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Abstract
Seemingly minor incidents, such as trip-
ping or slipping, can be life-changing.
This is particularly true for the elderly, as
the risk and severity of fall-related injuries
increase with age. In recent years, fall pre-
vention has become a critical area of re-
search and many techniques and methods
were proposed. With the emergence of
Virtual Reality (VR) technologies many
possibilities to enhance these techniques
have become available.

This thesis explores the potential use
of virtual reality technology in enhancing
the sensorimotor walkway exercise for el-
derly individuals. The utilization of VR
aims to increase exercise attractiveness
and social interaction while stimulating
the somatosensory system of the individ-
ual.

During the thesis a prototype VR ap-
plication to verify the importance of leg
tracking was developed and tested. This
was followed by the development and test-
ing of the PhysioBridge application. For
the patients, it provides a comprehensive
VR experience during the exercise. For
the physiotherapist a control application
for Android smartphone was developed.
The thesis concludes with the design of
large-scale study to research the contribu-
tion of the virtual reality for the sensori-
motor walkway exercise.

Keywords: virtual reality, sensorimotor
exercise, elderly, retirement home,
Oculus Quest

Supervisor: Ing. David Sedlá£ek, Ph.D.
Katedra po£íta£ové gra�ky a interakce

Abstrakt
Zdánliv¥ drobné nehody, jako jsou za-
kopnutí £i uklouznutí, mohou zm¥nit lid-
ský ºivot. To platí zejména pro star²í
osoby, protoºe riziko úraz· zp·sobených
pádem a jejich závaºnost se s v¥kem zvy-
²uje. V posledních letech se prevence pád·
stala kritickou oblastí výzkumu a bylo na-
vrºeno mnoho technik a metod prevence.
S nástupem technologií virtuální reality
(VR) se objevilo mnoho moºností, jak tyto
techniky je²t¥ vylep²it.

Tato práce se zabývá potenciálním vy-
uºitím virtuální reality pro obohacení cvi-
£ení na senzomotorického chodní£ku. Vyu-
ºití virtuální reality má za cíl zvý²it atrak-
tivitu cvi£ení a sociální interakci a záro-
ve¬ stimulovat somatosenzorický systém
jedince.

V pr·b¥hu práce byl vyvinut a otesto-
ván prototyp VR aplikace pro ov¥°ení vý-
znamu sledování pozice nohou. Následoval
vývoj a testování aplikace PhysioBridge.
Ta b¥hem cvi£ení pacient·m poskytuje
komplexní VR záºitek. Pro fyzioterape-
uta byla vytvo°ena ovládací aplikace pro
Android smarpthone. V záv¥ru práce je
navrºena rozsáhlá studie, jejímº cílem je
výzkum p°ínosu virtuální reality pro cvi-
£ení na senzomotorickém chodní£ku.

Klí£ová slova: virtuální realita,
sensomotorické cvi£ení, senio°i, domov
pro seniory, Oculus Quest

P°eklad názvu: Cvi£ení pro seniory ve
VR
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Introduction

A seemingly innocent incident such as tripping on a sidewalk or slipping on
a wet �oor can change the course of person's life. This is especially true
for older people as the risk of falling and the severity of fall-related issues
rises with age[1]. Therefore, in recent years, many di�erent fall prevention
techniques and exercises have been developed and researched to reduce the
risk of falls in the elderly.

As virtual reality (VR) devices have become more a�ordable, numerous
industries, including the healthcare sector, are now exploring the possibilities
of using the virtual reality. Many studies have shown that integrating virtual
or mixed reality into fall prevention exercise can have a positive e�ect on
physical functions in the elderly[2].

The purpose of this thesis is to investigate the possibility of using virtual
reality for the sensorimotor walkway exercise, regularly performed at the Nová
Slune£nice retirement home in Prague. The primary goal of using virtual
reality is to increase the attractiveness of the exercise as well as the social
interaction of elderly. Secondarily, by using virtual reality to alter the visual
and auditory perception, the user is forced to rely more on the other senses to
perform the exercise correctly. And, as the goal of the sensorimotor walkway
exercise is to stimulate the somatosensory system, the use of virtual reality,
as a mean of altering visual and auditory inputs, could potentially improve
the overall bene�ts of the exercise.

