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Abstract
Rehabilitation of knee injuries is a demanding process, often hindered by repetitive
exercises and subjective progress assessments, leading to patient demotivation and
prolonged recovery. This bachelor’s thesis addresses these challenges by proposing
a sensorized exoskeleton integrated with a serious-game-like application. The aim is
to show the potential for future development of therapy gamification of knee injuries.

The project combines wearable sensor technology with a serious-game-like appli-
cation to simulate rehabilitation. A lightweight, 3D printed exoskeleton prototype
equipped with an angular encoder, an IMU, and EMG sensors was developed to
collect real-time kinematic data. This data is processed via micro-ROS and ROS 2
for joint angle and movement analysis, as well as muscle activity. It is then trans-
mitted to a Unity game. In this environment, knee angle measurements drive the
primary "Exo-Slide" therapy game, while EMG threshold crossings control the "Re-
hab Flappy" adaptation game. Gamification elements such as visual feedback and
goal-oriented tasks were incorporated to motivate patients and ensure adherence to
prescribed exercises.

Results showed that it is possible to use a sensorized exoskeleton to accurately
control a serous-game-like application, which is promising for the development of
actual serious gaming integration. Future work includes gamifying more rehab exer-
cises, expanding sensor types, and refining the gamification framework for broader
applications.

This project highlights the transformative role of interdisciplinary engineering in
healthcare, wearable robotics, and bridging biomedical innovation with patient-
centered game design to redefine modern physiotherapy.

Keywords: Serious gaming, wearable sensors, exoskeleton, ROS 2, Unity, physio-
therapy, patient engagement.
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Nomenclature

Below is the nomenclature featured in the report:

ACL Anterior Cruciate Ligament is a strong ligament that connects your
thigh bone to your shinbone.

Baud rate Defines the speed of data transmission in bits per second between
devices.

EMG Electromyography measures muscle response or electrical activity
in response to nerve stimulation of the muscle. The stimulation is
measured by a pair of electrodes, called a channel, that are placed
centred along the desired muscle. A reference sensor is placed on a
bony part of the skin to reduce noise.

Encoder An encoder converts angular position to a digital or analogue value.
By using algorithms, this can accurately display angle and angular
velocity.

Fusion 360 A cloud-based computer-aided design (CAD) 3D-modeling soft-
ware.

GameObject A fundamental entity in game engines that represents any object
in a scene, such as characters, items, or cameras.

GUI Graphical User Interface is a type of user interface that a user
can interact with through, for example, graphical icons or visual
indicators.

IMU Inertial Measurement Unit. IMUs consist of accelerometers, gy-
roscopes, and sometimes magnetometers to measure rotation and
movement.

Microcontroller, A microcontroller is a single-chip computer that can handle signal
processing like motor control or sensor measurements.
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Node A modular process in ROS that performs a specific task such as
sensor processing and communicates with other nodes via topics.

PCB A Printed Circuit Board uses layers with conductive materials to
connect electrical circuits on a flat surface.

PlatformIO An open source system for embedded development that simplifies
coding for microcontrollers.

PlotJuggler A open-source time-series visualization tool for robotics and engi-
neering, allowing users to plot data.

ROS Robot Operating System is a collection of software libraries and
tools that help build robot applications.

Serial data Data that is sent one bit at a time over some communication chan-
nel

Serious Game A game where entertainment isn’t the main purpose, but rather
rehabilitation or research purposes.

Topic A named communication channel in ROS used for a one-way data
exchange between nodes via publish-subscribe messaging.

UI User interface, collection of visual elements for communication be-
tween a user and the computer.

Unity A multiplatform game engine used to develop many types of games.

x
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1
Introduction

Rehabilitation plays a critical role in recovery after injuries, particularly when it
comes to restoring mobility and function in joints such as the knee. During reha-
bilitation, patients may struggle with the process due to repetitive exercises and a
lack of motivation. This often leads to low commitment, longer recovery times, and
less-than-ideal results. One study found that compliance in post-operative rehabili-
tation programs is a key factor in rehabilitation outcomes [1].

Recent advances in technology o�er new ways to address these challenges. One
promising approach is the integration of gami�cation into rehabilitation, using game
elements to make therapy more stimulating and interactive.

