
 

 

 

FINAL DEGREE PROJECT 

Bachelor’s Degree in Biomedical Engineering 

DEVELOPMENT OF A VIRTUAL REALITY APPLICATION FOR 

STROKE REHABILITATION  

 

 

 

Report and Annexes 

 

Authors:  Alix González Ponce-Benavides 
   Berta Mayans Gordillo 
Director:  Jordi Torner Ribe 
Co-Director:  Gil Serrancolí Masferrer 
   Francesc Alpiste Penalba 
Call:   June 2020 
  



 

  



Development of a Virtual Reality application for stroke rehabilitation 
  

  i 

Abstract 

Nowadays, immersive technology is growing exponentially allowing transcendence to other sectors as 

marketing, education, physics and medicine. The use of this technology on the field of medicine 

provide the creation of an environment which stimulates and benefits the diagnosis and recovery of a 

patient.  

The goal of this project is based on the creation of a virtual reality (VR) application in order to be used 

by poststroke patients as a rehabilitation treatment. It has been developed using Unity 3D and a tool 

called VRTK which simulates the controllers. The project has been carried out in collaboration with the 

Associació de Diversitat Funcional d’Osona (ADFO) and it contains four rehabilitation exercises: elbow 

flexion, arm flexion leading to touch the face, draw circles and arm flexion leading to touch the lower 

back. 

These exercises can be done in a practice environment, where the movements are carried out by an 

avatar in front of a virtual mirror; or in a game environment. It is divided into four levels, one for each 

exercise, that consists in making a pizza in a kitchen scene. Moreover, we have designed a configuration 

menu to choose freely the number of repetitions and the entire time of the game. In addition, it has 

been tested with healthy people and the results have been analysed.  

In conclusion, what we pretend with this project is to give a support tool to rehabilitation treatments 

by providing fun and a realistic and a comfortable vision to a virtual reality.  

 
Key words: Rehabilitation, Virtual Reality, Stroke, Physiotherapy  
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Resum 

A dia d’avui, la tecnologia immersiva avança exponencialment permetent la transcendència a altres 

camps com el marketing, l’educació, la física i la medicina. L’ús d’aquesta tecnologia al sector mèdic 

facilita la creació d’entorns que estimulen o afavoreixen al pacient per establir un bon diagnòstic i 

recuperació. 

L’objectiu d’aquest projecte es basa en la creació d’una aplicació de realitat virtual per al tractament 

de rehabilitació fisioterapèutica en pacients post-ictus. Ha sigut creada amb Unity 3D i una eina 

anomenada VRTK per simular els controladors. En col·laboració amb l’Associació de Diversitat 

Funcional d’Osona (ADFO) s’ha desenvolupat un projecte que inclou quatre exercicis de rehabilitació: 

la flexió del colze, la flexió del braç portant-lo a tocar-se la cara o, dibuixar cercles a l’alçada de la cara, 

i la flexió del braç portant-lo a la esquena.  

Els diferents exercicis poden realitzar-se en un entorn pràctic, on els moviments es poden veure 

reflectits en un avatar davant d’un mirall virtual; o en un entorn d’entreteniment. El joc conté quatre 

nivells, un per a cada exercici, i consisteix en cuinar una pizza en un entorn d’escenari de cuina. També, 

s’ha dissenyat una configuració per establir el nombre de repeticions i el temps total de joc que es 

desitgi, i s’ha realitzat una prova amb diferents persones sanes i analitzat els resultats. 

En conclusió, amb aquest projecte es pretén aportar una eina de suport a la rehabilitació afavorint la 

diversió i aportant una visió realista i còmode a una realitat virtual. 

Paraules clau: Rehabilitació, Realitat Virtual, Ictus, Fisioteràpia 
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Resumen 

A día de hoy, la tecnología inmersiva avanza exponencialmente permitiendo la trascendencia a otros 

campos como el marketing, la educación, la física y la medicina. El uso de esta tecnología en el campo 

médico facilita la creación de entornos que estimulan o favorecen al paciente para establecer un buen 

diagnóstico o recuperación.  

El objetivo de este proyecto se basa en la creación de una aplicación de realidad virtual para el 

tratamiento de rehabilitación fisioterapéutica en pacientes postictus. Ha sido creada con Unity 3D y 

una herramienta llamada VRTK para simular los controladores. En colaboración con la Asociación de 

Diversidad Funcional de Osona (ADFO) se ha desarrollado un proyecto que incluye cuatro ejercicios de 

rehabilitación: flexión del codo, flexión del brazo llevándolo a tocarse la cara, dibujar círculos a la altura 

de la cara y flexión del brazo llevándolo a la parte trasera.  

Los distintos ejercicios pueden realizarse en un entorno de práctica, dónde los movimientos se pueden 

ver reflejados en un avatar delante de un espejo virtual; o en un entorno de entretenimiento. El juego 

contiene cuatro niveles, uno para cada ejercicio, y consiste en cocinar una pizza dentro de un escenario 

de una cocina. También, se ha diseñado una configuración para establecer el número de repeticiones 

y el tiempo de juego total que se desee, y se ha realizado una prueba con distintas personas sanas y 

analizado los resultados.  

En conclusión, con este proyecto se pretende aportar una herramienta de apoyo a la rehabilitación 

favoreciendo la diversión y aportando una visión realista y cómoda a una realidad virtual.  

