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ABSTRACT 
Balance board training is a promising method to enhance physical 
rehabilitation for humans with motor problems through interac-
tive exercises. Previous work highlighted the benefts of balance 
board training in virtual reality (VR) compared to conventional 
methods. However, it is still unclear how visual target feedback 
and the presence of an avatar infuence balance behavior in im-
mersive environments. We conducted an experimental user study 
with 24 participants without motor impairments to investigate the 
efects of visual target feedback and a human avatar on balance 
performance and perceived workload in VR. Quantitative results 
show that visual target feedback signifcantly improves balance 
performance without increasing workload in VR. In contrast, an 
avatar shows no efect on performance and workload, which is also 
confrmed by qualitative feedback. Finally, we discuss the implica-
tions of our study for future developments of virtual balance board 
training exercises and highlight potential applications of visual 
target feedback. 

CCS CONCEPTS 
• Human-centered computing → Human computer interac-
tion (HCI); Empirical studies in HCI; Virtual reality. 
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1 INTRODUCTION AND BACKGROUND 
Humans with motor problems often have difculties with balance, 
which can lead to gait instability and possible falls. In rehabilitation 
and prevention, training with a balance board is recognized as a 
reliable and proven tool for enhancing motor tasks and posture 
control [6, 20]. Previous work has highlighted the benefts of virtual 
reality (VR) in balance training [5, 14, 19]. A systematic literature 
review and meta-analysis by De Rooij et al. [5] showed that training 
in VR can signifcantly improve the balance and walking ability of 
stroke patients compared to conventional therapy. 

Based on these fndings, the combination of VR training with 
various feedback modalities (e.g., auditory, visual, or haptic feed-
back) could further improve balance ability. For example, Alhasan et 
al. [1] have stated that the addition of visual biofeedback on balance 
ofers great potential for improving balance ability. In immersive en-
vironments, such as VR, only a few studies have explored the efects 
of diferent feedback modalities on balance performance while bal-
ancing on a board. As an example, Mahmud et al. [13] demonstrated 
that incorporating vibrotactile feedback within VR enhances stand-
ing balance. In a follow-up study with 100 participants (50 with 
balance impairments and 50 without balance impairments), Mah-
mud et al. [12] compared four diferent visual feedback approaches 
for standing balance in VR. They found that static, rhythmic, and 
center of pressure-based visual feedback signifcantly enhanced 
standing balance. In these studies, balance was assessed while par-
ticipants were standing on a stable, non-moving board. Another 
approach was demonstrated by Resch et al. [18], who presented 
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a setup with a moving balance board in VR to assess the visual 
infuence of body perception on balance behavior. Nevertheless, a 
detailed user study to validate the infuence on balance behavior is 
currently missing. 

Besides the research on diferent feedback modalities in immer-
sive environments, the feld of Human-Computer Interaction (HCI) 
increasingly explores the perception of virtual avatars [2, 4, 7, 15, 
17]. Research suggests that the presence of avatars can be an efec-
tive tool to positively impact users during physical activities [9]. For 
example, Kocur et al. [10] demonstrated that embodying muscular 
avatars in VR can decrease perceived efort and enhance physical 
performance. Additionally, Latoschik et al. [11] showed that realis-
tic avatars can improve user engagement and social interactions 
in VR. These fndings indicate that avatars have the potential to 
infuence both user experience and physical performance. However, 
it is still unknown how the visualization of a human avatar and 
visual target feedback infuence balance performance and workload 
in VR. Filling this research gap will provide new insights into how 
to improve balance board training in a VR environment. In this con-
text, it becomes feasible to develop a feedback-based balance board 
training in VR for patients with balance disorders in the future. 

This paper presents the results of an experimental user study 
that included 24 participants to evaluate the efects of visual target 
feedback and a human avatar on balance performance and perceived 
workload while balancing in VR. The results indicate that visual 
target feedback improves balance performance without increasing 
the subjective perceived workload in VR. In contrast, the presence 
of an avatar shows no efect on balance performance and perceived 
workload. Based on these fndings, future applications of balance 
training in VR can be optimized through visual user feedback. 

2 METHOD 
We conducted an experimental user study to investigate the ef-
fects of a human avatar and visual target feedback on balance 
performance and perceived workload in VR. A two-factorial within-
subject design was carried out with the independent variables, 
Avatar and Target, each consisting of two levels: visible and in-
visible. We hypothesized that a visible Target and a visible Avatar
improve balance performance without increasing the workload in 
VR. A balanced Latin square design was used to counterbalance the 
order of conditions for each participant and prevent any sequencing 
efects. 