This thesis presents the development of a system that combines both concepts: a
sensor-equipped exoskeleton paired with a serious game for knee rehabilitation. The
system is modeled around patients recovering from knee ligament injuries, specif-
ically anterior cruciate ligament injuries, which often require long and demanding
rehabilitation programs.

With the collaboration of Sahlgrenska University Hospital in selecting exercises for
knee injuries, a basis for developing relevant input data and a basis for a game.
By combining sensor data with gami�cation, this project aims to contribute to the
evolving �eld of technology-assisted rehabilitation, making therapy more e�ective,
data-driven, and more engaging for patients.

1.1 Background

A major obstacle in physical therapy is sustaining patient interest throughout the
rehabilitation process. Although standard programs are clinically e�ective, they
depend heavily on patient discipline and subjective feedback. This can lead to in-
consistent participation and make it di�cult for clinicians to monitor improvements
or adapt treatment strategies e�ectively. Active involvement of the patient in the
setting of goals and the choice of exercises to perform has been shown to improve
patient outcomes [2].

A good example of this is Anterior Cruciate Ligament (ACL) injuries. Improving
rehabilitation protocols for patients with ACL tears is important due to the high
rate of injury and long-term consequences. In Sweden, approximately 8,000 people
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1. Introduction

su�er an ACL tear each year, with about 4,000 undergoing surgical reconstruction.
However, 20% of operated patients require additional operation or operations due to
complications or insu�cient recovery. Without proper rehabilitation, many young
patients and others risk su�ering long-term instability and are at risk of developing
knee osteoarthritis within 10 to 15 years. Optimized rehab protocols can help reduce
repeat injuries, improve quality of life, and minimize societal healthcare costs [3].

To address these challenges, researchers and developers have increasingly explored
gami�cation as a way to improve motivation and participation. Serious games, a
specialized form of gami�cation, have shown considerable promise in healthcare,
particularly within rehabilitation programs. Studies have shown that game-based
therapy can promote active participation, produce immediate feedback, and o�er a
more enjoyable experience for patients [4]. For adults, these interactive tools have
been found to enhance feelings of progress, minimize boredom, and increase willing-
ness to continue with therapeutic exercises.

From a systems and technology perspective, the integration of intelligent and re-
sponsive digital tools into healthcare practice is part of a larger shift toward more
adaptive and patient-centered care models. The development of serious games for
rehabilitation is supported by advances in sensors, computing platforms, and soft-
ware architectures that enable real-time data collection and personalized feedback
[5]. These tools contribute not only to a more engaging patient experience but also
to more accurate data-driven decision-making for therapists and clinicians.

1.2 Purpose

Exploring the possibility of combining sensor-based data and games, establishes a
foundation for improved motivation during exercises and the overall rehabilitation
experience for individuals recovering from knee injuries. This project seeks to ex-
plore the possibilities of increasing patient engagement by developing a system that
enhances interactivity, feedback, and the overall experience of rehabilitation exer-
cises.

Using sensors to capture real-time movement data and incorporate it into inter-
active game mechanics, the system aims to encourage more active participation and
create a sense of progress and achievement during therapy.

1.3 Goals

Developing a prototype that tracks user movements during rehabilitation exercises,
demonstrating the possibilities of gami�cation within rehabilitation. This involves
creating a system that captures real-time movement data using sensors and converts
said data into interactive input within a game-based application developed in Unity.
The system is intended to simulate a rehabilitation experience that could possibly
promote user participation and help visualize progress through interactive feedback.

2



1. Introduction

1.4 Delimitations / Demarcations

There were several constraints that in�uenced the scope and possible outcomes. The
project was carried out with a limited budget, resulting in compromises with respect
to hardware selection and software development. Due to ethical and logistical con-
siderations, the system would not be tested on real patients; instead, validation was
performed using simulated movements. Although this approach provided prelimi-
nary information, it may not fully re�ect the performance of the system in clinical
settings or with diverse patient conditions.

The scope of rehabilitation exercises incorporated into the system was narrowed
due to time limitations, neglecting certain exercises that could be relevant for com-
prehensive therapy. Furthermore, the project did not assess long-term usability,
patient adherence, or adaptability to di�erent stages of rehabilitation. Hardware
limitations, such as sensor accuracy and robustness during prolonged use, were also
not thoroughly investigated.