 
Palabras clave: Rehabilitación, Realidad Virtual, Ictus, Fisioterapia   
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Glossary 

VR  Virtual Reality 

VRTK  Virtual Reality Tool Kit 

ADFO  Associació de Diversitat Functional d’Osona 

UPC  Universitat Politècnica de Catalunya 

TFG  Treball final de grau 

TIA  Transient ischemic attack  

DNI  Document d’identitat nacional 

NIE  Numero d’identificació de l’estranger 

Kinect  Microsoft sensor movement device 

HTC Vive Virtual reality headset developed by HTC and Valve 

RGB  Red, green and blue 

VAST  Fully-featured virtual reality rehabilitation system 

TYMO  Sensor-based rehabilitation device for static and dynamic therapy applications 

Senserum Start-up that develops immersive virtual reality applications for clinical use 

UI                           User’s Interface 

IK  Inverse Kinematics 

CCD  Cooperació al Desenvolupament 

  



  Report 

viii   

 

  

 



Development of a Virtual Reality application for stroke rehabilitation 
  

  ix 

Index 

ABSTRACT ___________________________________________________________ I 

RESUM _____________________________________________________________ II 

RESUMEN __________________________________________________________ III 

ACKNOWLEDGEMENTS ________________________________________________ V 

GLOSSARY _________________________________________________________ VII 

1. PREFACE _______________________________________________________ 1 

1.2. Origin of the project ................................................................................................. 1 

1.3. Motivation ................................................................................................................ 2 

1.4. Previous requirements ............................................................................................. 2 

2. INTRODUCTION _________________________________________________ 5 

2.1. Purposes of the project ............................................................................................ 5 

2.1.1. Overall purpose ...................................................................................................... 5 

2.1.2. Specific purposes .................................................................................................... 5 

2.2. Scope of the project ................................................................................................. 5 

2.3. Contingency plan ..................................................................................................... 6 

3. STATE OF THE ART _______________________________________________ 9 

3.1. Stroke ....................................................................................................................... 9 

3.1.1. Complications after stroke ..................................................................................... 9 

3.1.2. Stroke recovery and rehabilitation treatment ..................................................... 10 

3.2. Virtual Reality ......................................................................................................... 11 

3.3. Virtual reality for stroke recovery .......................................................................... 11 

4. PROJECT PLANNING _____________________________________________ 15 

4.1. Working method .................................................................................................... 15 

4.2. Gantt chart ............................................................................................................. 18 

4.3. Requirements ......................................................................................................... 19 

4.3.1. Functional requirements ...................................................................................... 19 

4.3.2. Non-functional requirements .............................................................................. 19 

5. RESOURCE MATERIALS __________________________________________ 21 

5.1. Unity ....................................................................................................................... 21 

5.1.1. Unity system requirements .................................................................................. 22 



  Report 

x   

5.1.2. Unity Interface ...................................................................................................... 23 

5.2. Kinect ..................................................................................................................... 24 

5.2.1. Kinect for Windows SDK 2.0 ................................................................................. 26 

5.3. HTC Vive ................................................................................................................. 27 

5.4. VRTK Simulator ...................................................................................................... 29 

5.5. Autodesk 3ds Max ................................................................................................. 32 

6. APPLICATION DESIGN ___________________________________________ 33 

6.1. Application structure ............................................................................................. 33 

6.2. Use Case Diagram .................................................................................................. 34 

6.3. Exercises ................................................................................................................. 43 

6.3.1. Environment design .............................................................................................. 45 

6.4. Make a pizza Game ................................................................................................ 48 

6.4.1. User’s interface ..................................................................................................... 49 

6.4.2. Detection of the movement ................................................................................. 51 

6.4.3. Environment design .............................................................................................. 55 

6.4.4. Data exportation ................................................................................................... 62 

7. TESTS WITH VOLUNTEERS ________________________________________ 64 

Volunteer 1 ...................................................................................................................... 65 

Volunteer 2 ...................................................................................................................... 73 

Volunteer 3 ...................................................................................................................... 80 

Volunteer 4 ...................................................................................................................... 88 

8. ANALYSIS OF THE ENVIRONMENTAL IMPACT ________________________ 96 

CONCLUSIONS ______________________________________________________ 99 

FUTURE WORK LINES _______________________________________________ 101 

BUDGET AND ECONOMIC ANALYSIS ___________________________________ 103 

Hardware costs .............................................................................................................. 103 

Software costs ............................................................................................................... 105 

Electrical consumption costs ......................................................................................... 106 

Labour costs ................................................................................................................... 108 

BIBLIOGRAPHY ____________________________________________________ 109 

ANNEX A. INSTRUCTIONS FOR USE ____________________________________ 114 

Kinect connection .......................................................................................................... 114 



Development of a Virtual Reality application for stroke rehabilitation 
  

  xi 

Kinect placement ........................................................................................................... 115 

HTC Vive connection ...................................................................................................... 115 

Application initialization ................................................................................................ 117 

Access to patient’s history ............................................................................................. 120 

ANNEX B. PROGRAMMING CODES ____________________________________ 122 

FCGameManager ........................................................................................................... 122 

CutCucumberScript ...................................................................................................... 127 

AddIngredientsScript ..................................................................................................... 143 

MixIngredients ............................................................................................................... 169 

OpenOven ...................................................................................................................... 185 

MenuLevels .................................................................................................................... 197 

Parameters ..................................................................................................................... 198 

Crono_Cut ...................................................................................................................... 200 

CronoExFace .................................................................................................................. 202 

Cronometro .................................................................................................................... 204 

Crono_circle ................................................................................................................... 206 

CommonUtil ................................................................................................................... 207 

Path 208 

BodySourceUpperBody.................................................................................................. 210 

Vr_Rig ............................................................................................................................. 217 

  



  Report 

xii   

Index of figures  

Figure 3.1. Causes of stroke (4) ____________________________________________________ 9 

Figure 3.2. Stroke rehabilitation exercises (7) ________________________________________ 10 

Figure 3.3. A patient using the virtual reality system in the Neurological Recovery Centre (8) __ 12 

Figure 3.4. A patient using the virtual reality system in the Neurological Recovery Centre (8) __ 12 

Figure 3.5. A child using VAST in the ALYN Hospital in Jerusalem (20) _____________________ 13 

Figure 3.6. A child on the Movement Analysis and Biofeedback Laboratory in the ALYN Hospital in 

Jerusalem (20) ___________________________________________________________ 13 

Figure 3.7. A patient on the Movement Analysis and Biofeedback Laboratory in the ALYN Hospital in 

Jerusalem (20) ___________________________________________________________ 13 

Figure 4.1. Methodology of work _________________________________________________ 17 

Figure 4.2. Gantt chart of the project ______________________________________________ 18 

Figure 5.1. Unity interface screen. Hierarchy window in red, the Scene and Game view in orange, the 

