the avatar’s hand was my hand”, (Q4) “It seemed to feel the movement of my
hand where the avatar’s finger was moving”, on a visual analogue scale from 0 (not at all) to 100 (completely).

Statistical analyses — Explicit agency. Data were analysed by using the software R (Version 4.4.2), in a within-
subject (repeated-measures) 2 x 3 design. Explicit agency ratings represented the dependent variable of the model, while
the factors “Action” (active/passive) and “Delay” (200/400/600 ms) were the independent variables.

Based on the outlier detection procedure described for Experiment 1, one participant was classified as outlier (total
sample size for this analysis: 34 participants). Given the nonparametric distribution of the data (trough visual inspection of
the Q-Q plot, [57]), we performed a non-parametric Aligned Rank Transform [ART, 60] ANOVA using the ARTool package
in R. Significant effects were explored with post-hoc tests corrected for multiple comparisons.

Statistical analyses — Implicit agency. Data were analysed using the software Jamovi (Version 2.3.21.0) with a
within-subject (repeated-measures) 2 x 3 design. We considered time compression values as the dependent variable
of the model, while the factors “Action” (active/passive) and “Delay” (200/400/600 ms) were the independent variables.
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Based on the outlier detection procedure described for Experiment 1, four participants were classified as outliers (total
sample size for this analysis: 31 participants).

After removing these outliers, given the parametric distribution of the data [trough visual inspection of the Q-Q plot,

[57], we tested this statistical model using a parametric repeated-measures ANOVA. Significant effects were
explored through planned post-hoc comparisons, corrected for multiple comparisons using the Bonferroni
method.

Statistical analyses — Exploratory correlation analyses between implicit and explicit sense of agency
measures. To examine the relationship between explicit and implicit measures of agency, we averaged agency
ratings (explicit agency) and correlated them with time compression values (implicit agency) across different
temporal delays.

Statistical analyses — Exploratory correlation analyses between sense of agency measures and sense
of ownership. First, to assess whether participants experienced a sense of ownership toward the virtual
avatar, we conducted a one-sample t-test comparing ownership ratings to 0, which represented the absence of
ownership on the visual analogue scales (range: 0—100). This analysis aimed to verify whether the embodiment
manipulation successfully elicited a subjective feeling of ownership, even in the absence of a control condition.

Next, to assess the correlation between explicit and implicit agency and the sense of ownership, we averaged owner-
ship ratings and correlated them with the judgments of agency (for explicit agency) and with time compression values (for
implicit agency). The significant p-values were corrected with Bonferroni planned multiple comparisons.

3.2 Results

Explicit agency. The ART ANOVA revealed a significant main effect of Action, F(1,165) = 369.80, p<0.001, indicating
that ratings were higher in Active than Passive conditions. The main effect of Delay (F(2,165) = 1.77, p=0.17) and the
Action*Delay interaction (F(2,165) = 0.29, p=0.75), were both non-significant. See Fig 5.

Implicit agency. We found a main effect of the factor Delay (F(2,60)=22.52, p<0.001, n?p=0.43) and a significant
Action*Delay interaction (F(2,60)=17.15, p<0.001, n?p=0.36). The main effect of the factor Action was not significant
(F(1,30)=2.11, p=0.16, n?p=0.07). We explored the Action*Delay interaction with Bonferroni corrected planned post-hoc
comparisons.

We observed a significant sense of implicit agency only at 200ms, with higher temporal compression values in active
vs passive trials for the 200ms action-outcome delay (1(30)=2.82, p corrected =0.027). Moreover, we observed greater
time compression for passive actions than active ones at 600ms (t(30)=—3.88, p corrected<0.001). We did not observe a
significant difference at 400ms of action-outcome delay (1(30)=-0.66, p corrected>0.99). See Fig 6.

