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Embodiment of virtual feet
correlates with motor
performance in a target-stepping
task: a pilot study

Alex van den Berg1*, Bart de Vries1, Zoë Breedveld1,
Annelouk van Mierlo1, Marnix Tijhuis1 and
Laura Marchal-Crespo1,2

1Motor Learning and Neurorehabilitation Lab, Cognitive Robotics Department, Delft University of
Technology, Delft, Netherlands, 2Department of Rehabilitation Medicine, Erasmus Medical Center,
Rotterdam, Netherlands

Immersive Virtual Reality (IVR) has gained popularity in neurorehabilitation for its
potential to increase patients’motivation and engagement. A crucial yet relatively
unexplored aspect of IVR interfaces is the patients’ representation in the virtual
world, such as with an avatar. A higher level of embodiment over avatars has been
shown to enhance motor performance during upper limb training and has the
potential to be employed to enhance neurorehabilitation. However, the
relationship between avatar embodiment and gait performance remains
unexplored. In this work, we present the results of a pilot study with 12 healthy
young participants that evaluates the effect of different virtual lower limb
representations on foot placement accuracy while stepping over a trail of
16 virtual targets. We compared three levels of virtual representation: i) a full-
body avatar, ii) only feet, and iii) no representation. Full-body tracking is computed
using standard VR trackers to synchronize the avatar with the participants’
motions. Foot placement accuracy is measured as the distance between the
foot’s center of mass and the center of the selected virtual target. Additionally, we
evaluated the level of embodiment over each virtual representation through a
questionnaire. Our findings indicate that foot placement accuracy increases with
some form of virtual representation, either full-body or foot, compared to having
no virtual representation. However, the foot and full-body representations do not
show significant differences in accuracy. Importantly, we found a negative
correlation between the level of embodiment of the foot representation and
the distance between the placed foot and the target. However, no such
correlation was found for the full-body representation. Our results highlight
the importance of embodying a virtual representation of the foot when
performing a task that requires accurate foot placement. However, showing a
full-body avatar does not appear to further enhance accuracy. Moreover, our
results suggest that the level of embodiment of the virtual feet might modulate
motor performance in this stepping task. This work motivates future research on
the effect of embodiment over virtual representations on motor control to be
exploited for IVR gait rehabilitation.
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1 Introduction

During VE-based motor training, movements in Virtual
Environments (VEs) can simulate different real or imaginary
activities of daily living, which can be adapted to the patient’s
needs while providing a motivating environment Lee et al.
(2003). In conventional VE-based neurorehabilitation, a flat-
screen displays the VE, and patients interact via a symbolic
virtual representation of their limbs (e.g., a cursor). VE-based
training is associated with several benefits for rehabilitation, such
as improved engagement and participation, enhanced feedback, and
tracking of the rehabilitation process. VEs also allow the opportunity
to provide very flexible and customizable stimuli and interactions to
enhance motor learning Massetti et al. (2018); Ferreira and Menezes
(2020). Moreover, VE-based training is an effective tool in
improving the outcome of balance and gait rehabilitation Kashif
et al. (2022); Porras et al. (2018), with skills acquired during such
training can be transferable to real-world locomotion Kim et al.
(2019).

Recently, there has been an increase in the use of Immersive
Virtual Reality (IVR) for rehabilitation employing low-cost, widely
available commercial Head-Mounted Displays (HMDs). HMDs
enable a more realistic virtual representation of the patient’s
limbs (avatar) from a first-person perspective. The avatar part/
entire body can be animated following the patient’s movements,
using the already incorporated hardware and software in some off-
the-shelf HMD systems. These commercial solutions are relatively
cheap and easy to use Flueratoru et al. (2020), opening the door to
more widespread use in clinical and at-home rehabilitation settings.

