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Abstract. Among several perceptive traits of virtual
reality, the relationship between the physical body and
a self-avatar is unclear. In this study, we investi-
gate a case of hyper-adaptability, i.e., the capability
of users to adjust to the movements of an altered self-
avatar when such movements abruptly and frequently
change. Focusing on movements of the upper limbs,
we show experimentally the effect of the frequency of
variations in virtual body alterations on adaptability.
Moreover, we report a positive evaluation of the sense
of embodiment and the overall user experience with
virtual reality, and finally underline how these studies
can be considered a basis for the design and develop-
ment of virtual rehabilitation systems.

Keywords: virtual reality, sense of embodiment, self-
avatar, hyper-adaptability, motor control and adaptation

1. Introduction

1.1. Background

The process of embodying a full or partial self-avatar
includes several perceptive factors, mainly based on the
ability to adapt the body schema to the new setup [1–
8]. The concept of hyperadaptability [9] has recently
been proposed to explain the function of achieving a de-
sired movement by adapting to changes in one’s own body
structure or motor control functions beyond the scope of
normal adaptation. Hyperadaptability often refers to the
ability to adapt to irreversible changes, such as the loss of
a limb owing to an accident, or damage to the cranial neu-
ral circuits. However, when we consider the use of pros-
thetic limbs, our brains are exposed to frequent changes
in body structure. Adaptation in such cases is naturally
included in the scope of hyperadaptability; however, no
studies targeting such frequent changes in body structure
or motor control function have been conducted. Thus, in
this study, we consider the use of a prosthetic or virtual

limb, the behaviors of which change abruptly over time.
In the physical world, such changes occur while wearing
and removing a prosthesis, whereas in the virtual world,
they may refer to interference owing to a glitch or lag.
Under a virtual rehabilitation scenario, where self-avatars
are used as a guide to lead users, a divergence of virtual
movements from the actual physical movements is possi-
ble [10]. However, there are no clear criteria or a specific
adaptive model determining which avatar movement opti-
mizes a particular exercise.

To investigate this topic, we initially define the main
concepts of the multidisciplinary scenario based upon
which our study was conducted [11]. The sense of em-
bodiment (SoE) has different meanings depending on the
context of the study. Herein, it refers to a set of sensa-
tions related to having, controlling, and processing a body
(or a part of it) as if it is one’s own. According to the
definition given by Kilteni et al. [12], the main compo-
nents of SoE are the sense of self-location (SoL), sense of
agency (SoA) and sense of body ownership (SoO). Pro-
prioception can be defined as the perception of the po-
sition and orientation of parts of the human body [13]
or position, movement and balance [14]. Propriocep-
tive drift, particularly in the field of virtual reality (VR),
refers to the difference between the perceived and actual
positions of the body being investigated. The embodi-
ment illusion occurs when the visual information given by
a self-avatar matches that perceived through propriocep-
tion, touch, and motion [15]. In this way, a virtual body
is perceived and processed as a real body, producing an
SoE.

To the best of the authors’ knowledge, the concept
of adaptation inertia is novel and can be defined as the
human resistance to adaptation to the movements of an
avatar (or an embodied fake limb) when changes in the
behavior of the avatar frequently occur over time. Follow-
ing this definition, the goal of the system is to measure
the adaptation inertia and find the best strategy to mini-
mize it. During the experiment sessions, we also relied on
the concept of accumulation as the incremental amount of
variation.
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Fig. 1. : Experiment procedure.

1.2. Related Work
Since the rubber hand illusion was first introduced by

Botvinick et al. [2], several studies have focused on an
understanding of the SoE toward fake and virtual limbs
(for a review, see Riemer et al. [16]). Several studies
have focused on the understanding of a virtual embodi-
ment, as well as the physical kinetic response of the users,
when the self-avatar movements or features are altered.
Through a VR experiment, Inamura et al.[17] investigated
the effects of virtual hand length and appearance on pro-
prioception. They showed that it is possible to intervene in
proprioception through a virtual motor experience lasting
several minutes. However, they did not discuss the after-
effects. In addition, the question of how quickly the pro-
prioceptive sense returns to normal remains unanswered.