2.1 Conditions and Stimuli 
Figure 1 compares the virtual environment, featuring a visible 
avatar balancing in front of a visual target, with the real envi-
ronment. To enhance the realism of each condition, the laboratory 
where the user study was conducted has been completely rebuilt 
as a virtual environment. The Unity project used for the virtual 
laboratory scene can be found in the supplementary GitHub reposi-
tory1. The virtual avatar was created using Mixamo2 and animated
by an OptiTrack3 skeleton. The body size of the virtual avatar in
VR was scaled according to the real body dimensions that were 

1https://github.com/valentin-schwind/frauas-vr-labor
2https://www.mixamo.com/
3https://optitrack.com/

previously recorded. A 2D canvas was created and placed 150 cen-
timeters in front of the virtual participant to provide visual target 
feedback. The distance between the canvas and the ground was 
adjusted according to participant height, ensuring the visual target 
was displayed at eye level. The visual target was divided into three 
circular zones (inner, middle, and outer circle) to classify balance 
behavior. A moving dot represented the balance board’s center of 
gravity. It displayed the board’s angular alignment within these 
three zones in real time to provide visual feedback to participants. 
The three circle zones were defned as follows: 

• Inner circle (angle between 0 and 3.69 degrees): Green dot
indicated good balance behavior.

• Middle circle (angle between 3.7 and 7.39 degrees): Yellow
dot indicated medium balance behavior.

• Outer circle (angle between 7.4 and 11 degrees): Red dot
indicated poor balance behavior.

2.2 Apparatus 
The technical setup was based on a motion capture (MoCap) system 
by OptiTrack. Sixteen cameras (Type: PrimeX 13W) with a frame 
rate of 240 Hz were used to track the balance performance. The 
system was calibrated according to OptiTrack specifcations, result-
ing in the following precision: mean ray error = 0.98 mm, mean 
wand error = 0.23 mm. Motive4 3.0.1 software from OptiTrack was
used to record all tracking data. The Balance Board MFT Challenge 
Disc 2.05 was tracked as a rigid body through eight markers on the
surface (arranged at an angle of 45 degrees). The balance board had 
a maximum rotation angle of eleven degrees. The HTC Vive Pro 
2 with a frame rate of 90 frames per second (FPS) was used as the 
head-mounted display (HMD). In the laboratory, four HTC base 
stations were installed for high-precision tracking. To track the 
human body and create a visual avatar, participants wore a MoCap 
suit by OptiTrack (consisting of a jacket, pants, foot wraps, and 
gloves). Forty-nine refective markers were attached to the human 
body, three of them to the HMD (template: baseline and passive 
fngers). Unity6 3D engine (version 2020.3.41f1) was used to create
the VR environment on a Windows 10 workstation with an AMD 
Ryzen 5900X, a GeForce RTX 3700, and 16 GB RAM. 

2.3 Procedure and Tasks 
The user study was conducted under laboratory conditions without 
external infuences, such as environmental noise or interruptions. 
After signing the informed consent, all participants were surveyed 
for their demographics and flled out a pre-study questionnaire 
through a Google form link. This form included questions about 
previous experience with a balance board or similar devices, VR, 
and a self-assessment of body balance and ftness level. After fnish-
ing the questionnaire, the participants put on a MoCap suit, gloves, 
and foot wraps (all from OptiTrack). Afterwards, participants set up 
and adjusted the HMD. Subsequently, the research team manually 
positioned all 49 marker points. To group the marker points into 
a skeleton, the participants adopted the T-pose. Before the experi-
ment started, each participant was provided a verbal briefng and 

4https://optitrack.com/software/motive/
5https://www.mft-bodyteamwork.com/produkte/mft-challenge-disc/
6https://unity.com/
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Figure 1: The left side illustrates a participant balancing in the virtual laboratory environment during the condition with 
a visible avatar and a visible target, whereas the right side shows a photo of the real environment during balancing in the 
laboratory. 

introduced to the VR environment. Depending on the participants’ 
height, the position of the visual target was manually adjusted be-
fore the start of the frst task. Participants were then placed at a 
marked spot on the board. Three fxation components, 3D-printed 
from Polylactide, secured the board in a static position, enabling 
participants to step onto it. At the beginning of each task, the three 
fxation elements were removed simultaneously to enable free bal-
ancing of the board. Every task began with a noticeable fve-second 
countdown. The duration of each task was four minutes, divided 
into two phases of 120 seconds of balancing, separated by a one-
minute break. At the end of each task, the three fxation components 
were reattached to secure the board, allowing participants to safely 
dismount and sit on a chair. Finally, the NASA raw taskload index 
(RTLX) questionnaire was displayed for participants to complete 
in the VR environment. This procedure was repeated for each of 
the remaining three conditions. The order of the four conditions 
was randomized for each participant using a 4x4 balanced Latin 
square design. After completing all tasks, the participants received 
a post-study questionnaire via a Google form link. This question-
naire included closed and open-ended questions on the preferred 
tasks, the perception of the avatar and target, as well as the reasons 
for each answer. The duration of the study was approximately 40 
minutes per participant. 