In order to delimit the project, it only focuses on the rehabilitation of a speci�c
knee injury, ACL injuries, or tears. Sensors and games were limited by rehab ex-
ercises for ACL injuries, recommended by Sahlgrenska Hospital [6]. For the full
exercise list, see the Appendix A.

These limitations highlight areas for future re�nement, including expanded clini-
cal testing, integration of a larger exercise library, and extensive collaboration with
medical professionals to enhance practical applicability.

3



1. Introduction
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2
Theory

Diving into the theoretical foundation of the technologies and methods used in the
project. Exploring the role of gami�cation in improving patient motivation and
increasing their commitment to rehabilitation programs. Discussing the use of ex-
oskeletons to support recovery through sensor feedback and showing the importance
of selecting an appropriate sensor sampling frequency that ensures accurate mo-
tion tracking and data. Together, these components form the basis for a data-based
rehabilitation system that combines physical support with interactive game therapy.

2.1 Gami�cation in Rehabilitation

Implementing a game can be very enjoyable and increase patient motivation to con-
tinue rehabilitation. This can be achieved with elements such as points, challenges,
and other forms of data, which promote a sense of improvement. The following
study compares the literature that explores game elements used in the healthcare
industry [7]. Common game elements, which were mentioned earlier, were shown to
improve patient engagement and adherence to treatment. The implementation of
this is explained in Section 3.2.

However, several challenges were also identi�ed, including privacy concerns, de-
clining user interest over time, and opportunities for cheating. There is room for
improvement, and therefore, it is necessary to make technological improvements to
possibly address these issues. When creating a game, it is necessary to take into
account the risk that not all patients have the same gaming experience, physical abil-
ity, or cognitive skills. Designing the game to be too complex or visually intensive
could potentially overwhelm the user.

2.2 Measuring Data from ACL Exercises

The �rst part of the project was to decide what exercises it should encompass, as
well as how they could be implemented to control a game. The exercises selected
were the ACL injury rehabilitation exercises recommended by Sahlgrenska Hospital
[6]. Exercises 1 and 2 involve muscle contractions without moving the leg. Exercise 1
can be measured through a two-channel EMG (Electromyography) sensor placed on
the calf: one channel for extension and one for �exion. Exercise 2 can be measured
with a single channel placed on the thigh, see Section 3.1.3. Exercises 3 and 4
involve knee movements and can be measured by the encoder, see Section 3.1.1.

5



2. Theory

Exercises 5-7 involve straight-legged movements and can be measured by the IMU,
see Section 3.1.2. Exercises 3-5 were used to control "Exo-Slide", and exercise 2 was
used to control "Rehab Flappy". See Section 3.2 for more details. For a full exercise
list, see Appendix A.

2.3 Exoskeletons in Rehabilitation

One of the main advantages of knee exoskeletons is the ability to integrate sensor-
based feedback loops, allowing real-time monitoring of joint angles and motion qual-
ity [8]. The design of the exoskeleton is described in Section 3.1.5. When these
systems are combined with an EMG, exoskeletons can interpret user intent more
directly. This allows the device not only to assist movement but also to react in
sync with the patient's muscle activation. This creates a more natural rehabilitation
experience and can stimulate neuroplasticity.

2.4 Sampling & Frequency for Sensors

In this project, an exoskeleton is equipped with an encoder, an IMU, and an EMG
sensor to monitor the patient during rehabilitation exercises. The accuracy and re-
liability of the data captured from these sensors depend on the sampling frequency
chosen for the system. According to the Nyquist�Shannon sampling theorem, to
reconstruct a signal without loss of information, the sampling rate must be at least
twice the highest frequency present in the original signal [9]. See Section 3.1 for
sensor implementation.

Applying this principle to rehabilitation means that the exoskeleton's sensors must
sample at a rate high enough to capture the full dynamics of the patient's knee
movement, including slow, controlled motions and faster, more abrupt changes in
speed or direction. If the sampling rate is too low, critical information about the
motion may be lost or misrepresented, which could a�ect both the real-time feed-
back delivered through the connected game and the quality of the data available for
physiotherapist evaluation.