Showing avatars in IVR might bring several benefits to
locomotion training. For example, using a full-body virtual avatar
in IVR has been shown to improve the egocentric distance
estimation in a blind walking test, i.e., navigating to a position
indicated on the floor with eyes closed after seeing a static avatar
positioned within the virtual environment Ries et al. (2008).
Animating the avatar before performing a blind-walking test
further improves the distance estimation compared to visualizing
a static avatar Mohler et al. (2010). A later study investigated this
effect on distance estimation while also evaluating embodiment
Gonzalez-Franco et al. (2019). They concluded that the degree to
which this distance perception during blind walking is improved
with animated avatars might be related to the degree of embodiment
of the virtual avatar. The sense of embodiment describes the
phenomenon in which the avatar’s limbs are processed like the
users’ own limbs Kilteni et al. (2012). Body ownership (a subpart of
embodiment) is the cognition that body parts belong to oneself
Blanke (2012) and results from the integration of multimodal
sensory information in the brain Botvinick and Cohen (1998);
Ehrsson et al. (2004). Brain areas involved in body ownership are
shared with those linked to motor performance and learning,
namely, multimodal areas associated with motor control
(i.e., frontal premotor cortices, temporal, parietal junction, and
insula Ehrsson et al. (2004; 2005); Tsakiris et al. (2007)). Several
studies have suggested that this anatomical coupling could be
functional Ehrsson et al. (2004), Ehrsson et al. (2005), Tsakiris
et al. (2007) and thus by enhancing body ownership, e.g., using
congruent multimodal information, might result in better motor
performance. Recent research has suggested that this anatomical

couple might indeed be functional; for example, it has been shown
that reaction times are modulated by the sense of body ownership
over virtual hands Grechuta et al. (2017).

It has also been observed that participants perform tasks more
accurately and quickly with the implementation of an animated
virtual avatar. Adding an (animated) avatar was found to improve
the stepping accuracy when walking on stones McManus et al.
(2011). In a more recent study, participants who were asked to solve
a jigsaw puzzle task while trying to prevent collisions with virtual
objects completed the task faster when visualizing an avatar
compared to having no virtual representation Pan and Steed
(2019). Furthermore, it has been shown that visualizing an
animated self-avatar can reduce the time taken to walk over a
beam in IVR Pastel et al. (2020). However, the virtual
representation of the feet in the IVR environment did not
significantly affect this metric. The importance of visualizing and
animating the feet to enhance motor performance in IVR has also
been investigated in sports tasks, such as kicking a football into a
goal Bonfert et al. (2022) and climbing Kosmalla et al. (2020). These
studies indicate that foot tracking and the virtual representation of
the feet are critical for motor performance. However, these previous
studies have not investigated a potential correlation between the
embodiment of virtual representations and motor performance. We
hypothesize that this enhanced performance observed in previous
work may be correlated with the sense of embodiment provided by
the virtual representation, which may allow participants to better
incorporate the sensory feedback and adapt their movements to the
virtual environment.

In this study, we aimed to extend previous work by investigating
the relationship between the level of embodiment over avatars in
IVR andmotor performance in a target stepping task.We conducted
a within-subject human factors pilot study with 12 healthy young
participants comprising a target stepping task, where we evaluated
motor performance in terms of foot placement accuracy. We
employed two different virtual representations, a full-body avatar
and only visualizing the feet. We investigated whether the level of
embodiment differs between virtual representations and,
importantly, whether the potential relationship between
embodiment and performance is specific to each type of virtual
representation. For completeness, we added a third condition
without any virtual representation of the participants’ limbs, as
this condition is usually employed during gait training. We
compared the accuracy in the target stepping task between the
three conditions, i.e., full-body avatar, only feet, and no virtual
representation. This pilot investigation aims to provide insight into
how to design virtual representations for future applications in IVR
gait rehabilitation by answering the following two research
questions:

• What is the effect of different virtual representations on
embodiment and foot placement accuracy in an IVR target-
stepping task?

• What is the relationship between the embodiment of different
virtual representations on foot placement accuracy in an IVR
target-stepping task?