Soccini et al. [18, 19] defined the induced finger move-
ment effect as the appearance of unintentional move-
ments in the real body when an external movement (alien
motion) is introduced into the hand and fingers of an
avatar. These studies showed that an alteration in the
movements of a self-avatar does not necessarily nullify
the SoO and SoA, and that movements are only induced
when the self-avatar is embodied. Gonzalez-Franco et
al.[15] showed how introducing a variation in embodied
self-avatar movements results in users following the self-
avatar itself, creating a drift. Note that in all of the afore-
mentioned studies, some alterations to the bodily move-
ments of a self-avatar still allow an SoE to occur. How-
ever, in cases in which the self-avatar abruptly and fre-
quently changes, the persistence of an embodiment is an
open topic. In addition, for the same case, the physical
responses of the users are still unknown. As a research
question, we focus on clarifying the relationship between
adaptation inertia and the variations in self-avatar behav-
iors and understanding how proprioception is influenced
by such variations.

1.3. Hypotheses
Based on the described scenario, as a contribution to

the knowledge of the self-avatar and its human perception,
we investigated the embodiment, adaptation, and proprio-
ception for cases in which the amplitude of the movement
alterations of a self-avatar frequently or abruptly changes.
Such an alteration is mathematically defined based on a
coefficient indicating the amount of motion illusion that
occurs. Regarding virtual rehabilitation, although a stan-
dard strategy would change the coefficient over time (i.e.,

over several weeks), we questioned how much we can
accelerate the effectiveness of rehabilitation by changing
the coefficient of the motion illusion within a short time-
frame. In particular, because adaptation inertia and pro-
prioceptive drift can be used as indicators to verify the
effectiveness of rehabilitation, we questioned whether we
are able to modify them using an aggressive change in the
motion coefficient. Regarding the SoE, although an alter-
ation of the movements may lead to the belief that the rub-
ber hand illusion would not occur, studies have shown that
the illusion still exists in several cases [15, 18, 19]. We
therefore hypothesized that our case will continue, and
the sense of embodiment will remain.

We therefore defined the following hypotheses:

• H1 The adaptation inertia changes according to ag-
gressive alterations in the self-avatar behavior, ex-
pressed through frequent changes in the coefficient.

• H2 The proprioceptive drift changes according to ag-
gressive alterations in the self-avatar behavior, ex-
pressed through frequent changes in the coefficient.

• H3 The sense of embodiment persists despite the in-
troduction of an alteration in movements.

In the current study, we first present the experimental
setup and protocol based on altered movements of a vir-
tual forearm. We then define the methods used to col-
lect and process the subjective data related to embodiment
and the overall VR experience, and propose quantifiers for
adaptation inertia and proprioceptive drift. We then report
the results and conclude the paper with a summary of the
overall findings.

2. Experiment

2.1. Setup
We developed a VR application for Meta Quest21 using

a the native hand-tracking system. This application can
amplify and reduce the movements of the forearm of the
users according to a coefficient value defined in the exper-
imental design. Fifteen volunteers (3 female and 12 male,
age µ = 27.9, and σ = 9.15), living in Europe or Japan,
participated in the experiment, 6 of whom had never ex-
perienced VR.

1. www.oculus.com/
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Although the experiment was conducted in VR, the
physical environment also included some elements of the
virtual world, including a chair, table, and two markers
(i.e., some tape) placed on a table to fix the position of
the elbows. The application initially required a calibra-
tion phase preceding the actual experiment, which was
conducted by the operator. During this phase, the oper-
ator set the height of the virtual table and position of the
elbow placeholders to match the physical setup. At this
point, the operator assigned each user to one of the ex-
perimental groups, which we will discuss further in our
description of the applied protocol. Once the calibration
was completed, the users went through a tutorial, during
which they received instructions on the tasks and learned
how to interact with the specific virtual setup. In partic-
ular, the participants could experience clicking a virtual
button by applying a specific hand gesture (pinch), which
was required to start the sessions.