Inspector window in green and the Project window in blue. The toolbar is located at the top of 

the screen. ______________________________________________________________ 23 

Figure 5.2. Components of Kinect V2 ______________________________________________ 25 

Figure 5.3. Kinect body points detected (38) ________________________________________ 26 

Figure 5.4. Visual Gesture Builder interface (41) ______________________________________ 27 

Figure 5.5. HTC Vive Setup (42) ___________________________________________________ 28 

Figure 5.6 Hierarchy window and Inspector window of the VRTK_SDKManager GameObject __ 30 

Figure 5.7. Hierarchy and Inspector windows of the VRSimulator GameObject ______________ 30 

Figure 5.8. Game window of a scene using VR Simulator in the camera mode ______________ 31 

Figure 5.9. Panel of the controller mode ___________________________________________ 31 

Figure 5.10. Autodesk 3ds Max interface (46) _______________________________________ 32 

https://d.docs.live.net/6599173d5a751a87/TFG/Memory_Alix_Berta.docx#_Toc43919325


Development of a Virtual Reality application for stroke rehabilitation 
  

  xiii 

Figure 6.1. Main menu of the rehabilitation application ________________________________ 33 

Figure 6.2. Circles exercise in the practice environment ________________________________ 33 

Figure 6.3. Application submenu __________________________________________________ 34 

Figure 6.4. Example of a Use Case diagram __________________________________________ 35 

Figure 6.5 Use Case diagram _____________________________________________________ 36 

Figure 6.6. Example of an Elbow bending ___________________________________________ 44 

Figure 6.7. Vertical path that simulates an Elbow bending ______________________________ 44 

Figure 6.8. Example of the Touch face exercise _______________________________________ 44 

Figure 6.9. Arch path that simulates the Touch face exercise ____________________________ 44 

Figure 6.10. Example of the Touch back exercise _____________________________________ 45 

Figure 6.11. Arch path that simulates the Touch back exercise ___________________________ 45 

Figure 6.12 Downward movement of the hand with and without Inversed Kinematics ________ 46 

Figure 6.13 Components of the Parent G.O of the humanoid ____________________________ 46 

Figure 6.14 Bone Renderer Component filled with the skeleton elements of the humanoid ____ 46 

Figure 6.15 Elements for Inversed Kinematics ________________________________________ 47 

Figure 6.16 IK Constraint component for the hands of the character. ______________________ 47 

Figure 6.17 Script of the mapping of the rig __________________________________________ 48 

Figure 6.18 Game menu: choose the exercise ________________________________________ 49 

Figure 6.19 Example of the parameter’s menu (Level 1) ________________________________ 50 

Figure 6.20 Input Field parameters ________________________________________________ 50 

Figure 6.21 Code of the function Repet1 ____________________________________________ 50 

Figure 6.22 Code lines of the CalculoTiempo function __________________________________ 51 



  Report 

xiv   

Figure 6.23 UI in the game view for ElbowFlexionScene scene __________________________ 51 

Figure 6.24. Scene and Inspector window of a filled type Image _________________________ 52 

Figure 6.25. The right hand filling the path in FaceCirclesScene scene _____________________ 53 

Figure 6.26. FCGameManager script structure _______________________________________ 54 

Figure 6.27. Programming code that detects when a path is completed ___________________ 54 

Figure 6.28. Detecting when the hand is at the beginning of the path _____________________ 55 

Figure 6.29. Code programming on Face Circles scene to detect the hand in each quarter _____ 55 

Figure 6.30. Rigidbody component on the inspector window ___________________________ 56 

Figure 6.31. Animation in course of the cucumber slices being introduced in the bowl in 

ElbowFlexionScene scene __________________________________________________ 57 

Figure 6.32. Flour particle system activated to simulate the filling of the bowl in ExFace scene _ 58 

Figure 6.33. FaceCirclesScene scene environment ____________________________________ 60 

Figure 6.34. ExBack  scene environment ____________________________________________ 61 

Figure 6.35.Introductory code to the data exportation ________________________________ 62 

Figure 6.36. Data export programming code ________________________________________ 63 

Figure 6.37. Programming code to separate the data for each repetition __________________ 63 

Figure 7.1.Visual example of the calculated deviation _________________________________ 64 

Figure 7.2. In green, examples of the radius measured for each path and the deviations in orange65 

Figure 7.3. Position vs time graphic on Elbow flexion made by volunteer 1 _________________ 66 

Figure 7.4. Position graphic on Elbow flexion made by volunteer 1 _______________________ 66 

Figure 7.5. Right side position graphic on Touch face made by volunteer 1 _________________ 68 

Figure 7.6. Left side position graphic on Touch face made by volunteer 1 __________________ 68 

Figure 7.7. Right side position graphic on Circles exercise made by volunteer 1 _____________ 70 



Development of a Virtual Reality application for stroke rehabilitation 
  

  xv 

Figure 7.8. Left side position graphic on Circles exercise made by volunteer 1 _______________ 70 

Figure 7.9. Right side position graphic on Touch back made by volunteer 1 _________________ 72 

Figure 7.10. Left side position graphic on Touch back made by volunteer 1 _________________ 72 

Figure 7.11. Position vs time graphic on Elbow flexion made by volunteer 2 ________________ 74 

Figure 7.12. Position graphic on Elbow flexion made by volunteer 1 ______________________ 74 

Figure 7.13. Right side position graphic on Touch face made by volunteer 2 ________________ 75 

Figure 7.14. Left side position graphic on Touch face made by volunteer 2 _________________ 76 

Figure 7.15. Right side position graphic on Face circles made by volunteer 2 ________________ 77 

Figure 7.16. Left side position graphic on Face circles made by volunteer 2 _________________ 78 

Figure 7.17. Right side position graphic on Touch back made by volunteer 2 ________________ 79 

Figure 7.18. Left side position graphic on Touch back made by volunteer 2 _________________ 79 

Figure 7.19 Position vs time graphic on Elbow flexion made by volunteer 3 _________________ 81 

Figure 7.20 Position graphic on Elbow flexion made by volunteer 3 _______________________ 81 