First, we speculate that the full-body representation would result
in a greater embodiment and foot placement accuracy (reduced
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distance to target) as compared to the feet representation (H1).
Second, we hypothesize that the feet and full-body representations
would result in higher foot placement accuracy than having no
virtual representation (H2). Finally, we expect to find a negative
correlation between the embodiment of both virtual representations
and the average distance from the foot to the target (H3).

2 Materials and methods

2.1 Participants

We involved twelve healthy participants (two female) aged from
21 to 27 (μ = 23.75, σ = 4.43), with a median height of 186.5 cm (μ =
186.5 cm, σ = 8.48 cm), who provided their informed written consent
to participate in the study. The local ethics committee approved the
study. Of the participants, four had previous experience with IVR and
three indicated they had motion sickness problems in the past. None
of them had prior knowledge of the experiment.

2.2 The virtual stepping task

The experiment consisted of stepping over a trail of 16 circular
targets (radius r = 0.3m), as shown in Figure 1. Participants were
asked to complete the trail, stepping with alternating feet on each
target while aiming to place the center of their foot as close to the
center of the targets as possible. The targets are represented as
circled on poles in order to make the task intuitive and motivate
participants not to rush the task and to place their feet carefully. A
confirmation sound plays when successfully stepping on a target,
and a scoreboard showing their points is updated. The maximum
amount of points for each step is 30, where one point is subtracted
per centimeter of distance to the target center. To ensure
participants took approximately the same amount of time, we
informed them of a time limit of 30 seconds for the entire

course. Time started once the participants entered the area
directly in front of the first target. No trials surpassed the time limit.

At the start of the experiment, participants received a general
explanation of the whole experiment. After signing a consent
agreement form, they answered questions to collect demographic
data. We then attached two HTC-Vive 3.0 trackers (HTC
Corporation, Taiwan) to their feet and one to their waist using a
belt (Figure 2). Then, participants wore the HMD (HTC Vive Pro
Eye, HTC Corporation, Taiwan) and held two controllers (HTC
Vive Pro Controller 2.0, HTC Corporation, Taiwan). After this, the
experimenter executed a short (one-time) calibration procedure
during which the avatar was uniformly scaled to match each
participant’s height. Additionally, offsets between the trackers
and the tracked positions on the avatar were calculated to match
the avatar’s body to that of the participant. The same offsets were
used across all conditions. Figure 2 presents a picture illustrating the
complete setup.

Each participant walked around the trail three times (trials),
each trial with a different experimental condition relating to three
different virtual representations (shown in Figure 2).

• Avatar: Full-body avatar is shown
• Feet: Only the feet of the avatar are shown
• None: No representation of the body is shown

Participants were asked to remove the HMD and answer a
questionnaire after each condition (see Section 2.4). The execution
order of the three conditions was counterbalanced between the
participants to limit potential learning and exposure effects. The
whole experiment, including the questionnaires, had an
approximate duration of 20 min. Participants were asked to
experiment with a practice target before each condition to
understand the score calculation, where again 30 points were
received for placing the center of their foot precisely in the
center of the target, and one point was subtracted from the score
for each centimeter of distance from this center. During this time,
they could also observe their virtual representation (if any) in a
mirror. Then, participants completed the trail, stepping over all the
virtual targets. Upon completing the trial for the full-body avatar
and feet conditions, we measured the level of embodiment using a
questionnaire (see Section 2.4) relating to that condition. After
completing all three conditions, the participants were asked
which was their preferred condition and during which condition
they felt they performed the best.