Initially, a prototype VR application was designed, built and tested. The
goal was to verify the viability of walking with virtual reality headset deployed.
This prototype incorporated an experimental leg tracking approach utilizing
the MediaPipe pose landmark detection solution.

Based on the insights gained from user testing of the �rst prototype, a
second VR application was developed. This version primarily focuses on
providing a full virtual reality experience during the sensorimotor walkway
exercise. Simultaneously, a control application for Android smartphone
was developed, enabling the operator to control and observe the virtual
reality application. User testing was conducted for both the virtual reality
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............................................
application and the control application, both of which are later referred to as
the PhysioBridge application.

The thesis concludes with design of a longitudinal study aimed to evaluate
the impact of virtual reality on the exercise outcomes.

Thesis structure

Chapter 1 provides an introduction to the medical background related to the
thesis topic. The sensorimotor walkway exercise, for which the PhysioBridge
application is intended, is also described in this chapter.

Chapter 2 introduces the topic of virtual reality. It presents some general
considerations for VR development, examines the topic of VR sickness and
analyses the state of the art methods used for tracking objects in 3-dimensional
space.

Chapters 3 and 4 focus on the leg tracking prototype application. In the
chapter 3, the main ideas behind the proposed solution are explained along
with the implementation process. Chapter 4 describes the testing process of
the prototype and presents the gather data.

Chapters 5, 6 and 7 describe the step-by-step design, implementation,
testing and evaluation of the developed PhysioBridge application.

Chapters 8 discusses the developed application and potential future
improvements. Second part of this chapter presents the design of the large-
scale study which aims to evaluate the contribution of virtual reality for the
sensorimotor walkway exercise.
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Chapter 1

Medical background

According to the World Health Organization (WHO)[3], an estimated 684 000
individuals die from falls each year. This makes falls the second leading cause
of unintentional injury deaths worldwide. With adults older than 60 years
of age su�ering the greatest number of fatal falls, this makes age a key risk
factor for falls.

In addition to physical injuries, the consequences of falls may have a
signi�cant impact on a person's mental health and overall function. Postural
instability or prior fall experiences can lead to fear of falling and anxiety
during normal daily activities[4]. This can result in reduction of activity,
decreased mobility and loss of independence in elderly.

Additionally, fall-related injuries entail social consequences. First, as brie�y
mentioned in the previous paragraph, there are social consequences on an
individual level. Those include the direct impact on an elderly person's
life, such as social isolation. Secondly, there is a societal aspect to these
consequences, which may not be apparent at �rst glance. Fall related injuries
are costly, especially when the falls lead to injuries requiring hospitalization
and rehabilitation[5]. This results in a strain on healthcare resources, increased
demand for long-term care services, and challenges in providing adequate
support for elderly individuals and their caregivers.

In conclusion, considering everything discussed earlier, it becomes evident
that prevention of falls is far better than their management[6]. This chapter
will discuss the topic of fall prevention and the training on a sensorimotor
walkway.

1.1 Falls prevention

Falls can hardly be attributed to a single risk factor as a range of various
factors, such as demographic, physical, psychological or environmental, con-
tribute to falls risk[7]. Despite the large amount and variety of risk factors,
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1. Medical background..................................
many falls can be avoided through implementation of various fall prevention
techniques. These may range from regular training sessions, through home
assessment and modi�cations, to seemingly trivial measures such as wearing
suitable footwear.