2.2. Protocol
We defined an experiment as consisting of 11 sessions,

each comprising two phases: an adaptation exercise and
a proprioception test. Figure 1 shows a schematic of the
entire procedure.

The adaptation exercise followed the method proposed
by Inamura et al. [17] and required the users keep their
left elbow fixed over a specific point on the table (called
an elbow placeholder) positioned in front of the user, as
shown in Fig. 3a. The requested task was the flex-
ion/extension of the left arm toward the center of two vir-
tual boxes, or targets, several times during a 90 s period.
The users were required to follow the pace given by the
sound of a metronome beat at 60 bpm.

Based on the research questions defined in the hypothe-
ses, we designed the experiment as follows: we defined
two series of alteration values, and therefore different ac-
cumulation values, which we assigned to the two groups
of participants. In this way, we were able to measure the
adaptation inertia for the two different cases by analyzing
the behavior under frequent or infrequent changes (H1).
During the experiment, we measured the proprioceptive
drift several times at the end of every session and related it
to the accumulation (H2). To assess the possible existence
of a sense of embodiment, we proposed a questionnaire at
the end of the experiment to collect subjective quantified
data (H3).

In a 3D space, we consider the angles of movements on
only a single plane, that is, the angle given by the table in
front of the user (X, Z) (Fig. 2). We define θR as the angle
of the real hand, whose zero value is on the Z-axis.

Here, θV is defined as the angle of the virtual hand and
is calculated according to the following formula:

θV = c (θR −45◦)+45◦, . . . . . . . . . (1)

where coefficient c is a numerical value that defines the
amount of visual alteration between the real and virtual
hands.

For calculation purposes, we finally define θH as the

Fig. 2. : Schematic representation of the rotation angle of
the hands. The represented plane (X, Z) ) is the table top,
whereas E indicates the position of the elbow.

Z

XE

θH

θV

θR

Virtual hand
Real hand
Target

angle between the baseline and the virtual hand.

θH = 45◦−θV . . . . . . . . . . . . . (2)

During the proprioception test phase, the participants
were asked to touch the target with their left hand and
place their right hand symmetrically to their left (as shown
in Fig. 3b), always keeping both elbows on the place-
holders. During the adaptation exercise, only the virtual
left hand was visible, and both the real and virtual hands
were hidden during the proprioception test. The partici-
pant wore the HMD for the entire experiment.

We divided the population into two groups, each of
which underwent one of two conditions. As shown in Ta-
ble 1, coefficient c varied differently throughout the ses-
sions.

In group A, the coefficient was stable in the first part of
the experiment (low frequency of variation, low accumu-
lation of change), whereas it changed during every session
in the second part. Group B, consisted of an opposite ap-
proach, in which there was a high frequency of variation
in the first part of the experiment (high accumulation of
change) and a low frequency of variation in the second
part.

The values of the coefficient (0.5 and 2.0) were chosen
to set the modification to half and double the amplitude
of the movement. We designed the experiment to make
both groups experience both conditions (high- and low-
frequency changes), and thus we could make a compari-
son of the adaptation of the users under both conditions,
with or without having previously experienced the oppo-
site setup. To apply two different values of accumulation
for the two groups and thereby evaluate their impact on
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Fig. 3. : Schematic representation of the adaptation ex-
ercise and the proprioception test. The green hand repre-
sents a virtual hand.

(a) Adaptation exercise scheme

22.5°

67.5°
θT

θ
T

san

(b) Proprioception test scheme

θS=12.5°

Table 1. : Exaggeration coefficients achieved through the
experiment.

Group Values

A [1.0, 2.0, 2.0, 2.0, 0.5, 0.5, 0.5, 2.0, 0.5, 2.0, 1.0]
B [1.0, 2.0, 0.5, 2.0, 0.5, 2.0, 0.5, 2.0, 2.0, 2.0, 1.0]

the accumulation inertia, the balance between the coeffi-
cients of both groups was chosen to be unequal. In addi-
tion, we aimed to provide a pattern that would produce the
same accumulation values in the two experimental parts
with quick changes.