2.3 Virtual environment

We built the environment using the Unity Game Engine, release
2020.3.21f (Unity Technologies, U.S.A.). To ensure a smooth and
immersive experience for the participants, the virtual environment
was set to run at a minimum of 90 Hz, which matched the refresh
rate of the HMD utilized in the study. The experiment was executed
within the Unity Editor on a Windows 10 PC (Microsoft, USA),
equipped with 32 GB of DIMM DDR4 working memory, an
NVIDIA GeForce RTX 3080 GPU, and an AMD Ryzen 5,900 ×
3.70 GHz 12-Core processor (AMD, USA). The full-body animation
was achieved through a custom package (written by the authors for

FIGURE 1
The virtual environment showing the full-body avatar
representation. The avatar is standing next to the practice target.
To the avatar’s right are the 16 targets that make up the trail
for the stepping task. The scoreboard can be seen in the back,
showing the score for the current condition. Created with Unity Game
Engine®. Unity is a trademark or registered trademark of Unity
Technologies.
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the purpose of this experiment) using inverse kinematics built into
the Unity animation component.

The avatar was created using Ready Player Me (https://
readyplayer.me/, 2022) and uniformly scaled to match the height
of the current participant. Calibration of the full body tracking was
performed by asking participants to stand on a defined spot with
their arms straight down while holding the controllers and
calculating the offsets between the trackers and the tracked
positions on the avatar. The avatar’s location was tracked with
the hip position as the root, which was estimated from the tracker
attached to the waist. In this way, we could ensure the most accurate
representation of the legs, which was the main focus of the full-body
representation for this experiment. This calibration was done once at
the start of the experiment and the same offsets were used for all
conditions, including the condition with no virtual representation.
All participants had the same full-body and feet representations,
regardless of their sex, as shown in Figure 2.

2.4 Questionnaire

Seven statements were adopted from the avatar embodiment
standardized questionnaire from Peck and Gonzalez-Franco
(2021), covering different aspects of embodiment, namely,
body ownership, appearance, agency, and response. We picked
questions that we judged were most relevant to this pilot study
and that cover the different aspects of embodiment. The
employed questionnaire for the embodiment of the virtual feet
and the full-body avatar can be found in Table 2. We opted to
shorten the questionnaire as this was a within-subject experiment
and we did not want participants to reduce their engagement as a
result of multiple, longer questionnaires. The questions were
modified, i.e., using feet or body terms, based on the virtual
representation that the participants had just experienced.

Participants rated these statements on a seven-point Likert
scale (strongly disagree, disagree, slightly disagree, neutral,
slightly agree, agree, strongly agree) relating to a score from
1 to 7. The final embodiment score for each questionnaire was
calculated by taking the average score of all seven questions.

Finally, after completing the entire experiment, participants
were asked which was their favorite virtual representation and
with which representation they felt they performed the best.

2.5 Data analysis

Position and orientation data of the trackers were recorded at a
frame rate varying from 90 to 100 Hz within the Unity environment,
using the Unity Experimental Framework Brookes et al. (2019). A
step was registered when a collider in the position and shape on the
virtual foot intersected with one of the targets. The positions and
shapes of these colliders relative to the trackers on the feet were the
same for all conditions. The step accuracy was calculated as the
distance to target (m), i.e., for each step taken, the distance between
the center of the target and the center of the foot was recorded. After
completion of the target trail in the full-body and feet conditions, the
level of embodiment (−) was measured using a questionnaire (see
Section 2.4). Questionnaire data were collected in handwriting and
later digitized.

We observed that, for some participants, steps were detected
before the real foot hit the ground due to a tilt in the virtual play
space Niehorster et al. (2017). These steps resulted in an inaccurate
measurement of the distance between the foot and the target center.
These foot-target contact positions were manually corrected during
post-processing by selecting the contact position at the position
where the foot was stationary and at its lowest height (placed on the
floor). Furthermore, in five out of the 240 steps performed, the foot
tracker lost tracking when the participant placed their foot on the

FIGURE 2
The first image on the left shows a participant with the trackers they wore during the whole experiment, consisting of 1) the head-mounted display,
2) the tracker on thewaist, 3) the Vive controllers tracking the hand positions, and 4) the trackers on the feet. The three images on the right show the three
different virtual representations. Created with Unity Game Engine®.
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target, making the detection of the step unreliable. Consequently,
these steps were removed from the data analysis. This resulted in
some participants missing one step for one or two of the conditions.