Figure 1.1: Illustration of a risk factor model for falls in older age from the
WHO's Step Safely publication[7]

Even though various fall prevention techniques are available, balance train-
ing is among the most recommended ones[7]. Sensorimotor training, as
indicated by numerous studies[8], demonstrates signi�cant improvement in
balance, mobility, and overall proprioceptive function. Therefore it is com-
monly included in balance exercise routines.
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................................. 1.2. Sensorimotor walkway

1.2 Sensorimotor walkway

There are numerous di�erent known and commonly used sensorimotor exer-
cises, however, the sensorimotor walkway is a specialty of the Nová Slune£nice
retirement home. One of the local physiotherapists came up with the idea of
combining the parallel bars system, commonly used for gait training, with
attached carpets designed to stimulate the nerve endings in the patients' feet.
This sensorimotor walkway is regularly used at the retirement home as a part
of the sensorimotor training sessions.

Figure 1.2: Picture of the sensorimotor walkway from the Nová Slune£nice
retirement home

These training sessions usually consist of a small group of two to �ve patients
and a physiotherapist, who leads the training. Patients perform multiple
proprioceptive exercises including the walk on a sensorimotor walkway. In
the course of this exercise the patient walks back and forth on the di�erent
materials wearing nylon socks for maximum surface feel. On each carpet, the
patient is supposed to stop and step from one foot to the other, focusing on
the sensations they perceive. According to the retirement home, this exercise
should serve the following purposes:

. Stimulation of nerve endings. Enrichment of perception and brain activity. Positive in�uence on the entire musculoskeletal system. Stability and balance improvement. Improved blood circulation in the lower limbs. Inducing a good mood and a feeling of lightness
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Chapter 2

Virtual reality (VR)

Immersive technologies play a big part in today's rapidly evolving world of
technology. Head mounted displays are currently being produced by multiple
companies, thus becoming more available to the general public. This has led
to a wider adoption of virtual reality in various �elds, including education,
training simulations, prototyping, health care and many more[9].

Although there are several di�erent devices with various capabilities avail-
able, the basic terminology and underlying technology remains the same.
This allows us to describe some general considerations for VR development,
as well as virtual environment design.

This chapter will focus on explaining the basic terminology related to
virtual reality as well as outline things to look out for when developing a
virtual reality application. In the last part of this chapter, there is a short
overview of current state of the art options to track the position of real world
objects and displaying them in the virtual world.

2.1 Extended reality (XR)

The set of immersive technologies, blurring the di�erence between the real
and virtual worlds, is commonly referred to as extended reality. Although
this term has become popular in the recent years, the concept of virtual
reality continuum was already formed 30 years ago by Paul Milgram[10].
The virtual reality continuum introduces the terms that today fall under the
extended reality category, including augmented reality, augmented virtuality
and virtual reality. The work also de�nes the term mixed reality, which
encompasses both the augmented reality and virtuality.

. Augmented reality (AR) is the term closest to the real environment
on the reality-virtuality continuum. It includes cases where display of an
otherwise real environment is"augmented"by means of virtual (computer
generated) content.
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2. Virtual reality (VR) ..................................
. Augmented virtuality (AV) can be viewed as the opposite or converse

of augmented reality. Compared to AR, AV refers to the overlay of real
world objects into a mostly virtual environment.. Mixed reality (MR) is the umbrella term for AR and VR. Mixed
Reality environments are neither purely virtual nor real. It is simply an
environment where real world and virtual objects are presented together
within a single display.. Virtual reality (VR) is at the very edge of the reality-virtuality
continuum and describes a fully synthetic world in which the observer is
completely immersed in.

Figure 2.1: Illustration of the reality-virtuality continuum with examples from
the CreatXR website[11]

Many currently available head mounted display devices are capable of
providing the whole range of extended reality experiences. This freedom of
choice brings virtually unlimited possibilities for the creators while developing
their extended reality experiences. However, this also brings new challenges to
the design phase, where the creator has to consider multiple design guidelines.

2.2 Immersion and presence

When designing any user experience, whether virtual or not, emotions play
a crucial role. As humans are highly emotional beings, in�uencing their
emotions can a�ect their decision making[12]. While designers often focus on
evoking positive emotions in order to make their product more likeable, by
having a bad UX design the opposite can easily be achieved. This is even
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................................ 2.2. Immersion and presence

more important to take into consideration when designing for virtual reality
devices.