Exploratory correlation analyses between implicit and explicit sense of agency measures. Results show a
significant negative correlation between the judgments of agency and the time compression values only for the shortest
temporal delay in case of active actions (Fig 7, Passive action: 200ms: Spearman’s rho (29)=0.01, p=0.97; 400ms:
Spearman’s rho (29)=0.22, p=0.23; 600ms: Spearman’s rho (29)=-0.03, p=0.88; Active action: 200ms: Spearman’s
rho (29)=-0.48, p=0.007, p corrected=0.042; 400ms: Spearman’s rho (29)=-0.18, p=0.33; 600ms: Spearman’s rho
(29)=0.06, p=0.77). It is important to highlight that the negative correlation observed at the shortest action-outcome
delay (200ms) reflects the fact that more negative time compression values correspond to stronger intentional binding.
Therefore, this result indicates that greater implicit agency was associated with higher explicit agency ratings.

Exploratory correlation analyses between sense of agency measures and sense of ownership. The Ownership
ratings differed significantly from 0, indicating that participants reported moderate levels of ownership over the virtual body
(M=62.46; SD=21.64; t(34)=17.1, p<.001).

The correlation between the judgments of agency and the sense of ownership was not significant for all the temporal
delays and type of actions investigated (Passive action: 200ms: Spearman’s rho (32)=0.08, p=0.66; 400ms: Spearman’s
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Fig 5. Mean and standard error values of agency judgments. Participants show greater explicit agency for active actions than passive ones.
***p <.001, **p <0.01, * p, <0.05.
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https://doi.org/10.1371/journal.pone.0351839.9005

rho (32)=0.15, p=0.40; 600ms: Spearman’s rho (32)=0.11, p=0.53; Active action: 200ms: Spearman’s rho (32)=-0.21,

p=0.23; 400ms: Spearman’s rho (32)=-0.35, p=0.042, p corrected=0.13; 600ms: Spearman’s rho (32)=-0.31, p=0.08).
A similar result was found for time compression values, which did not correlate with ownership ratings (Passive action:

200ms: Pearson’s r (29)=0.35, p=0.06; 400ms: Pearson’s r (29)=0.24, p=0.19; 600ms: Pearson’s r (29)=0.16, p=0.40;

Active action: 200ms: Pearson’s r (29)=0.31, p=0.09; 400ms: Pearson’s r (29)=0.18, p=0.33; 600ms: Pearson’s

r (29)=0.03, p=0.85).

3.3 Interim discussion

Similar to what was observed in Experiment 1 (“still avatar”), results from Experiment 2 (“responsive avatar”), on an inde-
pendent sample of participants, showed higher agency ratings in active compared to passive conditions for all the tempo-
ral action-outcome delays, hence documenting the development of a sense of explicit agency in the VR setting.

Crucially, a significant experience of agency was now recorded also at the implicit level: participants showed a signifi-
cant intentional binding effect, with more negative time compression values for active actions compared to passive ones,
when there was a temporal contingency between their actions and consequences. Actually, implicit agency was significant
only when the interval between the participants’ button presses and the lightbulb illumination was 200 ms. This finding
aligns with previous studies investigating implicit agency in both computer-based and real-world settings [e.g., 21,22,33],
and are in line with previous studies showing that sense of agency decreases along with the increase in delay [12,20,58].
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Finally, no significant correlations were found between either implicit or explicit measures of agency and the reported
sense of ownership.

Overall, these results are consistent with the hypothesised Scenario A: the possibility of observing our movements in
the virtual environment through an avatar, even when not requested by the task, may be one factor associated with the
emergence of the implicit experience of agency.