Due to the unequal sample size (caused by the removal of
unreliably detected steps), we analyzed the distance to the target
(of the individual steps) using a repeated measures linear mixed
model with the condition (feet, avatar, or none) and trial order (first,
second, or third trial) as fixed effects and the participant as a random
effect. Although the order of the conditions was counterbalanced
across participants, we included the trial order in the model to assess
any potential exposure effects. Statistical analysis was performed in
R (The R Foundation, Austria), using the lme4 package Bates et al.
(2015). The complete model had the form:

Distance ~ condition p trialorder + 1|participant( ) (1)
For post-hoc analysis, we used the Kenward–Roger method to

approximate the degrees of freedom. The results and effect sizes

were adjusted for multiple comparisons using the Tukey correction.
For the effect sizes of the pairwise comparisons, we report the
Cohen’s d. The threshold for statistical significance was set at
α = 0.05.

Embodiment scores between the feet and full-body
representations were compared using a Wilcoxon signed-rank
test. Pearson’s correlation coefficients were calculated to
investigate the relationships between the embodiment scores and
the distance to the target (accuracy). Additionally, Spearman’s
correlation coefficients were calculated when data were found to
be skewed. Note that we have chosen to report both values, as the
Pearson (unranked) correlation relates more closely to our
hypothesis but should be interpreted with caution in the case of
non-parametric data.

3 Results

The distribution of foot placement positions relative to the
center of the target for each condition is plotted in Figure 3. The
distances between foot placement and target center for each
combination of condition and trial order are presented in Figure 4.

We found a significant main effect of the virtual representation
(i.e., condition; F (2, 557.96) = 284.72, p < 0.0001, η2partial � 0.51),
trial order (F (2, 557.96) = 56.69, p < 0.0001, η2partial � 0.17), and a
significant interaction between the virtual representation and trial
order (F (4, 533.69) = 31.23, p < 0.0001, η2partial � 0.19) on the
distance to the target center.

Post-hoc comparisons revealed that the distance to the target was
higher when there was no representation compared to the Avatar (p <
0.0001, d = −2.05) and the Feet (p< 0.0001, d = −2.18) representations.
However, we did not find a significant difference between the Avatar
and Feet conditions (p = 0.47, d = 0.12). Additionally, the distance to
the target was higher for the first trial, compared to the second trial
(p< 0.0001, d= 0.96) and the third trial (p< 0.0001, d= 0.93), while no
significant difference was found between the second and third trials
(p = 0.95, d = −0.032). We also found a significant interaction effect

FIGURE 3
The foot placement locations relative to the center of the target for (A) the full-body condition, (B) the feet condition, and (C) the none condition.
The large black circle represents the target’s outer perimeter. The red circles within this perimeter represent the foot placement locations of the steps of
all participants for that condition.

FIGURE 4
Boxplot of the distance to target, grouped for condition
(i.e., Avatar, Feet, None) and trial order (first, second, third; in different
grey shades).
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between the virtual representation and the trial order. This seems to be
driven by the None representation, as observed in Figure 4; Table 1. In
particular, the distance to the target appeared to be especially high in
the None condition when this was the first condition presented to the
participants, while this distance was smaller (although overall higher
compared to other conditions) when another condition with some
sort of virtual representation was performed before the None
condition. The results from the multiple post-hoc comparisons of
the interaction between condition and trial order are reported in
Table 1. However, it is important to note that the statistical power of
the multiple post-hoc comparisons for the interaction effect is limited,
as each group contained the steps of only four participants.