Humans experience reality through senses, including internal sensations
like hunger and pain, as well as external stimuli such as smell, touch, and
sight. Based on the information provided by senses, the human brain gains
understanding of the environment and formulates decisions accordingly. The
idea behind virtual reality devices is to provide arti�cial stimuli to the senses
and thus try to trick the brain into perceiving a non-existent environment[13].
This gives virtual reality the ability to evoke emotions through enhanced
presence and provides the designers with a chance for a greater emotional
impact[14]. This enhanced presence can be easily broken by several factors,
however when done correctly, the emotional involvement can be profound.
Therefore, it is even more important to thoroughly understand the basics of
VR design. The most fundamental terms to understand are immersion and
presence.

. Immersion describes the extent to which the device is capable of
delivering an inclusive, extensive, surrounding and vivid illusion of reality
to the senses of a human participant[15].. Presence is an psychological state that could be described as a sense of
being in the virtual environment[16]. Presence can be also described as
a function of both the user and immersion[17].

In other words, it is necessary to realize, that although we can control
immersion, we can never completely control the presence of user in the
virtual environment. However, focusing on greater immersion provides greater
potential for the user to feel present in the virtual world.

Closely connected and equally important term is break-in-presence .
Those are moments when the illusion of being in a virtual environment breaks
down and can destroy the entire VR experience[17]. Sometimes it is impossible
to prevent such breaks, for example if a real world phone rings or user starts
tripping on a wire. However, some of these breaks, such as losses of tracking
or freezing of the display, can be prevented.

To summarize the above, in process of designing any virtual experience it is
important to focus on maximizing presence. Since it is not possible to control
presence entirely, we can focus on maximizing the immersion and minimizing
breaks-in-presence. The following subsections try to describe some of the
issues to look out for.
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2. Virtual reality (VR) ..................................
Stable sense of place

One of the most crucial aspects of maintaining presence in virtual reality
is maintaining a stable sense of place[17]. To achieve that, the virtual
environment should resemble the experiences from real world. This is related
mainly to the visual and auditory cues the user receives. For example the
user should be able to hear running water when near a river.

Self-Embodiment

Many VR experiences contain only depiction of the user's hands and not the
whole body. Although depiction of the whole body is not required for the user
to feel present, it can very well strengthen the user's presence in the virtual
world[18]. When depicting the virtual body, it does not need to be an exact
replica, as long as it keeps the basic humanoid structure. However, what is
important for the sense of body ownership is that the sense of self-location
corresponds with the locations of avatar body parts. If the user feels detached
from the body, it will cause a break-in-presence.

Uncanny Valley

Although receiving little attention when it was originally published in 1970,
Uncanny Valley[19] is practically a basic knowledge of any UX designer. It
proposes a nonlinear relation between human likeness of an entity and the
perceiver's a�nity towards it. This needs to be taken into consideration,
especially when creating realistic virtual environments.

Figure 2.2: Illustration of the Uncanny Valley theory from The VR book[17]

10



..................................... 2.3. VR sickness

Interactions

Similarly, to maintaining a stable sense of place, realism is also important
when it comes to interactions in the virtual world. In order to maintain
presence, users should be able to interact with virtual objects in a way that
feels natural and intuitive[20].

The most prominent types of interactions are locomotion and object manip-
ulation. Locomotion in VR is a di�cult topic, but in this thesis, it is mostly
irrelevant, as the movement in the real world is mapped 1:1 to movement in
virtual world and thus there is no need for arti�cial locomotion techniques.

Even if manipulation is designed to be intuitive, it is still bene�cial to
provide the user with constraints to guide actions and immediate and useful
feedback[17]. Visual feedback in the form of object highlighting or some form
of haptic feedback are the most common.

Hardware limitations

The hardware, on which the VR experience is running, basically dictates the
�delity of the virtual experience. There are many variables that need to be
accounted for - the most basic ones being the screen refresh rates, latency
and tracking update rates and accuracy[17].