Figure 7.21. Right side position graphic on Touch face made by volunteer 3 ________________ 83 

Figure 7.22. Left side position graphic on Touch face made by volunteer 3 _________________ 83 

Figure 7.23. Right side position graphic on Circles exercise made by volunteer 3 _____________ 85 

Figure 7.24. Left side position graphic on Circles exercise made by volunteer 3 ______________ 85 

Figure 7.25. Right side position graphic on Touch back made by volunteer 3 ________________ 87 

Figure 7.26. Left side position graphic on Touch back made by volunteer 3 _________________ 87 

Figure 7.27 Position vs time graphic on Elbow flexion made by volunteer 4 _________________ 89 

Figure 7.28 Position graphic on Elbow flexion made by volunteer 4 _______________________ 89 

Figure 7.29. Right side position graphic on Touch face made by volunteer 4 ________________ 90 



  Report 

xvi   

Figure 7.30. Left side position graphic on Touch face made by volunteer 4 _________________ 91 

Figure 7.31. Right side position graphic on Circles exercise made by volunteer 4 ____________ 92 

Figure 7.32. Left side position graphic on Circles exercise made by volunteer 4 _____________ 93 

Figure 7.33. Right side position graphic on Touch back made by volunteer 4 _______________ 95 

Figure 7.34. Left side position graphic on Touch back made by volunteer 4 ________________ 95 

Figure 8.1. EU WEEE Directive Logo (50) ____________________________________________ 97 

 

Figure A. 1. Kinect-Windows adapter connection (61) ________________________________ 114 

Figure A. 2. Kinect placement recommendation  (62) _________________________________ 115 

Figure A. 3. HTC Vive link box (64) ________________________________________________ 116 

Figure A. 4. HTC Vive power adapter  (65) _________________________________________ 116 

Figure A. 5. Headset cables connection to link box (63) _______________________________ 116 

Figure A. 6. Log in menu _______________________________________________________ 117 

Figure A. 7. Application main menu ______________________________________________ 117 

Figure A. 8. Application submenu ________________________________________________ 118 

Figure A. 9. Cook a pizza game levels menu ________________________________________ 118 

Figure A. 10. Cook a pizza game parameters menu __________________________________ 119 

Figure A. 11. Level 1 game scene ________________________________________________ 119 

Figure A. 12. ‘Seguimiento’ folder ________________________________________________ 121 

Figure A. 13. Patient exercise outcomes distribution inside each history folder ____________ 121 

 
  



Development of a Virtual Reality application for stroke rehabilitation 
  

  xvii 

Index of tables 

Table 5.1. Unity system requirements (32) __________________________________________ 22 

Table 5.2. Kinect v2 technical specifications (36) (37) __________________________________ 25 

Table 5.3. HTC Vive specifications (43) ______________________________________________ 28 

Table 6.1 Legend of relationships present in the diagram _______________________________ 35 

Table 6.2 Explanation of the Use cases. _____________________________________________ 37 

Table 6.3. Summary of the repetition’s distribution in AddIngredientsScript for x >= 12 _______ 59 

Table 6.4. Summary of the repetition's distribution in AddIngredientsScript ________________ 59 

Table 7.1. Variance and deviation measures on Elbow flexion for Volunteer 1 _______________ 65 

Table 7.2. Variance and deviation measures on Touch face exercise for Volunteer 1 __________ 67 

Table 7.3.Variance and deviation measures on Circles exercise for Volunteer 1 ______________ 69 

Table 7.4.Variance and deviation measures on Touch back exercise for Volunteer 1 __________ 71 

Table 7.5. Variance and deviation measures on Elbow flexion exercise for Volunteer 2 ________ 73 

Table 7.6. Variance and deviation measures on Touch face exercise for Volunteer 2 __________ 75 

Table 7.7. Variance and deviation measures on Face circles exercise for Volunteer 2 _________ 77 

Table 7.8.  Variance and deviation measures on Touch back exercise for Volunteer 2 _________ 78 

Table 7.9 Variance and deviation measures on Elbow flexion for Volunteer 3 _______________ 80 

Table 7.10. Variance and deviation measures on Touch face exercise for Volunteer 3 _________ 82 

Table 7.11.Variance and deviation measures on Circles exercise for Volunteer 3 _____________ 84 

Table 7.12.Variance and deviation measures on Touch back exercise for Volunteer 3 _________ 86 

Table 7.13 Variance and deviation measures on Elbow flexion for Volunteer 4 ______________ 88 

Table 7.14. Variance and deviation measures on Touch face exercise for Volunteer 4 _________ 90 



  Report 

xviii   

Table 7.15.Variance and deviation measures on Circles exercise for Volunteer 4 ____________ 91 

Table 7.16.Variance and deviation measures on Touch back exercise for Volunteer 4 ________ 94 

Table 0.1. The cost of each sector and the total cost of the project ______________________ 103 

Table 0.2. Breakdown hardware costs ____________________________________________ 104 

Table 0.3. Sum up of the software costs ___________________________________________ 105 

Table 0.4. Electrical consumption Acer Aspire E 15 (51) _______________________________ 106 

Table 0.5. Electrical consumption Asus VivoBook S14 ________________________________ 106 

Table 0.6. Electrical consumption of the UPC laboratory components ____________________ 107 

Table 0.7. Labour cost of the project _____________________________________________ 108 

 

Table A 1. Game controllers ____________________________________________________ 120 

 



Development of a virtual reality application for stroke rehabilitation 
  

  1 

1. Preface 

Rehabilitation is becoming over the years an important field of medicine as a result of the evolution of 

the world’s demography and the rise of non-communicable diseases (1). It is an interesting field, as the 

patient has an important role in his recovery, every stage of rehabilitation depends on the patient 

himself so his dedication is a determinant factor of success of his rehabilitation. This is why virtual 

reality is an interesting technological progress, as it could help, in a non-invasive way, to motivate the 

patient to execute the series of physical exercises while he would be completely submerged in a 

pleasant environment.  