A higher sampling frequency not only enables smoother and more responsive game
controls but also ensures that the recorded motion data accurately re�ect the true
joint behavior. This allows the physiotherapist to make well-informed clinical deci-
sions based on objective measurements rather than subjective observations. There-
fore, selecting an appropriate frequency, aligned with the expected range of patient
movement speeds, is essential for the reliability and e�ectiveness of both the reha-
bilitation process and the game-driven engagement system.

A study by Fong underlines this, showing that robotic exoskeletons, when record-
ing data at higher sampling rates (around 60 Hz compared to 30 Hz for external
sensors), can capture more precise movement information, which is essential to un-
derstand joint performance and compensatory behavior during rehabilitation. They
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also note that high-frequency data is useful for developing patient-speci�c exercises
and tracking therapy progress over time. However, the study also highlights that
the accuracy of the sensor depends not only on frequency but also on the correct
calibration and physical alignment between the exoskeleton and the patient's body
[10].

2.5 Robot Operating System (ROS)

The decision to use Robot Operating System (ROS) for this project is due to it be-
ing a widely used system for robotics middleware and a recommendation from our
examiner. ROS is not an actual operating system but an open-source middleware
framework for robotics. Providing a standardized set of software libraries and tools
that help developers integrate sensors, actuators, and algorithms in robot applica-
tions [11]. During the past decade, ROS has become a reference platform in robotics,
widely adopted in research and industry due to its rich ecosystem of reusable pack-
ages [12]. See Section 3.3 for the implementation of ROS in the system.

ROS has two main versions: ROS1 (the original release) and ROS2 (a major re-
design). ROS2 was developed to overcome the limitations of ROS 1, especially the
lack of real-time performance and the di�culty in multi-robot systems [11]. This
project was developed with ROS 2 Jazzy.

2.5.1 General Concepts in ROS

In a ROS system, the computation is divided into independent modules called nodes.
Each node is a separate program (process) that performs a speci�c task, such as
reading a sensor, running a control algorithm, or commanding an actuator [13].
Nodes communicate by sending or receiving messages. Messages are typed data
structures (for example, a velocity command or a sensor reading) that are published
on named topics. A topic acts like a named bus or channel. One node can publish a
message to a topic, and other nodes can subscribe to that topic to receive the data.
This publish�subscribe model decouples the sender and the receiver. The publishing
node does not need to know which nodes are listening, only the topic name [11].
The implementation of ROS is explained in Section 3.3.

2.5.2 Micro-ROS Implementation

For very resource-limited devices (such as simple microcontrollers on wearable sen-
sors or actuators), even ROS2 can be too heavy. Micro-ROS is a variant of ROS2
designed speci�cally for tiny embedded systems. Bridging the gap between resource-
constrained microcontrollers and larger processors in robotics applications [13]. In
other words, micro-ROS puts the ROS2 stack on microcontrollers. This �ts the
project with the need to process sensor data in some sort of light and portable pro-
cessing unit.

7



2. Theory

From a developer's point of view, a micro-ROS node behaves much like a regu-
lar ROS2 node (you write code that publishes and subscribes to topics), but under
the hood, it is designed for an embedded environment [13]. This is very suitable for
wearable exoskeletons or rehabilitation robots, where sensors and motors might be
controlled by microcontrollers: micro-ROS allows those controllers to communicate
seamlessly with the higher-level ROS2 system. It is very practical in this project
because this means that the data is integrated into the ROS environment very early,
which creates a clear and structured data architecture. The implementation of
micro-ROS is explained in Section 3.3.2.
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The work�ow followed a methodology inspired by the principles of Agile Project
Management [14]. The project was initialized with a planning phase in which the
path to the goal was de�ned by dividing it into modules and breaking it down into
actionable tasks.

The workload was split into 3 subgroups: Hardware, Game Development, and Data
Integration. By simulating dummy input game controls, the game could be devel-
oped in isolation from the rest of the project. This enabled the simultaneous and
independent development of the hardware, ROS, and the games. These parts were
integrated into the �nal phase of the project. Figure 3.1 shows the work�ow concern-
ing time. Note that the direction of time and data �ow through the three subgroups'
work does not align. The ROS system architecture was developed throughout the
project but only implemented as the glue between the sensorized exoskeleton and
the serious game application.