Even though computer graphics are more than powerful enough to run
realistic virtual experiences, the headset still needs to be connected to the
computer. This can be achieved through wired as well as wireless connection,
although both of these options have their drawbacks. With the wired con-
nection the user has limited range of movement, the wireless connection can
cause stuttering through a limited bandwidth.

The best option from the UX point of view is to run the experience on
the headset itself. However, as the headset is not as powerful as a personal
computer, the environments and sometimes the whole experiences often need
to be simpli�ed.

2.3 VR sickness

Although virtual reality devices experienced multiple advancements, VR
sickness is still a relatively common issue. At least one third of users experience
some kind of discomfort related to the use of virtual reality[21]. VR sickness is
often referred to with multiple names like motion sickness, simulator sickness
or cybersickness. No matter the terminology, the health issues related to
the use of virtual reality are most commonly eye fatigue, disorientation and
nausea[22].
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2. Virtual reality (VR) ..................................
In early studies, the VR sickness symptoms were thought to only originate

from poor performance of the hardware. However, even with continuous
performance increases throughout the years, the VR sickness has not been
resolved completely. This basically eliminates the probability of the hardware
being the only cause. In a recent scienti�c review[22] the causes of VR sickness
were divided into 3 main groups - hardware, content and human factors.

2.3.1 Hardware

The hardware the virtual reality is running on does not only directly a�ect
the visual �delity but also the overall user experience. Hardware factors that
can in�uence VR sickness are often related to the display type, the �eld of
view of the display device, the refresh rate, and latency.

Most of the factors causing VR sickness that are directly linked to the
hardware and cannot be in�uenced by the developer. These might include
�icker, weight or �t of the VR device. A factor partially connected to the
hardware which can be in�uenced is the latency.

There is no o�cial guideline stating the exact latency that should be used
when designing VR experiences. However, there are numerous recommen-
dations based on previous experiences or research. Based on a research on
latency impact on quality of experience in virtual reality simulator[23], laten-
cies over 35 milliseconds should be avoided. According to John Carmack[24],
co-founder of the video game company id Software, the latency should be
below 50 milliseconds to feel responsive and recommended value is less than
20 milliseconds. No matter the exact number, the end goal is to keep latency
as low as possible. This can either be achieved by using more powerful VR
device or by meticulous software optimizations.

2.3.2 Content

One of the most common causes of VR sickness is seeing the moving content
inside VR headset when stationary in real life. This creates a sensory con�ict
which in turn often causes discomfort. However, this is not relevant for the
topic of this thesis as virtual movement will not be utilized.

Another area to consider is the level of realism. A higher realism often
does not correlate with a better user experience. Instead, a research[22] has
shown that participants who experienced more realistic virtual environment
tended to show an increased level of discomfort.
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.............................. 2.4. Tracking objects in 3D space

2.3.3 Human factors

Research into the human factors of VR sickness is still ongoing and has pro-
duced mixed results, when it comes to factors like age and gender. Although
some studies showed that women are more susceptible to VR sickness, the
correlation between gender and level of discomfort is not signi�cant.

One of the factors that are de�nitely linked to VR sickness is susceptibility
to motion sickness as people su�ering from motion sickness often report higher
discomfort. The second factor is previous VR experience, as continuous VR
exposure can reduce the severity of VR sickness[22].

2.4 Tracking objects in 3D space

A VR experience without any means of position and movement tracking
would never truly make the user feel present in the virtual world. Not only
that it would make them feel like they were watching a movie, moreover
without any form of tracking the view in the HMD would be frozen and not
interactive. Therefore, some form of tracking is essential for any meaningful
VR experience.

When talking about the topic of object tracking in 3-dimensional space
in general, there are several methods using various types of sensors. The
most common types of object tracking will be described below. Some of these
methods can even be combined, creating so called hybrid trackers.

2.4.1 Magnetic

Magnetic object tracking uses magnetic �elds to monitor and locate objects.
These types of trackers use a base station that emits a magnetic �eld and sen-
sors that measure intensity of the emitted �eld[25]. From these measurements
the position and orientation of the sensor can be computed.

