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Aims 

The working hypothesis of this proposal is that the sense of body ownership and spatial representation are so 

strongly related that body ownership is causally related to the prediction of body location in space. 

The perception of the body as belonging to oneself is called the sense of body ownership and depends on 

integrating multisensory inputs (i.e. vision, touch, and proprioception). 

Experimental manipulations of sensory experience (e.g. body illusions) can alter our body ownership and 

perception. In particular, the Rubber Hand Illusion (RHI) and the Full Body Illusion (FBI) induce ownership over a fake 

body or body part. Crucially, the RHI is usually followed by the sensation of disownership of the real body, as if the 

artificial hand substitutes the real one. However, this is not the case when the FBI is administered from a first-person 

perspective. In such a case, participants embody the fake body without disowning the real one. 

A recent paper (Tosi et al., 2022) hypothesised that the relationship between ownership and disownership 

depends on predicting the body’s location in space.  

Providing experimental evidence of the causal relation between spatial location prediction, sense of ownership, 

and disownership is the scope of this project. Specific objectives are: 

O1: Determine the association between body disownership and the location of body parts; 

O2: Generalise the predicted association to different illusions; 

O3: Manipulate the spatial prediction to alter the sense of ownership. 

We planned to achieve the objectives with two studies that manipulated the respective location of the real and 

the fake body in a virtual setup that included both a virtual version of the RHI (vRHI) and a first-person perspective 

Full-Body Illusion (1pp-FBI). 

During the data collection for the second study, we decided to run two control experiments to evaluate the 

effect of the verbal induction alone, controlling for the effect of the visual exposure to the avatar. The objective was to 

provide additional evidence about the possibility of manipulating the perception of the body’s location and to shed new 

light on the mechanism underlying body representation. These additional experiments represent a change to the original 

approved project. 

 

Methods 

Participants 

Study 1 
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Eighty-one healthy subjects participated in the study (49 female, mean age: 22.21 ± 3.09 years; mean school 

age: 13.86 ± 1.69 years). Recruitment started on September 6, 2023 and ended on November 11, 2023. One participant 

was excluded due to technical issues.  

 

Study 2 

Eighty-one healthy participants were recruited in the study (48 female, mean age: 22.66 ± 3.22 years; mean school age: 

14.24 ± 1.90 years). Participants’ recruitment took place between December 2023 and March 2024.  

 

Study 3 

The study consisted of two different data collections. Between April and May 2024, we recruited twenty-four 

healthy participants (16 female, 8 male; mean age: 25.46 ± 4.07 years; mean school age: 15.39 ± 2.52 years). Between 

October 2024 and January 2025, we recruited a second independent sample of twenty-six healthy participants (14 

female, 12 male; mean age: 22.66 ± 3.22 years; mean school age: 14.24 ± 1.90 years). 

 

Instrument/measures 

Virtual apparatus 

During the vRHI, participants were seated in a chair facing a table, with their left hand located palm down on 

the table at a distance of 24 cm from the torso’s midpoint. The right hand, equipped with Skin Conductance Level 

(SCL) recording electrodes, was positioned under the table on the participant’s leg, with the palm facing upward. 

Participants wore the Head Mounted Display (HMD; Oculus Quest 2) in which the virtual environment was presented 

through Unity 2022 Software by connecting the HMD to the computer (OMEN 30L Desktop GT13-0xxx, Intel Core i9-

10900K, 64GB RAM, NVIDIA GeForce RTX 3090). The virtual environment consisted of a neutral space with an 

avatar sitting on a chair before a table. We substituted the avatar's head with the camera so that the participant’s point of 

view corresponded to the avatar’s eyes. In the aligned condition, the virtual hand was positioned identically to the real 

one (i.e., -33.1 Unity centimetres to the left of the HMD midline). In the misaligned condition, the virtual hand was 

shifted 18.6 Unity centimetres to the right (i.e., 14.51 Unity centimetres to the left of the HMD midline). The shift in the 

virtual body’s position corresponded to an estimated shift of 14 cm in the natural environment. 

In the 1pp-FBI, participants sat on a chair positioned away from the table, with their legs spread apart to ensure 

that the leg opening distance from the torso’s midline was 24 cm. In the aligned condition, they observed a virtual body 

seated on a chair with legs spread apart (i.e., the left and right knees were 27.59 Unity centimetres away from the HMD 

midline). In the misaligned condition, the virtual legs were close together (i.e., the left and right knees were located 8.99 

Unity centimetres away from the HMD midline).  

  

Body Illusions 

During the illusion, participants observed a virtual stick touching the virtual left hand or leg while receiving 

tactile stimulation at the corresponding location on their hand or leg. Tactile stimuli were delivered through a stick 

attached to the left controller, onto which the virtual stick’s movements were mapped. The visuo-tactile stimulation 

lasted 120 seconds at a frequency of 1 Hz. Upon completion of the multisensory stimulation, a virtual knife appeared 

and stabbed the virtual left hand or leg. The knife stabbed the virtual hand in the back, while the leg was stabbed in the 

thigh.  