2.4 Measures and Data Analysis 
In this study, we quantitatively measured balance performance 
(objective) and workload (subjective), and obtained additional qual-
itative feedback via questionnaires. 

2.4.1 Qantitative objective: Balance Performance. To objectively 
assess balance performance, the angle of board defection was mea-
sured over the entire task duration. The raw marker data was ex-
tracted from the Motive software to evaluate the balancing perfor-
mance. The Roll and Pitch measurements of the board are relevant 
for the evaluation process, as they depict the medial-lateral rota-
tion around the sagittal body axis (Roll) and anterior-posterior tilt 
around the transverse body axis (Pitch). Because all participants 

had the same foot position on the board, the values for roll and 
pitch are universally applicable. Over the entire task duration of 
240 seconds, these two movements were recorded with a frequency 
of 90 FPS, which equates to 21,600 data points per task. The quanti-
tative data was analyzed using inferential statistics, a two-factorial 
repeated-measures (RM) analysis of variance (ANOVA). 

2.4.2 Qantitative subjective: Workload. After each condition, par-
ticipants assessed their perceived workload in VR using the NASA 
RTLX [8] consisting of six subscales (mental demand, physical de-
mand, temporal demand, performance, efort, and frustration). The 
standardized questionnaire was completed as a digital questionnaire 
in VR, as recommended by previous work [16]. The quantitative 
data was also analyzed using a two-factorial RM ANOVA. 

2.4.3 Qestionnaires. To obtain a deeper understanding of per-
sonal perceptions, each participant completed two questionnaires, 
one before and one after the study. The preliminary questionnaire 
included the demographics, as well as questions regarding previous 
experience with a balance board and VR. Participants were also 
asked for a self-assessment of their balance behavior and sports 
activities. The post-study questionnaire included closed and open-
ended questions on the preferred balancing task, perceived per-
formance, and personal opinion on training in VR. A thematic 
analysis [3] was used for the qualitative assessment of the open-
ended questions. The anonymized data was coded and analyzed 
paragraph-wise by two reviewers independently. Finally, the codes 
were combined and cross-checked to ensure consistency. The closed-
ended questions were based on countable feedback (multiple-choice 
questions) on personal preferences and were analyzed using de-
scriptive statistics. 

2.5 Participants 
Participants were invited and recruited via mailing lists within 
our institution. Three exclusion criteria were specifed: any impair-
ment of the sense of balance, any physical injuries (e.g., broken 
bones) or recent surgeries, and a maximum body weight of 120 
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Figure 2: Two bar charts - (a) the visual feedback shows a signifcant efect on the angular ofset of the balance board, and (b) 
the perceived workload shows no efect in each condition. 

kilograms. Twenty-six participants (10 female, 16 male) took part in 
the user study. All of them had a technical background in computer 
science or engineering. Two participants (one female, one male) 
were excluded from the evaluation because of interruption due to 
cybersickness. The age of the included participants ranged from 21 
to 32 years (M = 25.17, SD = 3.06). Nine had previous VR experience, 
six wore glasses, and two wore contact lenses. Ten participants 
regularly engaged in sports, and one had previously used a balance 
board or similar device. Participants were given the freedom to 
pause or discontinue the study at any time. The study received 
ethical clearance according to the privacy regulations and hygiene 
protocols for user studies as required by our institution. 

3 RESULTS 
Evaluation of the quantitative results - objective balance perfor-
mance (section 3.1.1) and subjective workload (section 3.1.2) - was 
performed using a two-factorial RM ANOVA and is shown in Fig-
ure 2. Qualitative feedback from the post-study questionnaire was 
assessed using thematic analysis and is documented in section 3.2. 