Figure 3.1: Project work across three subgroups: Hardware, Game Development,
and Data Integration. The �owchart describes the work�ow concerning time when
observing it from left to right. However, when observing it from top to bottom, the
�owchart describes how data travels through the �nal system of the project.
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Figure 3.2 shows a simpli�ed �ow chart that describes the data �ow in the �nal
end-to-end system. This will be described in detail throughout this chapter.

Figure 3.2: End-to-end system data architecture. The �owchart describes how the
data �ows through the system. It starts at the sensors that sense the information,
the ESP32 processes the sensor data and sends it to the computer via a USB cable.
Inside the computer, the data goes to the Unity application, which controls the
games, or PlotJuggler, where the data can be visualized and analyzed.

3.1 Hardware Setup

The core of the hardware setup is the ESP32 WeMos LOLIN32. It is a microcon-
troller chosen for its �exibility and performance in handling real-time sensor data. It
was programmed using PlatformIO and connected to the host computer through a
micro-USB cable. This ensured that there was stable and consistent communication
without the need to con�gure wireless protocols, which could introduce additional
issues during initial testing.

3.1.1 Encoder Implementation

For exercises requiring knee movements, an AMT103-V rotary encoder was selected
to measure the knee angle. The sensor was tested and calibrated by comparing the
angle output with the measured angles. See Section 3.3.1.1 for more details. The
AMT103-V was selected because of the good balance of cost and function.

3.1.2 IMU Implementation

For exercises requiring leg movements with a straight knee, data were collected with
an Adafruit 9-DOF IMU. Providing complementary orientation data by combining
accelerometer, gyroscope, and magnetometer readings. It was primarily used to
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measure the calves' angle compared to the gravity of the Earth. Laterally and
anteriorly. The sensor was tested by comparing the angle output with the measured
angles. See Section 3.3.1.1 for more details.

3.1.3 EMG Sensor Implementation

In addition to the sensors mentioned above, a pair of MikroElektronika EMG Click,
provided by our Examiner, was used to measure muscle signals, using EMG (Elec-
tromyography) from a maximum of 2 channels. For each channel, there are 3 elec-
trodes. One is a reference sensor, placed on a bony part like the knee, and the other
two are placed centered along the desired muscle. The acquired data was �ltered,
recti�ed, and later thresholded, so that it would send a signal after a high enough
amplitude was measured. See Section 4.2 for more details.

3.1.4 Custom Designed PCB

In order to mount these components in a clean and stable way, Printed Circuit
Boards (PCB) were designed and connected via �at cables. This was made to
ensure that the electronics had a lower risk of breaking or disconnecting.

3.1.5 Construction of the Exoskeleton

The design of the physical components of the exoskeleton was designed using Fusion
360, a cloud-based CAD modeling software [15]. Then 3D printed using PLA plastic
with Bambu lab A1-mini 3D printer, for printing speci�cations, see Table 3.1.

Table 3.1: Printing speci�cations for exoskeleton parts, such as in�ll, outer layers,
and the material used.

Parts In�ll [%] Outer layers Material
Rotational parts 30 5 PLA

Mounts 30 3 PLA
Connections 15 3 PLA

Rotational Axis 50 5 PLA

The components were later put together using M5 bolts and nuts, creating a highly
modular design, which made it easy to replace components if needed. The ex-
oskeleton has one degree of freedom located above the knee joint, mimicking the
movements of the actual knee. The exoskeleton rotates using two separate parts,
one representing the lower leg and the other the thigh. These are connected using
four circular plastic layers (two per rotating part) interlinked to form a stable joint
with a single degree of freedom. For easier visualization, see Figure 3.3.

11



3. Methodology

Figure 3.3: Lower and upper rotational CAD parts. Together, they create a single
joint mechanism that moves together with the knee. They are connected using the
rotational axis.

In addition, parts were added for easier mounting on the leg itself; the thigh, mid
calf, and ankle, see Figure 3.4. These parts were hollowed out during the printing
process to allow the Velcro tape to �t through, allowing it to attach to the leg. All
components also contain holes for M3 threaded sleeves that match the dimensions of
the PCB design, making it possible to attach the PCB to the prototype, see Figure
3.5.