4. General discussion

Recent research has demonstrated the potentialities of immersive VR as a complementary rehabilitation tool [see 3,25] for
treating different neurological disorders [see, for example, 26,28,30]. These studies underscore the importance of becom-
ing rooted in the virtual body and having a sense of control over the avatar’'s movements for the treatment to be effective.
This includes the so-called sense of agency, namely the feeling of controlling our actions and the produced outcomes [10].
We conducted two independent experiments to explore the explicit and implicit dimensions of agency for actions lead-
ing to consequences appearing in VR. Both experiments employed the same experimental setting and procedure, differing
in avatar responsiveness and in the modality used to collect participants’ responses. In the first experiment (“still avatar”),
participants observed their avatars positioned anatomically congruent to their own bodies, but the avatars remained
stationary in the virtual environment. In contrast, during the second experiment (“responsive avatar”), participants’ real
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movements were precisely mirrored by their avatars in the virtual environment. Importantly, during the experimental
session, our participants were instructed to focus solely on the lightbulb and refrain from looking at their hands. As a
result, during the task (pressing a button), they did not directly observe their virtual hands’ movements. This choice does
not reflect a mere design limitation, but rather a controlled methodological trade-off motivated by the need to preserve a
validated intentional-binding paradigm and to ensure accurate temporal judgments of VR-based outcomes. Actually, this
choice ensured continuity with our standard implementation of the paradigm in previous non-VR studies [e.g., MRI/TMS
settings; see [21,22,33,56], where participants cannot observe their hands during action execution. Furthermore, because
the hand/button and the lightbulb could not be viewed simultaneously; thus, directing attention to the lightbulb was neces-
sary to guarantee consistent visual processing of the action-outcome.

In the first experiment (“still avatar”), results show that participants experienced explicit sense of agency during active
actions. This is in line with our previous findings using computerised-based scenarios in the real context, whereby partici-
pants provided higher agency judgments when they actively controlled their actions rather than being passive [33,56].

Instead, we do not observe a significant intentional binding phenomenon (i.e., similar time compression values in active
and passive conditions), indicating that participants did not experience an implicit sense of agency in a VR environment.
This pattern may reflect reduced access to the sensorimotor cues that typically contribute to implicit agency, which may
have weakened participants’ predictions about the sensory consequences of their actions in the virtual environment.
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This result is consistent with findings by Kong and colleagues (2023), who employed a similar experimental task in a
virtual reality setting and also failed to detect an intentional binding effect across all tested temporal delays and spatial
distances [53].

To further test this hypothesis, we conducted a second experiment in which the avatar’s head, hands and fingers move
coherently with the individuals’ movements (Experiment 2 - “responsive avatar”). In this case, participants experienced
both an explicit and implicit sense of agency. These results are consistent with the possibility that avatar movement track-
ing may support the emergence of the implicit experience of agency. This finding complements the results of Wiesing and
colleagues (2024), demonstrating an augmented implicit sense of agency when participants could see their avatars per-
forming virtual actions, compared to conditions where they moved without visual feedback of their actions [43]. This may
also help explaining why Kong and colleagues (2023) failed to observe an implicit sense of agency in their virtual reality
setting. In their study, participants interacted with a non-ecological virtual environment, where only a lightbulb was visible
in the middle of a hallway [53]. Crucially, they lacked access to sensorimotor cues typically provided by a responsive ava-
tar, similar to the setup used in our Experiment 1 (“still avatar”), thus limiting the emergence of the implicit agency.

Importantly, participants exhibited a significant intentional binding effect, with more negative time compression values
for active compared to passive actions, specifically with the shortest action-outcome delay (200 ms), during the main
task. This finding is consistent with previous studies investigating implicit agency in both computer-based and real-world
contexts [e.g., 21,22,33]. Importantly, about 200 ms is the latency that can be measured in real life between the time when
we press a light switch and the time that a conventional lightbulb takes to be fully on [63]. Overall, these findings support
prior evidence that increasing the delay between action and outcome reduces implicit experience of agency, underscoring
the critical role of temporal contingency and daily life experience of a given action and its usual effect in agency attribution
even in VR settings [12,20,58].

Interestingly, a counterintuitive reversed effect was consistently observed at the longest temporal delay (600 ms)
in both Experiments 1 (“still avatar”) and 2 (“responsive avatar”), with stronger time compression reported for passive
compared to active trials. This finding aligns with our previous studies [33,64], suggesting that the effect is not specific
to action execution within a virtual environment. One possible explanation for these results is the influence of the experi-
menter’s physical presence on participants’ implicit sense of agency. Zapparoli et al. (2022) showed that implicit agency
can extend to others’ actions, so-called vicarious agency, especially when sensorimotor information is available [65]. In
our study, during passive trials, the experimenter sat beside participants and physically moved their fingers to press the
button, providing full sensorimotor access. This may have led participants to generate motor predictions, enhancing their
sense of agency over the outcome. The unusual 600 ms delay and the physical proximity of the experimenter might have
further prompted attribution to the experimenter’s action [64]. However, we acknowledge that this interpretation remains
hypothetical and warrants direct investigation in future research.