We did not find significant differences between the level of
embodiment during the full-body (μ = 5.18, σ = 0.97) and feet (μ =
5.36, σ= 0.89) conditions (z= 20, p= 0.813). All themeans and standard
deviations for each question and the final embodiment score can be
found in Table 2. For the feet representation, we found a significant
negative correlation between distance to target and embodiment
(Figure 5B, rPearson(10) = −0.65, p = 0.02; CI95% = −.89 to −0.12).
When visually inspecting the histograms of the feet embodiment scores
and the average distance to the target, we found that the distribution is
slightly skewed (as seen in the histograms in Figure 5B). Consequently,
we additionally investigated the (non-parametric) Spearman
correlation. Here, although we still find a relatively strong effect, the

TABLE 1 Results from the post-hoc analysis of the interaction between condition (i.e., Avatar, Feet, None) and trial order (i.e., first, second, third). Values where
p < 0.05 are printed in bold, to indicate a statistically significant difference for that comparison. We also included the means (M) and standard deviations (SD) for
each group.

condition Avatar Feet None

trial order M SD first second third first second third first second

Avatar

first 0.041 0.023

second 0.029 0.017 p = 0.76
d = −0.38

third 0.036 0.020 p = 0.22
d = −0.58

p = 0.99
d = −0.20

Feet

first 0.032 0.015 p = 0.23
d = −0.57

p = 1.00
d = 0.19

p = 1.00
d = −0.01

second 0.033 0.017 p = 1.00
d = −0.09

p = 0.93
d = 0.29

p = 0.29
d = −0.49

p = 0.46
d = 0.48

third 0.034 0.020 p = 1.00
d = 0.06

p = 0.41
d = 0.45

p = 0.11
d = 0.64

p = 0.12
d = 0.63

p = 1.00
d = 0.15

None

first 0.140 0.049 p < 0.0001
d = -4.21

p < 0.0001
d = 3.83

p < 0.0001
d = 3.64

p < 0.0001
d = -3.64

p < 0.0001
d = 4.13

p < 0.0001
d = 4.28

second 0.070 0.043 p < 0.0001
d = -1.43

p = 0.0002
d = -1.04

p = 0.0013
d = 0.85

p = 0.0011
d = -0.86

p < 0.0001
d = -1.34

p < 0.0001
d = 1.49

p < 0.0001
d = 2.79

third 0.064 0.035 p < 0.0001
d = -1.48

p < 0.0001
d = -1.10

p = 0.0027
d = -0.90

p = 0.0004
d = -0.91

p < 0.0001
d = -1.39

p < 0.0001
d = -1.54

p < 0.0001
d = 2.74

p = 0.99
d = −0.05

TABLE 2 Means (M) and standard deviations (SD) for the embodiment questionnaires. The embodiment score is the average of all questions for that participant.

Question

Condition Full-body Feet

M SD M SD

1. I felt as if the virtual feet/body were my own 4.50 2.07 5.58 1.38

2. It felt like I could control the virtual feet/body as if it was my own 5.83 0.94 6.00 1.20

3. I felt as if my own feet/body were located where I saw the virtual feet/body 5.92 0.67 5.92 1.00

4. I felt like I was wearing different clothes from when I came to the laboatory 5.00 2.26 4.08 2.50

5. I felt as if the virtual feet/body I saw when looking in the mirror were my own 4.17 2.17 4.92 1.83

6. It felt as if my feet/body were turning into an avatar 4.42 2.23 4.42 2.15

7. The movements of the virtual feet/body were caused by my movements 6.42 0.51 6.58 0.51

Embodiment score 5.18 0.97 5.36 0.89
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correlation was no longer significant (rSpearman(10) = −0.53 p = 0.08;
CI95% =−0.85 to−0.08). No such correlationwas found for the full-body
representation (Figure 5A, rPearson(10) = −0.19 p = 0.55; CI95% = −0.69
to 0.43).

Of the twelve participants, nine preferred the full-body
representation, while the other three preferred the feet
representation. In contrast, only two participants felt they
performed best with the full-body representation, while nine
participants felt they performed best with the feet representation.

4 Discussion

In this study, we aimed to investigate the effect of the virtual
representation of the lower limbs and the embodiment of that
representation on motor performance during a target-stepping task
in IVR. The level of embodiment was evaluated through questionnaires,
whereas we evaluated the motor performance by measuring the foot
placement accuracy as the distance to the target. We evaluated and
compared these metrics for three levels of virtual representation: i) a
full-body avatar, ii) only feet, and iii) no representation.