1.2. Origin of the project 

This project is the follow-up of many previous bachelor’s theses that worked with the association 

Associació Diversitat Funcional d’Osona (ADFO). All the theses are regrouped in a central project of 

development of a Virtual Reality (VR) application for patients that suffered from a brain stroke acute 

phase in order to motivate them during the rehabilitation exercises. This project is inspired in the 

previous project from the Centre de Cooperació al Desenvolupament (CCD) that the ADFO association 

gave to the laboratory of the university. The objective is that, after finishing the VR game, they would 

test it with real patients in a clinical trial in order to see the results in their rehabilitation state and 

compare it with the conventional therapy. 

The first bachelor’s thesis worked on the detection of the patient’s body with the Kinect sensor and 

the way connect it to Unity, the game engine. Thus, they could detect, in a very accurate way, the 

position of the principal points of the body and use it to detect the movements the patient would do 

and measure some angles between different parts of the body.  Then, other theses worked on creating 

some exercises of rehabilitation: they would create a pleasant environment in VR so the patient could 

be submerged in it and would have to repeat some movements, then they could extract many 

interesting data as the positions and angles. Then, other theses worked on expanding the range of 

exercises as for example shoulder flexion, shoulder abduction or hips flexion (2) (3).  

According to the requirements given by the physiotherapist from the Associació Diversitat Funcional 

d’Osona (ADFO) association, we decided to go deeper. The goal was to create other more advanced 

exercises for the upper body and add another game in order to apply those new rehabilitation exercises 

in a challenging situation. Then we would extract some data in order to give to the physiotherapist 

some information on the progress of each patient.  
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1.3. Motivation 

Recovering from a stroke can be, in many cases, a slow and frustrating period where patients have to 

deal with complications on the way. Therefore, we need to help patients to enhance their dedication 

and willingness to work in order to make them progress and recover as many motor functionalities as 

possible during this period.  This has been our principal source of inspiration. As future biomedical 

engineers, our objective is to apply our technical knowledge to the resolution of healthcare issues.  

We liked the idea that we could bring some solutions, not only for the patients, but it would also be an 

interesting tool for physiotherapists in general. With this project, we could bring them new alternatives 

allowing them to save some time in their work.  

Moreover, this application brings information about the progress of the patient. Thus, the patient can 

have a regular follow-up of his progress in form of quantitative information of the rehabilitation results. 

In this way, the patient can be much more motivated and be conscient of his evolution. 

As engineering students, we have been attracted by the possibility to discover a new technology as the 

virtual reality. It is a very challenging field as it is very innovative, and still on the rise. We knew that 

this project could be very instructive for our future. 

One last aspect that interested us was the fact that this project would be tried clinically with real post-

stroke patients when the application would be completely finished. The project goes beyond the 

research work; it has a real objective with an actual research laboratory.  

1.4. Previous requirements 

In order to be able to advance in this project, we needed to have some fundamental knowledge on 

programming, but we had to learn more about some programming languages as C# in order to be able 

to code in the Unity game engine.   

Moreover, we needed to learn and understand this game engine that was new for us, so we had to get 

some previous knowledge on how to use this platform. In addition, our knowledge in the biomedical 

field has been quite important in order to understand the objectives of this project. 

In a more technical point of view, we had the following material requested in order to be able to 

develop this application as: 

- Laptop able to support heavy software as Unity, in our cases a PC with an operative system 

newer than Windows 7 
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- Game engine Unity 2019.3.7f1 

- Visual Studio 2019 integrated development environment  

- HTC Vive  

- Kinect sensor + adaptor to PC 
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2. Introduction 

2.1. Purposes of the project 

2.1.1. Overall purpose 

The overall purpose of this project was to create an environment and different rehabilitation exercises 

in order to improve patient’s functional abilities. Complement the work done by other students, 

maintaining its structure, in order to obtain a richer project for the rehabilitation of the upper body 

extremities. At the same time, ensure the creation of an environment where patients can enjoy the 

daily physical therapy.  

2.1.2. Specific purposes 

These are defined to achieve the overall objective, so the need to learn about design and programming 

with Unity would be the first specific purpose.  

In our view, it was important that we were able to design a realistic environment where patients could 

be identified with. The more realistic it would be; the more confidence would be given to them to cope 

with the daily situations. The virtual reality application should be easy to use, allowing autonomous 

use without the need for physiotherapist’s dependence. Therefore, one of the specific purposes was 

to establish a correlation between the movements done by the user and the actions that are performed 

on the game. 

In order to facilitate the tracking of the patient, we considered to design an automatic way to export 

and save the results of each session. Identifying the most important data of the four exercises, 

exporting them in a .xls file and storing them in different folders will help physiotherapists to follow 

the recovery of the patients. 

In addition, as we could not work with the Kinect, we wanted to simulate the same movement for each 

exercise using the computer mouse. Find a way to not distance from the initial idea. 

2.2. Scope of the project 

This project is a follow-up of previous projects of the development of a rehabilitation application. The 

former students created the application and exported some important data, they also created some 

games applying the exercises of the application. 
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The main application was already done. So, the scope of the project was the improvement of the 

quality of this application. Thus, the objective was to enlarge the list of exercises proposed to the player 

by adding four new exercises for the upper body that would be increasingly more complex, and the 

creation of a game that would apply those exercises. 

The scope of the game was the creation of an appealing environment, define an attractive objective 

for the user in order to motivate the patient to perform the exercise, and then export automatically 

the data in order to give some information about the performance of the patient.  

The four exercises had to adapt to the evolution of the patients, the physiotherapist should be able to 

choose the parameters that could bring more or less difficulty to each game.  

The data should be simple and easy to analyse as the physiotherapist has to be able to analyse this 

data and easily calculate any type of value from it. The data extracted must be a good indicator of how 

well the patient is realizing the exercise and see the evolution of the patient through the sessions. 

The entire project has to adapt to the circumstances of the period in which the project evolved, as the 

impossibility to have access to some elements. Thus, if the group could not have access to any type of 

tool, the project should apply the contingency plan in order to continue with the global objective.   