 



3 

 

SCL apparatus and data pre-processing 

SCL was recorded utilising the module GSR100c of a Biopac System MP150 (Goleta, USA). The gain 

parameter was configured to 5 mmho/V, and the signal was recorded at a sampling frequency of 100 Hz. Two 

electrodermal activity transducers (SS3LA) were placed on the first phalanx of the middle and ring fingers of the right 

hand to record the signal. Triggers indicating the onset of the stimulus were manually sent to the SCL trace using the 

computer keyboard when the virtual knife appeared to the participants. 

The signal was smoothed offline at the end of the recording. The smoothing factor was 25, equivalent to one-

fourth of the sampling rate. A digital high-pass filter was applied offline at 0.05 HZ to extract phasic Skin Conductance 

Response (SCR) from the SCL. The peak-to-peak (P-P) measure evoked by the knife stabbing was taken as an indicator 

of autonomous nervous system responses. The SCR P-P following the virtual threat is used as an indicator of the degree 

of embodiment. 

 

Body Localization Task 

Participants were asked to point at the perceived location of the tip of their real left index finger (vRHI) or 

knee (1pp-FBI) using a virtual coloured ray-cast controlled by the right-hand controller. Specifically, participants were 

required to perform a ballistic movement from the resting position of their right hand towards their left hand/leg and to 

point the virtual ray-cast toward the perceived location of the hand/leg as accurately as possible. This measure was 

repeated ten times to have an implicit estimate of the precision regarding the perceived location (i.e., we calculated the 

standard error). Then, participants were asked to express their confidence in the indicated location, providing an explicit 

judgment on the estimate’s precision in a 7-point Likert scale. 

We computed the classical Proprioceptive Drift, which represents the deviation of the position estimate from 

the actual hand/leg position. A positive value of the Proprioceptive Drift means that the perceived hand/leg position is 

shifted to the left relative to their actual position. We computed an additional measure (i.e., Virtual Drift) considering 

the shift from the avatar’s position and the prediction’s precision (i.e., adding the standard error). Lower scores in the 

Virtual Drift indicate a greater shift towards the virtual body or higher precision in the estimation.  

 

Embodiment Questionnaire (adapted from Romano et al., 2021)  

Participants rated their agreement on 18 questions on a seven-point Likert scale (-3 to +3). Ten questions 

aimed to capture the embodiment experience, six focused on disembodiment, and two addressed physical sensations. 

We averaged participants’ responses to each dimension to analyse the emergence of the embodiment and 

disembodiment across.  

 

Visual Scale 

Participants were asked to indicate where their left hand was with respect to a visual marker positioned 

identically to their real left hand (i.e., 24 cm from the torso’s midpoint). Responses were given using a visual scale in 4 

steps, ranging from a complete sovrapposition to a rightward shift. 

 

Procedure 

Study 1 

In a single experimental session, participants were exposed to both a vRHI and a first-person perspective Full-

Body Illusion 1pp-FBI, with the presentation order counterbalanced among participants. Each illusion was presented in 
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two possible location conditions (i.e., aligned and misaligned), while participants consistently maintained the same 

position with their actual body throughout the experiment. The order of the two location conditions was 

counterbalanced among participants within the same illusion type. In each illusion and location condition, participants 

first observed the virtual body for 60 seconds (i.e., visual exposure) and then experienced the body illusion (vRHI or 

1pp-FBI). During the illusion, participants received tactile stimulation on their left hand (vRHI) or leg (1pp-FBI) while 

observing the avatar being synchronously touched. After two minutes of visuo-tactile stimuli, a virtual knife appeared 

and stabbed the fake virtual body. The skin conductance level (SCL) was collected throughout the procedure to capture 

the sympathetic response (SCR) to the virtual threat, according to the illusion and location conditions. After each visual 

exposure (i.e., T0) and body illusion (i.e., T1), participants performed a body localisation task to evaluate the perceived 

position of the participants’ left hand or leg. They completed the embodiment questionnaire (adapted from Romano et 

al., 2021) to measure embodiment and disembodiment feelings. Moreover, participants were asked to express their 

confidence in the indicated location after performing the body localisation task.  

The experiment followed a 2(Time)×2(Illusion)×2(Location) factorial within-subject design, delineating four 

distinct experimental conditions (aligned vRHI, misaligned vRHI, aligned 1pp-FBI, and misaligned 1pp-FBI) across 

two time sessions (T0 and T1). 