The position of the targets was the same during all
sessions, and was described using spherical coordinates
(22.5◦ and 67.5◦ for the targets of the adaptation exer-
cise, 12.5◦ for the proprioception test box). The distance
between the target and elbow was calculated once at the
beginning of the first session according to the length of
the lower arm of the participant.

At the end of the experiment, the participants were
asked to respond to a questionnaire (Table 2), to assess

the quality of the user experience and training, to report
any possible illness, and to measure their embodiment.

3. Methods

3.1. Measuring the Adaptation Inertia and Propri-
oceptive Drift

During the adaptation exercise, the baseline is defined
as a line equally dividing the angle between the two tar-
gets.

Ideally, the flexion and extension angles of the virtual
arm θH corresponded to the angle θT between the targets
and the baseline when the participant tried to touch the
target. As shown in Fig. 3a, the value of θT could be
either −22.5◦ or 22.5◦, on the target the user was reaching
toward.

We mathematically defined the adaptation inertia G(t)
as the cumulative difference between the angle of the tar-
get θT and the angle of the virtual hand θH(ti) at the mo-
ment ti, that is, the moment when the target should be
touched by the participant. The calculation of adaptation
inertia was applied during the first n = 5 seconds of each
session, as shown in Equation 3.

Gi(t) =
n

∑
i=1

|θH(ti)−θT | . . . . . . . . . (3)

Because an alteration of a self-avatar behavior can
make it more difficult to follow the suggested rhythm,
the participant was unable make all expected attempts to
reach the targets during the first 5 s. Therefore, the value
calculated in Equation 3 is divided by the number of at-
tempts p made during the first n = 5 s, as shown in Equa-
tion 4.

Gii(t) =
1
p

n

∑
i=1

|θH(ti)−θT | . . . . . . . . (4)

During the final part of each exercise, we expected the
participants to adapt to the new self-avatar behavior. Dur-
ing the last part of each adaptation exercise, we expected
the flexion and extension angles to correspond to the an-
gles of the targets. However, as shown in Fig. 4, this did
not occur, probably for the following reasons: involuntary
displacement of the left elbow from the placeholder, the
participant simply touching the target instead of reaching
toward its center, or a rotation of the wrist instead of a
rotation of the full arm. Based on these considerations,
we introduced θM as the mean value of the angles during
the last 30 s of the exercise. Starting from Equation 4, we
replaced the angle of the targets θT with the mean angle
of the movements θM and defined the working formula of
the adaptation inertia, as presented in Equation 5. In other
words, G(t) is the mean distance of the user’s movement
from the ideal movement during the first 5 s of the session.

G(t) =
1
p

n

∑
i=1

|θH(ti)−θM| . . . . . . . . (5)

As previously described, during the proprioception test,
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Table 2. : Questionnaire.

N Question

General info
1 Age
2 Gender
3 Have you tried Virtual Reality before?
User Experience
4 What is the level of immersion you experienced?
5 What was your level of enjoyment of the VR experience?
6 How was the quality of the VR technology overall (i.e hardware & peripherals)?
In-Game Assistance
7 How helpful was/were the tutorial(s)?
8 How easy was to complete the tasks?
9 How helpful were the in-game instructions for the task you needed to perform?
VR Induced Symptoms and Effects
In this section -3 indicates Absent, 0 indicates Moderate Feeling, and +3 indicates
Extremely Intense Feeling
10 Did you experience nausea?
11 Did you experience disorientation?
12 Did you experience dizziness?
13 Did you experience fatigue?
14 Did you experience instability?
Sense of ownership
15 I felt as if I was looking at my own hand
16 I felt as if the virtual hand was part of my body
17 It seemed as if I were sensing the movement of my hand in the location where the

virtual hand moved
18 I felt as if the virtual hand was my hand hand
Sense of agency
19 The virtual hand moved just like I wanted it to, as if it was obeying my will
20 I felt as if I was controlling the movements of the virtual hand
21 I felt as if I was causing the movement I saw
22 Whenever I moved my hand I expected the virtual hand to move in the same way
Sense of self location
23 I felt as if my hand was located where I saw the virtual hand
24 I felt as if my real hand were drifting toward the virtual hand or as if the virtual hand

were drifting toward my real hand
(Optional) Insert any additional comment

the users were asked to reach a target, placed at θS = 12.5◦
(as shown in Fig. 3b).