This method can provide good accuracy as well as low latency and there
is no issue with visual occlusion. The drawback of this method is that
the accuracy drops rapidly with increasing distance from the base station.
Moreover, the use of magnetic �elds makes this method very sensitive to
any ferromagnetic material[26]. Overall, this method is good for controlled
environments, but not well suitable for use elsewhere.

13



2. Virtual reality (VR) ..................................
2.4.2 Acoustic

Acoustical trackers use sound as the means of tracking an object. Periodic
sound pulses (often ultrasonic) are emitted and picked up by microphones
attached to the tracked object. The position is then computed by measuring
di�erence between the times when the sound was emitted and received.
Multiple emitters need to be used in order to track position in 3-dimensional
space[25].

The main bene�t of this method is that the sensors are often small and
lightweight, however this is outweighed by the drawbacks. As this method
relies on sound, it is very sensitive to any factor that a�ects the speed of sound,
such as humidity or temperature. It is also very sensitive to background
noise or occlusion[27], although these might be solved by careful and time
consuming calibration.

2.4.3 Inertial

Inertial tracking uses two types of sensors - accelerometers and gyroscopes.
Accelerometer is responsible for measuring the linear acceleration and gy-
roscope measures the relative orientation change. The problem with these
sensors is that the measurements are relative to their starting position. Any
errors will result in a drift due to them being accumulated over time[26]. The
accumulation of the drift is heavily in�uenced by the quality of the sensors.

The main advantages are that inertial tracking is very inexpensive and can
provide high update rates and low latency. As errors accumulate over time it
is hard to rely only on inertial tracking to determine position[27]. However,
inertial sensors are often useful when combined with other position tracking
systems[28].

2.4.4 Optical

Optical tracking is particularly notable among the various techniques, espe-
cially in conjunction with virtual reality. Most of the VR headsets use some
kind of optical tracking, as it is one of the easier techniques for users to set
up. The idea behind optical tracking is to use light to track the position of
objects. This can include various methods[28] ranging from passive stereo
vision systems to laser solutions like LIDARs. These methods can be divided
into two opposite approaches - inside out and outside in.
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.............................. 2.4. Tracking objects in 3D space

. Inside out uses multiple camera devices mounted on the tracked object.
The cameras track features of the surrounding environment and the
tracking algorithms then analyse the captured data to determine the
current position.. Outside in uses reverse approach, where camera devices are placed in
the environment and record features of the target. These features are
prede�ned patterns, that can be used to determine the target's position.

Figure 2.3: Illustration of inside-out (a) vs. outside-in (b) optical tracking[29]

Optical tracking in general has good accuracy[26]. The main limitation of
optical tracking systems is their inability to e�ectively handle visual occlusion.
Furthermore, certain optical tracking methods may encounter di�culties
operating in low light conditions.
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Chapter 3

Prototype for leg tracking in VR

In today's world, not many VR experiences provide full body tracking,
especially due to its complexity and �nancial demands. As mentioned in 2.2,
in order to feel present in the VR experience, users do not really need full
body tracking. However, most of the VR experiences do not require the user
to walk precisely through a given space.

While researching the usage of virtual reality in medical �eld and walking
exercises especially, I found that the focus is put mainly on gait training on a
treadmill. As the walking precision is not an essential part of this exercise, it
makes sense that there is no full body tracking included. That being said, I
was unable to �nd any study focusing on the importance of leg tracking in
therapeutic walking VR experiences.

Therefore, a prototype for leg tracking was built in order to evaluate
the importance of leg tracking in the speci�c use case in connection to the
sensorimotor walkway. Secondly, if a leg tracking solution proved to be feasible,
it might provide further bene�ts such as additional data for later progress
evaluation and research or the option to implement various gami�cation
elements.

3.1 Prototype design

Since December 2019, when hand tracking was �rst introduced to the Meta
Quest platform[30], tracking technology in head mounted displays has been
signi�cantly improved. Meta Quest 2 headset, for which the �nal application
should be implemented, uses the inside out optical tracking approach with
four cameras mounted on the headset. However, these cameras cannot be
accessed directly and thus causes the developers to be limited to the features
provided by Meta XR software development kits (SDKs).