The overall design philosophy revolved around keeping it simple, as the exoskeleton
at this stage does not need to support an injured leg. It serves simply as a mounting
place for the relevant sensors. However, it should still be comfortable enough and
portable enough to allow testing and gami�cation to take place.

a Mid-calf mount. b Ankle mount. c Thigh mount.

Figure 3.4: Mounts for electronics as well as loops for Velcro straps. They connect
to the rotational parts and each other with the help of the connectors.
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Figure 3.5: Fully assembled CAD model of the exoskeleton prototype. Here you
can see how all the parts connect to each other.

3.2 Game Development

The name of the primary game is "Exo-Slide", and this part will go over the game
development process. The game was developed in the free community version of the
Unity game engine, which is relevant when the goal is to integrate robotics, as there
are many assets that simplify communication between the two.

Beforehand, the decision was made to keep the game simple, as determining the
time required to develop a complete game proved di�cult. Therefore, the game was
developed around a single input from a sensor, and based on the prototype and
exercises, the angle input was selected, making it ideal to have a game with some
type of slider movement that could mimic a di�erence in angle when moving a leg,
for example. The fully integrated game is tested in Section 4.1.1.

3.2.1 Game Objectives

The objectives in the game are for the player to avoid as many obstacles as possible
without hitting any of them, while simultaneously collecting coins. The concept of
avoiding obstacles was chosen because it could work as a good measure of a player
and their control over their own body. An additional incentive has been shown to
improve engagement [7]; therefore, coins were added to the game. A point system
and feedback help with motivation in games, to add this in a fun and frequently
used way, coin collection was implemented. More about this can also be read in
Section 2.1.

There are three di�erent types of obstacle, each signifying a certain di�culty, and
each has a di�erent color, but also a di�erent gap, making it harder for the player
to completely avoid hitting it, without having good control and precision. Figure
3.6 shows each of the di�erent di�culties in the game, where each color signi�es the
di�culties: green (easy), blue (medium), red (hard). Since this is only a proof-of-
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concept, the di�culties are not tested but are only for showcasing.

Figure 3.6: This is an obstacle for the easy di�culty in the game. That means
the gap is at its largest and is the easiest for the player to avoid.

3.2.1.1 Obstacle Functionality

The obstacles are composed of two parts, the upper wall and the lower wall, and
each spawn location is calculated with a preset gap depending on the di�culty that
the obstacle should have. The number of obstacles and their respective locations
are determined by a list of values, which would signify an imported data set for a
plot or graph, for example. It does not matter what values each data point in the
list has, since the script will calculate a corresponding normalized value between the
max and min that the obstacles can spawn between.

3.2.1.2 Coin Functionality

Collectible coins appear between the gaps of each obstacle. They represent the
straightest path between each gap. If the player moves well, they will catch many
coins, but if their movement is erratic, they will catch fewer.

Each coin has a constant rotation put upon it to make it spin and feel more alive,
and when hit by the player object, the coin will be destroyed, and the collected coin
count will increase by one. Figure 3.7 shows the coins that are placed in the game
in the gap between the obstacles and between each obstacle instance.
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Figure 3.7: Coins are placed in the desired path of the player. When they are
collected, the counter on the top left of the screen will increase by one. If the player
catches very few coins, it could be the result of erratic movement during the game.

3.2.1.3 Player Functionality

Figure 3.8 shows the object of the player, which is what the player will control. The
directions of movement are restricted to only up and down within a set interval.
The shape of the sphere is chosen as a placeholder and can be changed for future
applications.

Figure 3.8: Player object in the game. It moves up and down based on the input.
The player object will also blink when it hits an obstacle to signal a hit.
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3.2.2 Designing the User Interface

When designing the the Exo-slide, it was very important to display meaningful in-
formation in the game at the same time while the game felt engaging and fun for
the player. The UI (User interface) in the game was implemented to show the cur-
rent accuracy of the player for the obstacle that was just passed or was just hit
and display a percentage of how much of the player did not hit the obstacle; this
is calculated to give feedback to both the player and the medical sta� of how much
control they have over their movement and re�exes. The other UI element is show-
casing the amount of coins the player has currently collected in the game, which is
to motivate the player to try and collect as many coins as they can.