 

Study 2 

In a single experimental session, participants were exposed to three evaluations (T0, T1, and T2) across two 

conditions of verbal conditioning (placebo displacement vs. control displacement), following the vRHI apparatus. In 

T0, participants observed the virtual body for 60 seconds. Then, the perceived hand location was assessed through the 

body localisation task, and embodiment sensations (i.e., ownership and disownership) were measured using an 

embodiment questionnaire (adapted from Romano et al., 2021). In T1, the virtual body was always covered by a black 

virtual plane, and we used verbal conditioning in two possible conditions, with the order counterbalanced across 

participants. In the experimental condition (i.e., placebo), participants were told that their actual hand would be moved 

to the right (i.e., closer to the virtual hand’s location). The experimenter then asked participants to temporarily move 

their left hand and keep it relaxed on their legs. After 30 seconds, the experimenter put the participant’s left hand back 

in the original position (i.e., the same position as in T0). We followed the same procedure in the control condition, but 

participants were informed that the hand would be displaced temporarily and then relocated to the same position. After 

the verbal manipulation, the virtual body was again observed for 60 seconds, and the two measures (i.e., body 

localisation task and embodiment questionnaire) were taken again. In T2, participants were exposed to the vRHI, 

following the same procedure as the misaligned condition in Study 1, and the body localisation task and the 

embodiment questionnaire were again administered. Throughout the procedure, we collected SCL to assess the 

sympathetic response to the virtual threat.  

Each participant performed a total of six assessments, differing in T1 according to the type of verbal 

conditioning performed (i.e., control or placebo). The experiment resulted in a 3(Time)×2(Verbal Conditioning) 

factorial within-subject design. 

 

Study 3 

In a single experimental session, participants were exposed to four conditions following a repeated measures 

design in the vRHI apparatus. In the baseline condition (always administered as the first condition in time; T0), 

participants were administered the body localisation task and the visual scale. The placebo displacement and control 
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displacement conditions followed the same procedure as in Study 2, except that participants never saw the virtual hand. 

These conditions were counterbalanced using an ABBA. In the real shift condition (always administered as the last 

condition in time; T3), participants were told that their hand would be moved, and the hand was actually moved. After 

each condition, we administered the body localisation task and the visual scale.  

Crucially, in the first experiment, the virtual hand were covered by a black virtual panel; while, in the second 

one, participants saw the virtual hand positioned as in the misaligned vRHI in all conditions. 

The analyses were conducted considering both data collections and resulted in a mixed 4(condition)×2(visual 

exposure) design. 

 

Results and Discussion 

Study 1 

As expected, we induced the embodiment of the avatar since embodiment sensations increased after both 

illusions. However, in aligned conditions and during the RHI, high levels of embodiment were already present before 

the illusions, following the initial visual exposure (Time×Location×Illusion: 0.38; 95% CI: [0.03; 0.73]). This result 

confirms the efficacy of both the 1pp-FBI and RHI in inducing embodiment towards the avatar even when the real and 

the virtual body are misaligned. We also demonstrated a visual exposure effect: it seems that the hand is easier to 

embody after the visual exposure only, as for the legs, when aligned to the actual body.  

Disembodiment sensations were modulated by the 1pp-FBI but remained stable before and after the RHI. In 

the 1pp-FBI, disembodiment increased after the illusion (Time×Illusion: 0.19; 95% CI: [0.03; 0.35]) and was higher in 

the misaligned condition (Location×Illusion: 0.26; 95% CI: [0.09; 0.42]), partially confirming our hypothesis. The SCR 

did not correlate with either embodiment (r = 0.1322, BF10 = 0.480) or disembodiment (r = 0.142, BF10 = 0.524) 

sensations, suggesting a discrepancy between explicit and implicit embodiment indices. 

As for the proprioceptive drift, we found a shift of the perceived position towards the right (i.e., towards the 

virtual body position) only in misaligned conditions (Time×Location: -2.49; 95% CI: [-2.98; -2.00]). This result meets 

our prediction of a higher shift induced by the misaligned conditions than the aligned ones, irrespective of the illusion 

type (i.e., 1pp-FBI or RHI). Unfortunately, we found anecdotal evidence in favour of the absence of a correlation 

between the virtual drift and both embodiment (r = -0.111, BF10= 0.402) and disembodiment (aligned condition: r = 

0.087, BF10= 0.336; misaligned condition: r = 0.058, BF10= 0.289) sensations. Similarly, the correlation between 

implicit and explicit judgments of estimate precision revealed moderate evidence in favour of the absence of a 

correlation (r = 0.027, BF10 = 0.262). 

Additionally, we tested whether the order of presentation influenced the explicit (i.e., one item of the 

questionnaire) and implicit (i.e., the proprioceptive drift) perception of the body’s position. Interestingly, in the RHI, the 

order of presentation influenced only the explicit perception. Participants presented first with the misaligned condition 

always perceived the virtual and real hands as aligned (Order×Location: 0.24; 95% CI: [-2.53; 3.05]). The same was not 

true for the proprioceptive drift or in the 1pp-FBI. This result proves a discrepancy between implicit and explicit 

perception of the body’s location only in the RHI. This finding is of particular interest and opens a new line of research. 