2.3. Contingency plan 

The objective of the contingency plan is to establish the procedures to recover the project following a 

disruption, to ensure a continuity. The procedures will depend on the type of resource that has been 

affected and the time of the affectation. This Contingency Plan has been very useful to adapt the 

project to the confinement measures that were adopted in the context of the current crisis of the 

COVID-19.  

The resources that could have been affected could be human resources, technological resources and 

material resources. This contingency plan presents a series of scenarios that could question the 

continuity of the project.  

The scenario of a pandemic situation implying the confinement of the population could involve many 

sub scenarios that could complicate the development of the application. 

The first consequence would be the impossibility to meet with the co-workers or with the tutors, then 

the connectivity would be compulsory, a regular meeting between the teammates and with the other 

members of the group would be primordial in order to help each other, talk about the modifications 

to apply and the way to adapt to the new situation. This situation could enhance the work on personal 
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research from the teammates in order to get help when some issues appear, in addition to the help 

given by the tutors. 

The other consequence would be the impossibility to go to the laboratory in order to test the 

functionality of the project. The issue would be the impossibility to see if the scripts would really work, 

or taking some experimental data to analyse the functionality of the application. Many options are 

presented according to the taken time of this issue.  

The first option would be an adaptation of the organization of the project, for example the 

reorientation towards another aspect of the project as for example writing the report or creating the 

game environment using the personal computers while the specific point is in stand-by.  

The second option is to reorient the project to a plausible alternative using some simulators of the 

missing elements, trying to keep the same objective of the application and the same idea.  

Finally, if the time of this situation would be long enough, the solution could be the reorganization of 

the whole project, adapting the game completely to the plausible solution by adapting the VR game to 

a computer game to play with the mouse and the computer keyboard.  

In the case of this project, we have been confronted to the incapacity to foresee how long the situation 

would last; thus, the third option has never been a solution. We started by applying the first option, 

trying to move forward on other tasks thinking that we could, one day, test the application in real with 

the right elements. Finally, the second option became evident so we had to find a solution to adapt the 

3D game to a bidimensional engine controlling both hand and the head with one mouse. 

One other consequence of working in a team by remote locations could have been problems of the 

personal hardware or the internet access. A few solutions would have been presented as this would 

not depend on the members of the group. For example, the adaptation to other tasks that the member 

could do in the conditions he would be while working on the repair of the elements or while searching 

for new materials. 

One of the eventual consequences could be the illness of one of the members. Thus, in order to avoid 

a loss of time, the project would need to be rethought in order to give the suitable tasks to the member 

and the other should do the more complex tasks. 
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3. State of the art 

3.1. Stroke 

Stroke is a clinical syndrome that affects the brain arteries and occurs when a blood vessel is 

interrupted or reduced by a clot, bursts or rupture, preventing brain tissue from getting oxygen and 

nutrients. As a result, brain cells begin to die in minutes. Early action can reduce the damage of the 

brain and other difficulties (4). 

Stroke caused by a clot obstructing is called ischemic stroke, whereas a haemorrhagic stroke is defined 

by a blood vessel rupturing preventing blood flow to the brain. A transient ischemic attack (TIA), or also 

called “mini stroke”, is caused by a temporary clot.  

Stroke is the fifth cause of death and a leading cause of disability in the United States. In Spain,  Stroke 

causes 400000 deaths per year (5). However, the number of survivors nowadays is increasing. Eighty 

percent of strokes are preventable and the post-stroke disability can be prevented with effective and 

innovative treatments.  

 
Figure 3.1. Causes of stroke (4) 

3.1.1. Complications after stroke 

Complications differ depending on the location of the obstruction and the amount of brain tissue 

affected. All complications must be treated and controlled by a professional. The most common 

complications of stroke include (4): 

• Paralysis or loss of muscle movement. Lose control of certain muscles or become paralyzed on 

one side of the body. 
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• Temporary or permanent disabilities 

• Brain edema, which is a swelling of the brain. 

• Difficulty talking or swallowing caused by a damage on the left side of the brain. Mouth and 

throat muscles can be paralyzed, or the brain can cause speech and language disorders, 

including difficulties on the speaking and understanding speech, reading and writing. 

• Changes in behaviour and self-care ability 

• Emotional problems or clinical depression. 

• Seizures. An abnormal electrical activity in the brain that causes convulsions, common in larger 

strokes.  

3.1.2. Stroke recovery and rehabilitation treatment 

Most stroke survivors need a rehabilitation program. The therapy will be adjusted based on age, overall 

health and disability degree from the stroke (6). Rehabilitation pretends to improve or restore 

cognitive, motor, speech or sensory skills, in order to give as independence as possible.  

At first, the rehabilitation program starts in the hospital after the stroke, but within two days, the 

patient in stable conditions can carry out home therapy or assist to a rehabilitation centre.  

 
Figure 3.2. Stroke rehabilitation exercises (7) 

Nowadays, therapy games are used in stroke recovery. In response to new learning or physical 

therapies, the brain forms and reorganizes synaptic functional and physical connections. Therapy 

games with functional and meaningful goals lead to create better synaptic connections rather than 

following a repetitively or mindlessly task (8). 
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3.2. Virtual Reality 

The first virtual reality system began in 1965, where Sutherland, the founder of computer graphics, 

presented “the Ultimate Display” (9). He introduced the idea to make the virtual world look and sound 

real, being interactable as in reality. Before that, there were systems that introduced this issue, but 

were not interactable. Since then, virtual reality has been expanding into a lot of applications and 

sectors. 

Nowadays, this technology is used in more domains than people think. Gaming is an obvious 

application, but actually virtual reality plays an important role in Engineering, Healthcare, Business, 

Education, Fashion, Media, etc.  

Testing prototype products in order to guarantee safety without any additional costs or, creating virtual 

prototypes to detect design problems at early stages are examples of the VR use. It has been shown 

that using a VR design allows users to see slightly more faults in a 3D model than in software design 

programs on the computer screen (9). In the same way, this technology can also be used in engineering 

as a training system for radiation shielding and measurement in nuclear engineering (10). 