However, drift may occur between the expected and ac-
tual positions of the real hand. We therefore geometrically
defined the proprioceptive drift D(t) as the difference in
angle between the actual and expected positions of the
real hand θR, as shown in Equation 6.

D(t) = |θS −θR| . . . . . . . . . . . . (6)

We proceeded with an analysis of the variation in drift
over time, ∆D(t), as indicated in Equation7.

∆D(t) = D(t)−D(t −1) . . . . . . . . . (7)

To simplify the calculations during the data analysis
and allow tests with different coefficients, we mapped the
coefficient values to a discrete variable, defining C(t) as

the discrete state of the fluctuation of c:

C(t) =


−1 if c = 0.5
0 if c = 1.0
+1 if c = 2.0

. . . . . . . (8)

Although the middle value of coefficient c must be 1,
the two other values can be slightly different without a
change in C(t) as long as they are < 1 and > 1, respec-
tively.

To exclude a learning effect from occurring throughout
the different sessions with the same coefficient value, we
considered the change in the exaggeration coefficient in
each session, Cdi f f (t), and the accumulation of the change
in the coefficient Cacc(t) up to session t. As shown in
Table 3, there were some common patterns between the
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Fig. 4. : Flexion and extension angles during the last 30
s of the exercise, shown per user. Each subject is repre-
sented with a different color, and the distance from the
origin corresponds to the numerical ID of the subject.

two groups, in which the values of Cdi f f (t) and Cacc(t)
in the first part (sessions 4,5, and 6) and the second part
(sessions 8, 9, and 10) parts are equal. In particular, in
sessions 5 and 8, the values of C(t) and Cdi f f (t) are equal
in both groups, whereas in the second part of group A
(A2) and the first part of group B (B1), both Cdi f f (t) and
Cacc(t) have the same values.

We therefore investigated the following pairings of
groups:

• the first part of group A and the first part of group B
(A1 versus B1);

• the second part of group A and the second part of
group B (A2 versus B2);

• the second part of group A and the first part of group
B (A2 versus B1).

For each couple, we only focused on sessions in which
the values of C(t) and Cdi f f (t) were the same in both
groups. Therefore, we separated the cases in which
Cdi f f (t) increased (up) from those in which it decreased
(down) and conducted several significance tests (t-test)
to evaluate the impact of the accumulation and number
of past sessions on the adaptation inertia and propriocep-
tive drift. We omitted the fact that the evaluation in case
Cdi f f (t) did not increase or decrease.

3.2. Measuring the Sense of Embodiment
The questionnaire given to each participant at the end

of the experiment is reported in Table 2, and is a com-
bination of seven groups of items from different ques-
tionnaires. Categories 2, 3, and 4 concern factors re-
lated to the subjective perception of the overall VR expe-
rience, user experience (UX), in-game assistance (IGA),

Fig. 5. : Mean values of the adaptation inertia G(t) for the
two groups during all sessions of the experiment.

1 2 3 4 5 6 7 8 9 10 11
Session

4

6

8

10

12

14

16

18

Ad
ap
tat

ion
 in

ert
ia

Adaptation intertia G(t)

Group A
Group B

and VR induced symptoms and effects (VRISE), and were
taken from the virtual reality and neuroscience question-
naire (VRNQ) questionnaire [20]. Although the ques-
tionnaire originally included additional items, we selected
only those relevant to our experiment. Responses were
given on a 7-point Likert scale ranging from −3 (strongly
negative) to +3 (strongly positive). For the VRISE cat-
egory, the ranging scale was inverted as specified in the
questionnaire.