Given the confounding factor of the order of administration in the RHI, we assessed the relation between the 

virtual drift and embodiment sensations in the 1pp-FBI only. We found a correlation between embodiment and the 

virtual drift in the misaligned condition (r=-0.224, BF10=1.657), partially confirming our hypothesis. This result may 

point to the relationship between the perception of body location and embodiment sensation. When the avatar and the 

body are misaligned, embodiment sensations towards the avatar rely on predicting the body’s location in space.  
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Study 2 

The embodiment scores were higher in T2 (i.e., after the vRHI induction) compared to T1 in both placebo and 

control conditions (-0.30; 95% CI: [-0.39; -0.22]), but we found no effect on disembodiment sensations. Unfortunately, 

we did not find the expected interaction effect between time and verbal conditioning. 

The Bayesian t-test indicated moderate evidence in favour of the absence of differences in the SCR P-P 

between the placebo and control displacement (BF01 = 4.82 ± 0.08%), suggesting that a similar arousal is induced by a 

threat to the virtual hand, regardless of the type of verbal conditioning participants were exposed to. 

When comparing T0 and T1, we found a higher proprioceptive drift towards the virtual hand after the placebo 

than after the control condition (0.85; 95% CI: [0.42; 1.27]). However, when comparing T1 and T2, the proprioceptive 

drift was lower after the placebo than after the control condition (-0.46; 95% CI: [-0.88; -0.04]). Thus, the perceived 

hand’s position was affected by the verbal conditioning, but the vRHI effect was higher in the control condition. 

Contrary to our hypothesis, no evidence of a correlation emerged between virtual drift in T1 and the embodiment score 

in T2, neither in placebo (r= -0.004, p=.969) nor in control condition (r= -0.148, p=.189). 

 

Study 3 

The visual scale results showed extremely strong evidence in favour of the inclusion of the condition effect 

(BFincl=1.001*10+15). Specifically, participants thought their hand was shifted towards the right in the placebo and real 

shift conditions, irrespective of the visual exposure. This result demonstrates that verbal instructions affect participants’ 

explicit perception, regardless of visual information about the body.  

The proprioceptive drift analysis showed strong evidence in favour of the inclusion of the interaction between 

condition and visual exposure (BFincl=17.986). Indeed, the effect of the verbal conditioning with respect to the baseline 

was higher in the second experiment, where participants were exposed to the virtual hand. This result suggests that visual 

and verbal information interact to build proprioceptive perception. 

 

Conclusions and Recommendations  

The present project aimed to provide experimental evidence of the causal relation between spatial location 

prediction, sense of ownership, and disownership. Specifically, we wanted to determine the association between body 

disownership and the location of body parts (O1), generalise the predicted association to different illusions (O2), and 

manipulate the spatial prediction to alter the sense of ownership (O3). 

In the first study, disownership was modulated only in the 1pp-FBI, where there was always an explicit 

recognition of the misalignment between the real and virtual body in addition to an implicit position recalibration. 

Moreover, the perceived body’s position correlated with the level of embodiment feelings when a position recalibration 

was needed (O1). These results suggest that the shift of the predicted body’s position may contribute to the sense of 

ownership and disownership when there is an explicit recognition of the incongruence between the two bodies’ 

positions. However, these results did not generalise to the case of vRHI (O2), because when the misaligned condition 

was presented before the aligned one, participants did not discriminate between the two spatial conditions. 

The second study tackled our third objective more directly. We found that verbal conditioning influenced the 

prediction of the body’s position in space, whereas the multisensory illusion modulated both embodiment sensations 

and perceived spatial position. Our results partially confirmed our initial hypotheses (O3) and may indicate that the 

body’s spatial displacement is necessary to evoke embodiment sensations but not sufficient, as body position 
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recalibration can occur independently of changes in embodiment feelings. To investigate in more detail the position 

recalibration, we conducted two additional experiments, not included in the approved project. We demonstrated that 

verbal conditioning primarily influences explicit judgments about the body’s location in space, regardless of visual 

information. However, the interaction between visual and verbal information is needed to deceive proprioceptive 

perception. 

 

Table highlighting the differences between expected and achieved output indicators 

 

Expected and achieved output indicators (number of actions) 

Output indicators 
Expected (according to 

application) 
Achieved 

PhD thesis 
0 0 

Master’s thesis 
0 0 

Organization of seminar or conference 
0 0 

Book 
0 0 

Book chapter 
0 0 

Conference presentation 
1 5 

Conference paper 
0 0 

Journal article 
2 1 (+1 under submission) 

Other (VR scenario) 
2 2 

Notes: 
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