In addition, recent studies have observed an improvement in learning in certain groups, who have 

experience in videogames. For example, teaching eclipses and Moon phases in astronomy using a VR 

activity have shown that this is at least as effective as an online activity, or even better for these gaming 

experienced groups (11). Nevertheless, virtual reality is highly used on medical education, as it 

improves knowledge and skills of health professionals (12), and enhances learning motivation and 

satisfaction of the students (13). 

3.3. Virtual reality for stroke recovery 

Apart from being used in medical education, virtual reality is also recommended on recovery therapies. 

VR stimulates the participation of the patient, challenges them to achieve a goal determined by the VR 

application and simulates virtual activities that can be tailored to the individual’s abilities and needs. In 

addition, researches show that dedicating more time to therapies with functional goals will achieve 

stronger synapses and faster reorganization of the brain (8). 

In some occasions, this computer-assisted technology does not substitute the rehabilitation session, 

but it is used in addition to standard physiotherapy in order to gain more efficient results. Moreover, 

patients can perform VR training at home without professional assistance, where the physiotherapist 

can monitor the session from the distance. Some studies have shown the efficiency in improving 

physical function, mobility and balance, and upper limb reaction time in post-stroke patients with 
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physical disabilities (14)(15). The portability of headsets makes affordable the telerehabilitation by 

using Oculus Quest or Valve Index Headsets, among others. 

In Fort Worth, Texas, we can find a Neurological Recovery Centre, co-founded in 2017, which uses 

Neuro Rehab VR systems. Specialized doctors in neurology and physical therapists have designed a 

complete and customized VR exercises for each patient’s specific needs and targeted plans. The 

therapy measures, tracks and quantifies in real-time the progress of patients including strokes, spinal 

cord injuries, traumatic brain injuries, multiple sclerosis, and others (8). 

 
Figure 3.3. A patient using the virtual reality system in the 

Neurological Recovery Centre (8) 

 
Figure 3.4. A patient using the virtual reality system in the 

Neurological Recovery Centre (8)

In the same way, the Neurological Recovery Centre opens up the possibility for using the virtual reality 

at home. The doctors and patients can log into a secure portal to view the progress and the data 

collected of each session.  

The ALYN Hospital in Jerusalem, Israel, has enabled a virtual reality treatment room that incorporates 

therapies using Microsoft’s Xbox, Sony’s PlayStation, an interactable floor mat (16), a touchable table 

(17), the VAST rehabilitation system operated with a Kinect sensor (18), the Tyromotion’s TYMO 

rehabilitation system (19), and the SenSerum immersive VR system with an HTC VIVE Head-mounted 

display (20). The room has been active for almost a year for children with complex disabilities who 

cannot use the standard game controllers. Nowadays, patients enjoy the treatments provided in the 

room and respond positively to the therapies (20). 
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Figure 3.5. A child using VAST in the ALYN Hospital in Jerusalem (20) 

Furthermore, in January 2019, the ALYN Hospital opened a Movement Analysis and Biofeedback 

Laboratory which performs clinical gait analysis and biofeedback trainings using virtual reality visual 

stimuli. They have installed the ultimate Gait-Lab Solution configured with 10 optical motion tracking 

cameras, 16 channel wireless surface electromyography system and a split-belt treadmill instrumented 

with four degrees of freedom and two embedded force plates. As it can be observed in Figure 3.6 and 

Figure 3.7, in front of the treadmill, there is a 180º curved screen which provide the immersive 

environment with virtual reality together with a surround sound system (20). 

 
Figure 3.6. A child on the Movement Analysis and 
Biofeedback Laboratory in the ALYN Hospital in 

Jerusalem (20) 

 
Figure 3.7. A patient on the Movement Analysis and 

Biofeedback Laboratory in the ALYN Hospital in 
Jerusalem (20)
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As the ALYN Hospital professionals expose, the daily clinical use VR rehabilitation system enables real-

time calculation of joint kinematics, kinetics and muscle activity during gait. It reduces the post-

processing time allowing faster and precise results. Having different virtual environments engage 

patients to continue with the treatment and evoke a natural walking pattern combined with a self-

placed algorithm that accommodates the children natural walking and speed. However, the Gait-Lab 

not only assess the gait, but also the upper limbs (20). 

The effectiveness is demonstrated because, on two different occasions, a children’s therapist opted to 

change the therapeutic treatment instead of surgery. So, children were saved from going through 

unnecessary intervention. In addition, on another occasion, the type of surgery was changed following 

the assessment using the Movement Analysis and Biofeedback Laboratory. 

Some recent meta-analysis reviews (21) (22) suggested that VR interventions are at least as effective 

as conventional physiotherapy in improving lower and upper limb outcomes within the stroke 

population. VR training is reported to be effective at increasing the upper limb muscle strengthening 

and the joint range of motion, improving sensation, reducing pain and improving functional processes 

(22). Trials using VR interventions within adult stroke populations for lower limb outcomes are focused 

on training balance (23), postural control training (24) and gait control, (25). However, VR 

interventions have been more extensively used to improve upper limb functions, as they are relatively 

easier to apply than lower limb functions. 

In relation with upper limbs, repetitive task practice through performance of the virtual Activities of 

Daily Living ADLs has been used (26). Moreover, a randomized controlled trial that uses virtual reality 

reflection equipment proves the effectiveness of an asymmetric training program for improving upper 

limb function in stroke patients (27).  
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4. Project planning 

4.1. Working method 

This project has been carried out by a couple of teammates in order to add new exercises and 

games to the rehabilitation application. So, the organization has been primary in order to fulfill 

every objective of this project.  

The first step has been the previous preparation in order to learn how to use the Unity3D platform. 

The solution has been to take an online course named “Master en Programmación de Videojuegos 

con Unity 2019 y C#” given by professor Mariano Rivas through the Udemy platform. This course 

gave the necessary knowledge on how to develop a game in this software and how to program 

with C#. It gave a lot of information relative to the most useful tools Unity proposes to create 

games in VR. Additionally, the access to other videos as “Unity VR Fundamentals” made by MJ 

Johns and “Unity C# Scripting Fundamentals” from Joshua Kinney helped to strengthen the 

learning process of the usage of this platform.  