On the other hand, the explicit dimension of agency remained unaffected by the manipulation introduced in the sec-
ond experiment, with agency judgments remaining significantly higher in active vs passive actions. This result seems to
contradict previous findings indicating that visual movement congruency is crucial for recognizing oneself as the author
of an action [see, for example, 34,40,42]. We believe this apparent contradiction may be explained by the characteristics
of our experimental design. In previous studies, participants were typically asked to observe and judge their sense of
agency based on their own virtual movements. In contrast, our participants focused on evaluating the consequences of
their actions rather than the movements themselves, which may account for the observed differences in explicit agency
judgments.

Together with the experience of agency, the sense of ownership, namely the feeling of owning a body, is a crucial com-
ponent of the embodiment process. In our second experiment, characterised by more realistic visuomotor feedback, we
also assessed the explicit experience of ownership. Results indicate that participants reported ownership over the virtual
body. Notably, this measure did not correlate with our explicit and implicit agency measures. This result may reflect an
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important conceptual distinction: within embodiment frameworks, sense of agency typically refers to the sense of motor
control over the virtual body itself [2], whereas in the present study, agency was operationalised as the sense of control
over action-outcomes [10]. Accordingly, the lack of correlation may stem from the fact that these measures tap conceptu-
ally distinct components of self-representation in VR. However, this measure should be interpreted cautiously, as it does
not include a control condition and primarily serves as a manipulation check. Future studies should examine embodiment
more comprehensively by assessing, within the same experimental paradigm, the three core components of embodiment
— self-location, body-related agency, and ownership [2] — thereby clarifying how different forms of agency (body-related vs.
outcome-related) interact with each other in immersive virtual environments.

Implications for cognitive models of sense of agency and the development of VR scenarios

The dissociation between the two dimensions of agency observed in our first experiment (“still avatar”) and the compari-
son of the two experiments also provide some important hints for discussing the validity of cognitive theories on the sense
of agency described at the beginning of this paper.

These findings suggest that implicit agency in VR may be more likely to emerge under conditions that support avatar
responsiveness. Notably, our findings also suggest that continuous online visual feedback of one’s own action execution may
not be necessary for implicit agency to emerge in VR. During the experimental trials, participants were instructed to keep
their attention on the lightbulb and therefore did not constantly monitor their hands while pressing the button. Nonetheless,
in Experiment 2 (“responsive avatar”), we observed reliable intentional binding, consistent with the idea that establishing a
coherent visuomotor mapping during the familiarisation phase and thus learning that one’s actions are effective within the sur-
rounding virtual context, may be sufficient to support implicit agency for virtual consequences. This aligns with everyday action
experience, where people experience a feeling of coherence in the ongoing flow of action (e.g., pressing a button to switch on
a light) even without visually monitoring their hands, provided that the sensorimotor mapping is stable and the action-outcome
relationship is reliable. Explicit agency, however, was preserved across both experiments, indicating that conscious agency
judgments can remain robust even when visuomotor coherence is reduced. We propose that this may be due to the fact
that this agency component mainly relies on the conscious metacognitive ability to recognize oneself as the author of one’s
actions. Consequently, it may persist regardless of whether the avatar in the virtual environment is moving or still.

These considerations align with the predictions of the Cue Integration Theory. This theory states that the sense of
agency is a multidimensional phenomenon that arises from the weighted integration of sensorimotor, proprioceptive,
and exteroceptive cues and cognitive cues. In this context, the implicit dimension of agency relies more on sensorimotor
signals and predictive processes, while cognitive cues, such as prior beliefs, play a more prominent role in forming the
explicit judgment of agency.