At the time of prototype development, Meta provides a Movement SDK[31]
that enables developers to track the upper body of the user and projects
plausible lower body movement based on what the upper body is doing.
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3. Prototype for leg tracking in VR............................
Although visible to the user, the lower body representation does not accurately
re�ect the �rst person's perspective. Unfortunately, a mere approximation is
not su�cient for this use case, prompting the necessity for a custom tracking
solution.

3.1.1 Requirements

Even though, there are many di�erent approaches for object tracking in virtual
reality to choose from, when narrowing the focus to methods applicable within
a retirement home, the available options are signi�cantly reduced. Here are
the main requirements for the tracking solution that needed to be taken into
consideration:

. Low complexity - the solution should be easy to set up and use as it
adds additional workload on the therapists.. Financially a�ordable - given the limited budgets typically associated
with retirement homes, the use of expensive, ready made solutions is not
feasible.. Minimal attached hardware - this is mainly to minimize the setup
duration and discomfort of the patient.

3.1.2 Proposed solution

When researching possible methods for full body tracking in virtual reality,
there are many seemingly functional and fairly simple solutions originating
from the VRChat community. However, these solutions are mainly focused
on the VRChat application and not optimized for general use.

The idea behind those solutions is using the combination of single camera
device and computer vision algorithms to determine the user's position. The
same idea was reused in this prototype, using an Android smartphone as
a simple and inexpensive camera and a MediaPipe library providing the
algorithm for user's position detection.

. MediaPipe [32] is an open-source framework containing pre-trained deep
learning models that could be used for a variety of di�erent tasks. It
also provides premade solutions with a suite of libraries and tools for
quick application of arti�cial intelligence (AI) and machine learning (ML)
techniques.

MediaPipe library provides a solution for detection of 33 body landmarks
of a human body in both images and video[33]. Part of the solution is also
an implementation for Android platform, which among others outputs body
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..................................... 3.2. Networking

pose landmarks in 3-dimensional world coordinates. The idea of the proposed
leg tracking solution is to modify the existing Android application in order
to send the data to the prototype VR application. Subsequently, these data
need to be calibrated in the virtual world in order to correspond with the
user's position.

In conclusion, this approach requires only an Android device with the
application for landmarks detection installed. Moreover, no additional hard-
ware would need to be attached to the VR user, making the experience
more enjoyable. Lastly, the setup with this approach should be quite easy
and straightforward, assuming the only setup steps needing to be done are
positioning the camera and calibration.

Figure 3.1: Sketch of the proposed leg tracking solution

3.2 Networking

The primary challenge in the development of the proposed solution laid
in establishing communication between the MediaPipe Android application
and VR prototype. The Android application needed to be able to transfer
information about the detected landmarks to Unity environment, used for the
prototype development. This section describes the communication between
the MediaPipe application (client) and VR application (server) in more detail.

19



3. Prototype for leg tracking in VR............................
3.2.1 Communication protocol

As mentioned previously, low latency supports an immersive VR experience as
well as reduces VR sickness. For that reason, UDP was chosen as the transfer
protocol. The biggest drawback of the UDP protocol is its unreliability as it
does not check whether the data were successfully delivered. However, this
enables the protocol to be especially fast, allowing for low latency in the VR
experience. Both the UDP server and client were implemented as a part of
the prototype.

A further point to consider was the communication format. As the Medi-
aPipe application is implemented in Kotlin and Unity uses C#, there was a
need for a format, that both languages could work with easily. Moreover, it
would be helpful if the format was human readable, as this allows for easy
debugging. Finally, the transfer size should be as small as possible, in order
to reduce transfer time. The decision was made to use the JSON format,
as it is widely used, has minimal footprint and could be easily used in both
languages.

3.2.2 Automatic IP detection

In order for applications to communicate, the client (MediaPipe) needs to
know the IP address of the server (VR). The simplest solution would be to
let the user add the address manually, however, this would require the user
to have prior technical knowledge and would add another layer of complexity.
As quick setup was one of the key requirements, an automatic IP address
detection was essential.