4.1 Providing a virtual representation of the
participant’s body parts in the virtual
environment enhances step accuracy

As expected, having a virtual representation of the participant in the
virtual environment is essential to allow accurate foot placement
(reducing the distance to the target), confirming our second
hypothesis (H2). For the condition without a virtual representation,
steps were distributed mainly in the upper half of the targets (see
Figure 4C). This suggests that participants tended to step too far ahead
without a visual representation, as this was the direction the trail was
heading.

The improved performance with the virtual representations
aligns with previous literature that showed improved stepping
accuracy with the implementation of an animated avatar
McManus et al. (2011). Furthermore, this result aligns with
previous work that has shown that providing visual and/or haptic
feedback during motor task execution may result in improved
performance Sigrist et al. (2013). The visual feedback provided by
the position of the virtual representation with respect to the target
provides extra sensory information to the central nervous system
(CNS) to correct movements and improve motor performance.
Therefore, using virtual representations, either full body or feet,
could be crucial in future gait training applications.

Interestingly, we observed that when participants experienced a
condition with some sort of representation before the None
condition, their foot placement accuracy in the None condition
improved compared to performing the None condition during the
first trial. This suggests that the advantages of providing visual
feedback through virtual representations of the feet or the entire
body might extend beyond enhancing motor performance while the
visualization is present. These virtual representations could
potentially have carry-over effects on the foot placement accuracy
even after their removal. This finding, although limited by the
relatively low statistical power, could be exploited in clinical
applications such as the training of proprioception in people
suffering from sensory impairments, such as people with
acquired brain injury Cho et al. (2014); Kim et al. (2013).

4.2 Providing a full-body virtual
representation does not increase the foot
placement accuracy or embodiment when
compared to the only feet representation

In contrast to our first hypothesis (H1), having a full-body
representation instead of only the feet representation does not

FIGURE 5
Linear fit of the relation between the embodiment scores and the average distance to target for (A) the full-body condition and (B) the feet condition.
Here, the blue line shows the best linear fit, and the grey area shows the 95% confidence interval. Additionally, both subfigures include a histogram above,
showing the distribution of the embodiment scores, and a histogram to its right, showing the distribution of the average distance to the target.
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increase the foot placement accuracy or the embodiment level. Here,
it is important to note that for the condition with the full-body
avatar, the questionnaire queried participants about the
embodiment of the whole body instead of just the feet.

One potential reason we do not observe the hypothesized increase
in embodiment is that, in contrast to the representation of the feet, the
legs were not fully tracked, i.e., the position of the knees was estimated
using inverse kinematics. Thus, a mismatch between the knees’ real
and virtually represented position might introduce a visual-
proprioception sensory incongruency. Such a mismatch of sensory
information has been shown to hamper motor performance in highly
embodied virtual reality Odermatt et al. (2021). The absence of an
increase in performance could also have been hindered because the
legs would sometimes obstruct the vision of the targets, making the
task slightly more challenging, as noted by several participants. More
research is needed to evaluate whether adding trackers to accurately
determine and visualize the position of the avatar’s knees might
provide additional benefits to embodiment and motor
performance. Finally, it is worth noting that we worked with a
relatively small sample size, which may not allow us to observe the
hypothesized difference in the level of embodiment.

4.3 Stepping accuracy is associated with the
level of embodiment of only the feet
representation

Finally, our third hypothesis (H3) was only partially confirmed.
A (negative) correlation was found between the embodiment of the
feet and the foot’s distance to the target. This aligns with previous
research that found a similar relationship between body ownership
and performance in the upper extremities Grechuta et al. (2017).