Figure 3.9 shows the options menu in the game. Here, you can specify the minimum
and maximum angle of motion that you are going to be using for your speci�ed
exercise. The di�erence in value written in the input �elds will be used to normalize
the input movement between the game bounds to make sure that the player does
not go outside the desired range.

There are also three di�erent choices for game speed; this is intended to give the
game a bit more variety through speeding up the game in case it is important to
measure the player's reaction speed, making the game more di�cult.

Figure 3.9: Options menu for the game. At the top of the screen, you input the
movement range of the knee. Underneath, you select the speed you want the
obstacles to move at. When the desired settings are selected, you can start the
game with the button furthest down.
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Figure 3.10 shows the user interface while playing the game, also known as the
Graphical User Interface (GUI), which shows the current accuracy of the player for
the obstacle it just hit or passed, as well as the amount of coins that have been
collected so far. This was accomplished by using the latest percentage of accuracy
after passing an obstacle, and another larger collider was added to the player object
to detect if the player passed by an obstacle without hitting it to display an accuracy
of 100%.

Figure 3.10: The user interface in the game is shown in the top left of the screen.
It shows how accurately the player avoids obstacles as well as the number of coins
collected.

To show how the player performed during the game, a game summary screen was
placed. Displaying the average accuracy for the whole game and for each of the
di�culties, as well as the amount of coins collected compared to the total amount.
This was implemented primarily as an example of information that could be useful
for medical professionals to see which part of the game the player found the hardest
and to see how the player has been improving over game iterations.

The total average accuracy in the game is calculated by adding up the accuracy
for all the obstacles that the player has passed in the game, and then taking the
average value and displaying it. For each of the di�culty accuracies, it was calcu-
lated by �rst having each di�culty be one-third of the total amount of obstacles in
the game, and then summarizing the accuracies for each third of the total amount
of obstacles, and then taking the average for each third.

Other functions added to the game summary are the ability to restart the game, to
go back to the options menu to change the speed of the game or to change the range
of motion, or to go back to the start menu, depending on what action is desired.
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Figure 3.11 shows the game summary screen and how the di�erent accuracy and
coin elements are displayed.

Figure 3.11: The game summary that pops up after every run. From top to
bottom, it displays the average total accuracy, as well as the accuracy for each
di�culty. It also displays how many of the total number of coins were collected.
From here, you can either restart the game, change your settings, or return to the
start menu.

3.2.3 Adaptation of Existing Game

In addition to the main game developed for this project, an adaptation of popular
games on the market was developed in Unity with the help of a tutorial video with
open source assets [16]. For this project, it is called "Rehab Flappy". This proto-
type serves as a proof-of-concept to demonstrate that an existing, engaging 2D game
could be integrated with a rehabilitation device. The movement of the character
is based upon a single true or false input that tells the game to either make the
character �ap or not. This was put in place since the game originally is based on a
single button press to function. The fully integrated game is tested in Section 4.2.

To establish the role of 'Rehab Flappy' as a serious game and improve user data
logging and sampling, a new menu screen was developed in the UI, including op-
tions for both new and existing users. The contrast levels of the background, the
pipe obstacles, and the bird were optimized to improve visibility and support ac-
cessibility. Input �elds for player names, a score display in the top left corner, and
a leaderboard were implemented to support tracking and motivate user engagement.

The game is intended for rehabilitation exercises such as calf raises or static quadri-
ceps contraction. It is currently functioning as a proof-of-concept, where "Rehab
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Flappy" assigns Easy, Medium, or Hard modes based on the speci�ed heel-raise
height or contraction strength, see Figure 3.12 and 3.13 for game menus.

This approach highlights the �exibility and potential for a wider application, show-
ing that it can support a variety of existing game environments for rehabilitation
purposes.

Figure 3.12: This is the Menu Screen, the �rst thing the player will see in the
game. Here, you can choose to either create a new patient pro�le or select an
already existing one.

Figure 3.13: This is the menu for creating a new patient pro�le. You enter a
name as well as a manually entered value for max heel raise height, which sets the
game di�culty and was intended for future IMU implementation.