Figure 3.2: Scheme of the UDP communication between the MediaPipe Android
application and the VR prototype

One option would be to implement a custom IP address detection algorithm
from scratch. Although the algorithm would not be very complex, the exact
same functionality is already implemented for Unity in the widely used Mirror
Networking library[34]. Moreover, a part of the requirements for the �nal
therapeutic application is to provide a control application and for this, the
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............................. 3.3. Projecting landmarks into VR

Mirror library will be used. Therefore, it was a natural choice to use Mirror
in the prototype as well.

Due to the Mirror library being Unity speci�c, there was no easy way
to use this functionality in Kotlin (MediaPipe application). To gain a bet-
ter understanding of how the Mirror communication works, the Wireshark
utility was used to capture the ongoing communication between two Unity
instances. The �gure 3.2 shows a diagram of the server detection algorithm
and subsequent communication in action.

3.3 Projecting landmarks into VR

The Landmarks detection solution from the MediaPipe application outputs
each landmark in 3-dimensional world coordinates. This coordinate system is
de�ned by the position of a user's hips and the direction of the camera. Using
this representation, it should be guaranteed that the scaling will correspond
to the real world. However, it was still necessary to adjust the position and
rotation of the detected landmarks in the virtual environment. Secondly, by
deriving the model coordinates from a user's hips, there was no information
of the shift in the user's position in the real world. Therefore, in addition to
the initial calibration it was also necessary to constantly adjust the horizontal
position of the model in the virtual environment.

Figure 3.3: Landmarks detected in the MediaPipe application (on the left) and
their initial representation in the virtual environment (on the right)
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3. Prototype for leg tracking in VR............................
3.3.1 Calibration

During the calibration, the model's rotation, vertical alignment and distance
to the ground are set. As the horizontal alignment requires constant shifting
it did not need to be addressed during the calibration process. The overall
calibration process is summarized in the following steps...1. The user extends their right hand to the side and performs a pinch hand

gesture to indicate the start of the calibration...2. In this position user remains for 3 seconds, during which the hand
position is measured and averaged...3. Steps one and two are repeated for the left hand...4. The landmarks model is rotated according to the averaged positions...5. The user looks down at their feet and performs a pinch hand gesture
using right hand to indicate start of the ground distance calibration...6. In this position user remains for 3 seconds, during which the ground
distance and tolerance for both feet are computed.

3.3.2 Horizontal movement

One of the �rst implemented solutions for the model's horizontal transition
was to shift the detected landmarks according to the position of the VR
headset. However, this solution proved to be inaccurate as any small shifts
in the head position parallel to the camera resulted in large shifts of the
detected landmarks model. This is likely caused by the inaccuracy of depth
detection in the MediaPipe Pose Landmarker solution.

Other implemented solution was to shift the detected model according
to the approximated position of hips from the Movement SDK for Unity.
This reduced the problem with parallel model shifting mentioned previously.
However, it turned out that the vertical position of the approximated hips
changes signi�cantly with the movement of the arms, resulting in a vertical
displacement of the whole model.

Eventually a combination of these two approaches was used. The vertical
position is computed from the headset position, whereas the position change
on the horizontal axis is obtained from the Movement SDK for Unity.
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.................................. 3.4. Legs visualizations

Figure 3.4: Sketch of the continuous position and movement calculation

3.4 Legs visualizations

Initially, right after the detected landmarks were received, they were projected
into the VR as a set of disconnected points as seen in the �gure 3.3. However,
for the VR experience this was not ideal, as this type of visualization does not
create the illusion of self-embodiment. Therefore, 4 di�erent visualizations
were proposed and are further described below.

Full avatar

The leg tracking visualisation that would be closest to the reality is to show
a 3-dimensional representation of the user's whole body. This virtual body is
referred to as anavatar and is widely used in the world of virtual reality.

Figure 3.5: Model of the avatar and the �rst person view in virtual reality
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