Categories 5, 6, and 7 are related to SoO, SoA, and
SoL, respectively, and define the overall SoE perceived
by users during the entire experience. Whereas categories
5 and 6 were from the questionnaire proposed by Kalck-
ert et al. [21], category 7 was from the questionnaire by
Gonzales Franco et al. [22]. We found this combination to
be an accurate option for measuring the three main com-
ponents of the SoE. Again, the responses are given on a
7-point Likert scale, in which –3 indicates that the user
strongly disagrees, and +3 means that the user strongly
agrees. The sense of embodiment is calculated as shown
in Equation 9, where the factors SoO, SoA, and SoL are
calculated as the mean values of the responses to the ques-
tions in the category.

SoE =
SoO+SoA+SoL

3
. . . . . . . . (9)

In a further investigation, we checked for a significant
difference between the two groups of participants, A and
B.

4. Results

4.1. Results on the Adaptation Inertia

As shown in Fig. 5 and Table 4, the adaptation in-
ertia of the two groups differed over time. In particular,
when the coefficient c was stable for several sessions, (i.e.,
the first six sessions of group A and the last four sessions

6 Journal of Robotics and Mechatronics Vol.0 No.0, 200x
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Table 3. : Summary the variables that allow highlighting similar patterns in groups A and B.

First part (1) Second part (2)

1 2 3 4 5 6 7 8 9 10 11

cA 1.0 2.0 2.0 2.0 0.5 0.5 0.5 2.0 0.5 2.0 1.0
C(t)A 0 +1 +1 +1 −1 −1 −1 +1 −1 +1 0
Cdi f f (t)A - +1 0 0 −2 0 0 +2 −2 +2 −1
Cacc(t)A - 1 1 1 3 3 3 5 7 9 10

cB 1.0 2.0 0.5 2.0 0.5 2.0 0.5 2.0 2.0 2.0 1.0
C(t)B 0 +1 −1 +1 −1 +1 −1 +1 +1 +1 0
Cdi f f (t)B - +1 −2 +2 −2 +2 −2 +2 0 0 −1
Cacc(t)B - 1 3 5 7 9 11 13 13 13 14

Table 4. : Results of the adaptation inertia G(t) between the two groups.

t (session) 1 2 3 4 5 6 7 8 9 10 11

G(t) (groupA) 3.73 17.53 10.2 6.96 5.45 3.06 2.79 18.22 5.07 14.21 4.64
G(t) (groupB) 6.29 14.35 5.86 17.53 4.03 17.44 3.65 11.42 8.63 6.39 6.49

of group B), the adaptation inertia decreased, confirming
the natural adaptation to the new self-avatar behavior. In-
stead, when the coefficient c changed for each session,
the adaptation inertia was higher and changed over time.
We noticed that the adaptation inertia is typically lower
when coefficient c = 0.5 in comparison with the sessions
in which c = 2.0.

Figure 6 compares the mean values of the adaptation
inertia in the pairings presented earlier for both groups.

The results of the t-tests underlined a significant dif-
ference in the adaptation inertia between A2 and B2
(p < 0.05), for which the numbers of sessions were the
same. However, no significant differences were observed
between A1 and B1. This means that there was little dif-
ference in the adaptive performance during the first half of
the session; however, Group B adapted more easily during
the second half of the session.

The comparison between A2 and B1 showed no signif-
icant differences for the sessions with the same accumu-
lation of change (Table 5). Moreover, we observed that
the adaptation inertia was lower in Group B, which had
less experience than Group A, which had more experience
when the gain decreased.

4.2. Results of Proprioceptive Drift
The analysis of the proprioceptive drift followed the

methods used for the adaptation inertia. In particular, we
investigated the variations in proprioceptive drift for the
two groups during all experimental sessions.

As shown in Fig. 7 and Table 6, the initial sessions
presented different proprioceptive drift behaviors between
the two groups. In particular, whereas group A conducted

Fig. 6. : Comparison of the mean values of the adapta-
tion inertia in the areas for which the values of C(t) and
Cdi f f (t) are equal.