3.2.4 Di�culty Settings

When it comes to in-game aspects, such as di�culty, Figure 3.14 (a) shows the easy
di�culty in the game where the pipe obstacles have a long spacing between to give
the player a long period before a reaction is needed to avoid them. Figure 3.14 (b)
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instead shows the hardest di�culty in the game, where the spacing is much shorter
between the pipe obstacles and requires a much faster reaction speed and control to
avoid them.

a) Easy mode. b) Hard mode.

Figure 3.14: Comparison of Rehab Flappy game modes: a) Easy and b) Hard.
When the di�culty increases, the intervals between obstacles decrease, leading to a
higher frequency of muscle activations required to progress through the game.

3.2.5 Leaderboard Interface

After the player has hit an obstacle and thereby ended the game, a leaderboard
screen appears as shown in 3.15, where the player can see a leaderboard placement
and comparisons to old results to measure if there has been an improvement over
time.

Figure 3.15: This is the leaderboard screen at the end of the game, where the
player can view their highest scores achieved during the game. It provides a
summary of personal bests to track progress over time.
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3.3 Data Integration

The two previous sections described the hardware behind the sensorized exoskeleton
prototype and the development of serious gaming applications. This section will
focus on how the work of these two project segments communicates with each other,
see Figure 3.16. The data architecture of this project is built on ROS. For more
information on ROS, see Section 2.5.1.

Figure 3.16: Data from hardware runs through a ROS2 architecture to reach the
game application. All communication between the hardware and the Unity game is
built on ROS2. Hardware includes all sensors as well as the microcontroller.

ROS2 with Jazzy Jalisco distribution was used for the data integration in this
project, more speci�cally. The ESP32 was con�gured with micro-ROS (see Section
2.5.2), allowing it to publish sensor data directly to ROS2 topics. These messages
included joint angle readings from the encoder and motion orientation from the
IMU, as well as EMG activity. Data were sent at a consistent rate, and topics were
managed through ROS nodes on the host computer. All relevant sensor data were
packaged into a single ROS-message, to reduce the number of unnecessary headers,
simplify topic management, and improve synchronization.

This setup enabled seamless communication between the hardware and the higher-
level applications. Sensor data could be visualized in real-time using tools such as
PlotJuggler, helping with both debugging and movement analysis. The ROS2 en-
vironment also laid the groundwork for integration with Unity, as it served as the
central hub where all data was collected and processed.

3.3.1 ESP32-ROS Communication

The ESP32-ROS communication pipeline was implemented using a WeMos LOLIN32
microcontroller programmed via PlatformIO, using the micro-ROS framework to cre-
ate a bridge with sensor data and the ROS2 system, as seen in Figure 3.17. This
setup was chosen because of its balance of real-time performance and development
�exibility.
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Figure 3.17: Sensor data that gets processed in the ESP32 microcontroller goes
via a USB-cable into a computer. The microcontroller script integrates micro-ROS
to be able to send the data in a standardized ROS message right into the computer.

Initial prototyping with a Seeit ESP32 revealed inconsistent USB-C connectivity
and �rmware upload failures, which severely slowed development progress. After
systematic testing, we traced these issues to an unstable USB connection on the mi-
crocontroller development board. As a countermeasure, we transitioned to the more
reliable LOLIN ESP32 variant, which solved connectivity problems and provided a
stable foundation for sensor integration. The �nal hardware con�guration used a
micro-USB connection at a baud rate of 921600 for data transmission, deliberately
avoiding wireless protocols during this phase to eliminate potential latency variables
and simplify debugging.

In the setup, we used PlatformIO for the integration with an included micro-ROS
library and de�ned a custom message. The message contained several variables for
all relevant sensor data outputs, which were compiled in both the ESP32 �rmware
and the host ROS2 workspace. This ensured consistent message formatting across
the entire data pipeline. In the ESP32 �rmware, we implemented a publishing node
that was populated with our sensor readings and pushed to a topic. The message
population occurred within the timer callback function, where processed sensor val-
ues were assigned to their respective �elds before being published on the topic. A
hardware timer con�gured with a 2-ms period triggered the publishing routine, en-
suring consistent data transmission at roughly 170Hz. We believe that this number
can be further improved for better communication and results.

The validation of the communication pipeline was performed using standard ROS2
tools. The ROS2 topic echo command provided immediate veri�cation of successful
data transmission, while PlotJuggler allowed us to see di�erent variables sent from
the topic as graphs.
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