3.1 Quantitative Results 
3.1.1 Objective: Balance Performance. Results of the balance perfor-
mance, including descriptive statistics, are shown in Figure 2a. For 
the evaluation of balance performance, measured values exceeding 
10.5 degrees were excluded, considering that the maximum defec-
tion angle of the board is 11 degrees. This criterion was applied 
because, at maximum defection, the board remains in a station-
ary inclined position, which does not accurately represent free 
balancing behavior. A parametric test on normal distribution was 
performed with the Shapiro-Wilk’s normality test, which indicated 
normal distribution (all conditions with � ⪰ 0.05). A two-factorial 
RM ANOVA showed a statistically signifcant main efect on Tar-
get, � (1, 23) = 17.089, � = 0.0004, �2 = 0.426 (large efect size). � 
However, Avatar showed no statistically signifcant main efect 
� (1, 23) = 0.041, � = 0.842, �2 = 0.002, as well as no interaction � 
efect between Avatar and Target � (1, 23) = 0.007, � = 0.933, 

�2 = 0.0003. Pairwise post hoc comparisons using Bonferroni-� 
corrected t-tests revealed signifcant diferences between Target 
visible and Target invisible (� = 0.00073), but no signifcant dif-
ferences were found between Avatar visible and Avatar invisible 
(� = 0.933). 

3.1.2 Subjective: Workload. Results of the perceived workload, 
including descriptive statistics, are shown in Figure 2b. Shapiro-
Wilk’s test confrmed normal distribution of all data (all condi-
tions with � ⪰ 0.05). A two-factorial RM ANOVA on the RTLX 
scores of Avatar and Target indicated no statistically signif-
cant efect on the overall workload. There was no main efect on 
Avatar � (1, 23) = 1.177, � = 0.289, �2 = 0.049, nor on Target � 

� (1, 23) = 1.934, � = 0.178, �2 = 0.078, and no interaction efect � 

on Avatar and Target � (1, 23) = 1.178, � = 0.289, �� 
2 = 0.049. 

In addition, there was no statistically signifcant efect on the six 
subscales (� > 0.05). 

3.2 Questionnaires 
The fnal evaluation of questionnaires revealed that seven partici-
pants reported a change in their perception of body balance after 
balancing in VR. Meanwhile, eight responded with "cannot deter-
mine," and nine "felt no change." Overall, eleven participants felt 
"confdent" while using the balance board in VR, with an equal 
number feeling "neutral." Only two felt "unsure" while balancing. 
As preferred condition, eleven participants chose Avatar invisible 
and Target visible because "visible avatar did not add much value 
for me" (P4, P25) and "avatar distracted me from focusing" (P3, P13). 
The second highest-rated condition was Avatar and Target vis-
ible (N=8), followed by the condition Avatar visible and Target 
invisible (N=3), and fnally Avatar and Target invisible (N=2). Vi-
sual target feedback was perceived as helpful in improving balance 
behavior by 22 participants, as it "enhances concentration" (P4, P11, 
P19). In contrast, two participants voted that it is not helpful and 
mentioned that "it made [them] more nervous" (P12), and "when 
[the] target is not visible you feel less pressured" (P9). The pres-
ence of a human avatar was perceived as not helpful in improving 
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balance behavior by 13 participants, as they "did not [look] at the 
avatar" (P11, P12). Lastly, 21 participants found the tasks in VR 
motivating for future use, compared to three participants who did 
not. 

4 DISCUSSION 
In an experimental user study with 24 participants, we investigated 
the efects of a human Avatar and visual Target feedback on 
balance in VR. The analysis of balance performance and perceived 
workload confrmed our hypothesis that visual Target feedback 
signifcantly enhances balance control without increasing workload 
in VR. However, contrary to our expectations, the presence of a 
human Avatar did not signifcantly improve balance performance. 
Similarly, the Avatar had no infuence on workload in VR. The 
qualitative data supports the quantitative results and shows that par-
ticipants preferred colored Target feedback, while they perceived 
the Avatar as unhelpful. However, the results have limitations 
in generalizability. The user study was conducted in a controlled 
environment with a small sample size, unequal gender distribution, 
a non-representative age range, and only healthy individuals. In 
addition, the visualization of the human Avatar was not personal-
ized, which may impair realism. Based on these fndings, follow-up 
studies will be conducted with a representative sample to develop a 
balance training environment with real-time feedback application. 
Additionally, future research should investigate the efectiveness 
of traditional screen-based, VR, and Augmented Reality feedback 
setups for balance training, as well as conduct long-term studies to 
assess whether the training leads to lasting improvements in bal-
ance performance. Further studies should also include participants 
with motor impairments and explore the use of diferent avatars. 
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