Journal of Robotics and Mechatronics Vol.0 No.0, 200x 7
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Table 5. : Results of the significance tests (t-test) of the
adaptation inertia.

p - Down p - Up

A1 - B1 t = 1.78 -
p = 0.17 -

A2 - B2 - t = 1.72
- p < 0.05

A2 - B1 t = 1.77 t = 1.71
p = 0.22 p = 0.31

the adaptation exercises with fairly stable fluctuations, the
drift tended to increase, whereas for group B, the coeffi-
cient changed during each session, and the proprioceptive
drift was unstable. In the final part of the experiment, both
groups tended to converge toward a specific drift value
(approximately 6◦) and the increment tended toward 0◦.

The analyses of the t-test results did not reveal any sig-
nificant difference between the first and second parts of
the experiment (A1 versus B1, and A2 versus B2); there-
fore, the accumulation did not seem to influence the pro-
prioceptive drift.

However, the t-tests revealed a significant difference
between A2 and B1, underlining the idea that, under the
same accumulation values, the drift differs according to
the previous experience of the group members. In particu-
lar, it is worth noting that when starting A2, the members
of group A went through seven sessions with infrequent
changes, whereas when starting B1, the members of group
B went through three sessions with frequent changes.

4.3. Results of Sense of Embodiment
The responses to the questionnaire showed that, be-

cause the mean values of the components SoO, SoA, and
SoL are all above zero, as shown in Table 8, a sense of
embodiment occurred. We also provided the value of the
overall SoE, calculated as shown in Equation 9, which is
the mean value of the three components, and was there-
fore also above zero.

However, we could not find a significant difference in
the responses of groups A and B regarding the single fac-
tors (SoO, SoA, and SoL). The results of the t-tests are
presented in Table 9.

4.4. Report on the Experience
Figure 8 shows the overall ratings for each question

related to the subjective perception of the user experience
(see Table 2 for the questionnaire). The results show a
general appreciation of the experience (UX) in terms of
immersion, enjoyment, and quality of the system. The tu-
torial was found to be useful and effective, as were the in-
structions given to allow the users to move through the ex-
perience (IGA). In addition, because low values are ideal

Fig. 7. : Proprioceptive drift D(t) and increment of drift
∆D(t) during the different sessions divided by group.
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in the present case, the ratings show that no symptoms or
effects (VRISE) were reported. However, as underlined
by Question 13 (or VRISE 4), some participants perceived
fatigue at the end of the experiment.

5. Discussion and Conclusions

In the current study, we conducted an experiment to in-
vestigate the resistance of humans in adapting to altered
self-avatar behaviors, formalized as the adaptation inertia,
under specific circumstances. In particular, our goal was
to understand whether adaptation inertia and propriocep-
tive drift are influenced by a high frequency of variations
in the altered behaviors of a self-avatar. Regarding the
sense of embodiment, we analyzed the main components,
expecting to find positive values in congruence with the
those of previous studies.

The analysis of the results suggests that the accumula-
tion of changes in the coefficient influences the adaptation
inertia, as described in section 4.1 (Fig. 6 and Table 5).
We can therefore state that hypothesis H1 is supported in
that the adaptation inertia changes according to aggressive
changes in the behaviors of a self-avatar.

However, regarding the proprioceptive drift, the values
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Table 6. : Results of the mean of the proprioceptive drift D(t) and its increment ∆D(t) divided by group.

t (session) 1 2 3 4 5 6 7 8 9 10 11

D(t)A 5.09 6.71 8.8 11.31 8.7 6.42 6.41 7.01 5.08 6.3 5.57
∆D(t)A - 1.62 2.09 2.51 -2.61 -2.28 -0.01 0.6 -1.93 1.22 -0.73

D(t)B 5.52 9.48 2.23 6.1 3.6 4.89 5.23 6.11 4.98 6.06 6
∆D(t)B - 3.96 -7.25 3.87 -2.5 1.29 0.34 0.88 -1.13 1.08 -0.06

Table 7. : Results of the significance tests (t-test) of the
proprioceptive drift.

p - Down p - Up

A1 - B1 t = 1.89 -
p = 0.07 -

A2 - B2 - t = 1.76
- p = 0.25

A2 - B1 t = 1.71 t = 1.77
p < 0.01 p = 0.36

Table 8. : Results of SoE components.