5. Conclusions

Our findings significantly enrich our understanding of agency in VR. Indeed, they point to challenges in designing virtual
environments that effectively mimic the sensorimotor feedback necessary for the arising of the implicit experience of
agency. Specifically, our results suggest that what matters is not necessarily continuous online feedback of one’s actions
during task execution, but rather the establishment of a coherent and reliable sensorimotor mapping between the user’s
movements and the virtual body and environment. When such mapping was less coherent (e.g., in the "still avatar" con-
dition), evidence of implicit agency was weaker. Conversely, implicit agency was observed in the experiment involving
stable visuomotor correspondence during familiarisation with a responsive avatar, even though attention during the task
was directed exclusively to the action-outcome. More generally, this aligns with theoretical accounts linking agency to
the consistency between intentions, motor predictions, and sensory consequences [66,67], suggesting that VR designs
should prioritise sensorimotor reliability and embodied plausibility to support users’ implicit sense that actions unfold as
expected.
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This study presents some main limitations, which are closely related. First, the two experiments were conducted on two
separate and independent groups of participants. We choose this design, to avoid potential confounding effects. Specif-
ically, we were concerned that exposure to the embodiment procedure could influence responses in the no-embodiment
condition, even if the order of presentation was counterbalanced. This could have led to carryover or learning effects.
However, as a result, the findings from Experiment 1 (“still avatar”) and Experiment 2 (“responsive avatar”) are not
directly comparable. We can only conclude that the implicit sense of agency was not observed when participants were
presented with a still-avatar, whereas it was present in the case of a responsive-avatar. Moreover, Experiment 2 differed
from Experiment 1 not only in avatar responsiveness, but also in other aspects of the procedure, including the presence
of a mirror during the familiarisation phase and a different response interface. Therefore, while we interpret our findings
in terms of enhanced visuomotor congruency, we cannot exclude that these additional factors may have contributed to
the observed differences. The implicit-agency findings from Experiment 2 should also be interpreted cautiously, given
that the predefined outlier exclusion procedure resulted in the exclusion of approximately 11% of participants from this
analysis.

Second, the explicit sense of ownership was assessed only in Experiment 2, and not in Experiment 1. Consequently,
the study lacks a proper comparison between an experimental condition (i.e., a condition with embodiment) and a true
control condition (i.e., a condition without embodiment) within the same sample. Third, during the main task, participants
were instructed to focus on the lightbulb (the action-outcome), and the hand/button and the outcome could not be viewed
simultaneously. While this choice was deliberate to ensure consistent processing of the action consequence, it prevents
us from testing how the simultaneous availability of action and outcome cues in VR may further change the agency expe-
rience. Future research may address this limitation by developing setups in which action execution and its virtual conse-
quence can be concurrently visible, thereby enabling a fully closed-loop action—outcome coupling. Ideally, these setups
should also include integrated eye-tracking to objectively monitor gaze behaviour and attentional allocation throughout the
task. A further limitation concerns avatar appearance in Experiment 2 (“responsive avatar”). Participants were assigned a
gender-matched avatar, but other visually salient features (e.g., skin tone and more fine-grained appearance characteris-
tics) were not systematically matched or individualised. Gender matching was prioritised as a pragmatic control to reduce
gross incongruence in body representation, while the present study was not designed to test which specific visual traits
drive ownership in VR. However, mismatches in appearance could have influenced the strength of embodiment and own-
ership. Future research should address this issue by using more individualised avatars and systematically manipulating
appearance-related features to quantify their contribution to ownership and agency measures.

Finally, investigating how sense of agency and sense of ownership interact and at what levels (e.g., implicit vs. explicit)
is a promising area for further study in VR. Indeed, VR offers unique opportunities to explore these dimensions in ways
that may not be feasible in traditional experimental settings. For example, VR can allow the manipulation of agency while
disrupting ownership, such as when participants control a wooden board through their own movements [68]. This poten-
tial for fine-tuned modulation makes VR a valuable tool for investigating the complexities of the sense of agency and
ownership.
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