However, this correlation was not found for the embodiment of
the full-body avatar. One possible explanation for this difference
between the two conditions could be that, for this specific task, the
full-body avatar’s embodiment is irrelevant to the relationship
between embodiment and motor performance. Instead, for this
experiment, it was enough for the participants to focus only on
the feet, and they did not need to pay attention to the whole body.
An interesting future direction for this research would be to conduct
a similar experiment in which participants are questioned about the
embodiment of the feet of the full-body avatar specifically. Through
such an experiment, we could investigate the effect of adding the
full-body avatar on the embodiment of the different distal body parts
and how this may correlate with motor performance.

4.4 Study limitations

We have identified several limitations that are important to
consider when interpreting the results of this work. First, due to a
tilt in the virtual play space, steps would sometimes be detected before
the participant reached the floor with their foot (see Section 2.5). For
these steps, the score the participants sawwas different from their actual
distance to the target. This might have negatively affected the agency
and motivation of the participants. Further, we would like to point out
that we used a relatively small sample size for this pilot study, consisting
mostly of male students living in Delft in the Netherlands. From this

experiment, it is unclear whether the results we found would be
consistent across larger or more diverse populations. Additionally,
the relatively small sample size limits the statistical power to
establish robust relationships between the variables of interest.
Therefore, the correlations presented in this pilot study should be
interpreted with caution and viewed as exploratory. Finally, our full-
body avatar was the same for all participants. As a result, the two female
participants saw a virtual representation that did not match their sex,
which has been found to result in a decreased level of embodiment
Schwind et al. (2017). The effect of this mismatch could have influenced
the results regarding the relationship between embodiment and motor
performance. Regardless, while the embodiment scores of the female
participants are below average, being 4.14 and 3.29, their removal still
does not result in a significant difference between the embodiment
scores of the feet and full-body conditions. Nonetheless, we
acknowledge the importance of adding gender-matched avatars, as
there is a significant under-representation of female participants in
virtual reality research Peck et al. (2020). Future studies should address
this issue and include a more diverse range of avatars to ensure the
findings apply to a wider population.

4.5 Future work

This particular task required participants to pay close attention to the
position of their feet. It would be interesting to see how the (lack of)
correlation between the embodiment of the feet or full-body avatar may
change when participants face a task requiring a more external focus of
attention, such as kicking a ball toward a goal. In a recent publication,
such a task has been investigated Bonfert et al. (2022). However, no full-
body avatar was included in the study, and the relationship between
embodiment and accuracywas not specifically investigated. Furthermore,
in this pilot study, we did not ask about the embodiment of just the feet of
the full-body avatar but the embodiment of the whole body. In a future
study, it could be interesting to investigate if the relationship between the
embodiment of only the feet and the motor performance may change
depending on the presence or appearance of the rest of the body in the
virtual environment. Finally, different techniques can be investigated to
influence the level of embodiment. For example, the embodiment can be
enhanced by accurately matching the dimensions and appearance of the
avatar or virtual feet to the participant Fribourg et al. (2020); Waltemate
et al. (2018) or by modulating the fidelity of the tracking of body parts
Eubanks et al. (2020). Applying these additionalmethods tomodulate the
level of embodiment could provide additional insight into the
relationship between embodiment and motor performance for the
lower extremities.

5 Conclusion

In IVR, the possibilities of how this reality looks and reacts are
nearly infinite. With the increasing use of IVR in rehabilitation, it is
crucial to consider the design of these interfaces. In this work, we have
investigated a stepping task for the purpose of gait rehabilitation in IVR.
We have shown that a virtual representation of the feet is essential for
accurate foot placement. Additionally, we have found a correlation
between the embodiment of the virtual feet and the accuracy of the foot
placement, suggesting that the level of embodiment of the feet could
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play a role in modulating motor performance. Future work should aim
to investigate different tasks related to gait rehabilitation, as well as a
broader range of virtual representations. Deepening the understanding
of the underlying mechanisms behind this correlation could enable
leveraging this effect for gait rehabilitation interfaces, which could lead
to more effective gait rehabilitation training.
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