SoO SoA SoL SoE

µ = 0.32 µ = 0.90 µ = 0.63 µ = 0.61
σ = 1.79 σ = 1.85 σ = 1.92 -

reported in section 4.2 (Fig. 7 and Table 7), suggest that
the proprioceptive drift is not influenced by changes in the
self-avatar behavior, and thus H2 is not supported. Nev-
ertheless, we found that the same adaptation parameters
lead to a significantly higher value of drift (reported in
Table 7, A2-B1, p-Down) when the users went through
a series of infrequent changes. Therefore, the proprio-
ceptive drift seems to be influenced more by the previous
experience of the users and their time spent during the ex-
periment.

The results of a questionnaire also underlined how the

Table 9. : Results of the significance tests (t-test) of SoO,
SoA, and SoL between the two groups, A and B.

SoO SoA SoL

A vs. B t = 2.02 t = 2.13 t = 2.92
p = 0.21 p = 0.35 p = 0.31

Fig. 8. : Mean values of the responses related to the expe-
rience. Each column represents one statement related to
the user experience (UX), in-game assistance (IGA), and
VR induced symptoms and effects (VRISE), as proposed
in the questionnaire.
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SoE persisted, despite the introduction of alterations in
the movements of the self-avatar, as shown in section 4.3
(Tables 8 and 9). We can therefore state that H3 is sup-
ported.

The results of the questionnaire showed an overall ap-
preciation of the VR experience, as reported in section 4.4
and shown in Fig. 8.

The overall results suggest that it may be possible to
push the adaptation inertia and thus enhance the effective-
ness of the rehabilitation by controlling the frequency of
changes in movement alterations of the self-avatar.

Despite these positive findings, a few improvements
can be made to certain characteristics of the present study.
First, the number of participants (15) was limited from
a statistical perspective. Second, to better understand
how the adaptation inertia and proprioceptive drift both
vary, each participant should experience both conditions
(groups A and B). Third, the overall data analysis can
be improved by considering additional factors such as the
learning effect. It would be interesting to add a set of user
studies, crossing the subjective and objective data to better
understand which subjective traits correlate with specific
kinetic behaviors. The refined analysis will open new op-
portunities to define an optimized series of values of the
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coefficient to minimize the adaptation inertia and drive the
movements of the physical body according to its specific
capabilities and reactions. This will lead to defined per-
sonalized models of proprioception and adaptability, and
therefore provide a basis for personalized rehabilitation
strategies.

The importance of the present study lies in its insight
into human behavior during alterations of a self-avatar un-
der a specific case that, to the best of the authors’ knowl-
edge, has yet to be investigated. As mentioned in the In-
troduction, this case of hyper-adaptability can be applied
to the use of prosthetic limbs. Although the current study
involved healthy subjects, we are willing to test the pro-
tocol on individuals whose limbs have been amputated,
with the goal of providing a system that generates a set
of induced movements in training the use of prosthetic
devices. In addition, we are willing to test the princi-
ple in post-stroke patients having difficulties in conduct-
ing movements with their upper limbs, with an attempt
to achieve movements that have thus far been lost. It is
also important to emphasize that the use of VR in rehabil-
itation brings about a strong environmental advantage in
terms of transportation costs or the use of materials during
therapy.

Users seemed to learn about the relationship between
the motion of their own hand and that of their virtual ver-
sion. The importance of becoming accustomed to a vir-
tual body goes beyond the habit of using a device to inter-
act with certain technology, such as applying a mouse to
move a cursor on a computer, because it opens up a series
of opportunities through new embodied experiences. Fur-
thermore, recent commercial trends related to the meta-
verse promise the widespread use of self-avatars in ev-
eryday life. Under this futuristic scenario, it will be im-
portant to know what happens to the human body while
an embodied self-avatar is active in a virtual environment.
A rapid lifestyle, together with a greedy use of technol-
ogy, requires knowledge of the frequent changes occur-
ring through a new embodiment and the immersive con-
cept of the Internet, which involves the physical body it-
self.
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