Before really getting into the project, it was important to analyze the previous projects made by 

the former students and understand the starting point of the present work. So, this analysis had 

the purpose to understand what was made and what needed to be added to the global project, in 

order to be able to make a consistent work that followed the modus operandi of the global project. 

When the previous process was completed and allowed to work on the project, the first meeting 

has been planned with the academic tutors and other groups of students who would be working 

on parallel in this project. The idea of this meeting was to present the different tasks to do, 

following the instructions given by the ADFO association. The physiotherapist pointed all the 

requirements to complete the application and every task had been distributed between the 

different groups. After talking about each given task, the tutors informed about the way every 

group could work from remote locations in the same Unity project using a Git repository.  

When every task had been defined, a meeting between the partners of this project allowed to 

define the way of proceeding, dividing every general task into different points to do and conceive 

a previous calendar in order to guarantee the fulfillment of the project in the correct dates. In this 

calendar, the tasks were defined with their estimated duration.  

The first stages of the project, that is the creation of the exercises, were developed together in 

order to get more familiar with the use of Unity and C# language. This way, the main task was to 

add new exercises by defining vectors, angles and Euler rotation points into the main script of the 
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application. It would not be necessary to create a whole new environment but it would only be 

necessary to adapt the script to detect new movements. So, the gathering has been helpful in 

determining how the Kinect would be able to recognize the patient’s body and detect if the patient 

would be doing the correct movement. 

Suddenly, the country was forced into a state of quarantine because of the COVID-19 appearance. 

When the confinement measures were taken, a new organization had to be planned in order to 

adapt the work according to the new situation because it was impossible to test the work done on 

the laboratory with the Kinect sensor or the VR glasses. After doing some research on the different 

possibilities of adaptation, the bifurcation to starting with the development of the game letting the 

exercises in pause was the best solution. Thus, the first days were dedicated to define the idea of 

the game, and then start creating the environment. As the movement could not be defined using 

the Kinect sensor, the game was being simulated by pressing different keys of the computer 

keyboard. In addition, during this stage, an objective was to make the game as dynamic as possible 

by adding some animations and sound effects and trying to make the game as realistic as possible 

in order to motivate the patients. 

By the time the scenes of the game were almost finished, the whole team made a video meeting 

through Google Meet to update the situation and do a follow-up of the project. On the meeting, it 

was decided to abandon the idea of detecting the movements of the patient with the Kinect sensor 

or even the VR controllers. So, the project had to be rethought, adapting the work to a completely 

different point of view: doing a mouse tracking instead. After some researches and discussions 

about how to track the mouse, perform a 3D movement in 2D and represent the patient 

movement inside the game, a path system was found on the Unity Packages. The patient would 

have to follow defined paths that would simulate the real movement.  

The movement tracking was defined, but the game needed a headset and controller simulator. 

Due to the actual situation, the application should be as fluent and pleasant as possible, trying to 

obtain a way to easily control the mouse inside the game and the headsets. By the time the game 

worked with the simulator and the movement system detection, it was sent to the tutors in order 

to get a feedback from the ADFO physiotherapists. 

The next step was to export the main data of the game to analyze the level of accuracy the patient 

has performed following the specific paths of each movement. In addition, some changes on the 

game were applied in order to polish it and, the exercises previously defined with the Kinect were 

changed by the paths.  

Finally, the project had to be reported. The first sections developed were those related to the state 

of the art, the introduction of the whole project and the economic and environment analysis. Once 
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the objectives of the project were expressed, the development of the exercises and the game were 

explained. 

Figure 4.1 shows the summary of the methodology followed to carry out the project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.1. Methodology of work 
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4.2. Gantt chart 

Since the beginning of the four-month period, the project has been organised in multiple tasks. Each task was developed in a specified period of time and 

following an organised order. Thus, the following Figure 4.2 shows the Gantt chart of the project, with a breakdown of the tasks developed. 

 
Figure 4.2. Gantt chart of the project  
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4.3. Requirements 

A product must satisfy specific needs defined by the clients. Thus, the requirements are the description 

of these needs, in order to build a good final product. 

These requirements could be divided in functional and non-functional. As Requeridos Blog state, “the 

functional requirements are statements of the services that the system will provide, in the way in which 

it will react to certain inputs” (28). These are not only inputs, but the functional requirements could be 

automatic responses, interactions with other systems or predefined processes. 

In addition, the mentioned blog asserts the following: “The non-functional requirements do not 

directly refer to the specific functions provided by the system (user characteristics), but to the 

properties of the system: performance, security, availability, etc. In simpler words, they do not speak 

of what the system does, but of how it does it.” 

Now we know how the requirements could be divided, we have made a list of our functional and non-

functional requirements for the project. 

4.3.1. Functional requirements 

• Choose freely the rehabilitation exercise and the level of the game 

• Choose the number of repetitions 

• Choose the entire time of the level 

• Choose right or left hand for the simple exercises 

• Export the data automatically to Excel  

• Have completely access to the patient’s history and to its data 

• Play the game using the mouse 

• Control the avatar with the mouse 

• Have the possibility to go back in each level and exercise 

• Be easy to modify for the future students 

• Allow the patient interaction with the environment 

 

4.3.2. Non-functional requirements 

• High computer performance with a short response time 

• High availability of the system allowing the entrance without any problem. 

• Short data transmission time 
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• Good graphics generation allowing a smooth navigation through the environment 

• Use of the application without internet 

• Use of the application in different devices at the same time 

• Use of the application with multiple connected devices 

• Good compatibility with the Windows version 

The fourth non-functional requirement could not be determined because no tests could be done with 

the headsets, so the graphics visualization was only done through a PC. 
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5. Resource materials 

5.1. Unity 

Unity, developed by Unity Technologies, is a real-time development platform designed to create 

immersive and interactive 3D experiences, 2D videogames, virtual reality and augmented reality 

content.  

Unity Technologies was founded in Copenhagen in 2004 by David Helgason, Nicholas Francis and 

Joachim Ante, when they decided to democratize the videogame development, accessible for 

everyone, after its commercially failure on ‘GooBall’. Thus, Unity is a user-friendly development 

environment for everyone who wants to create videogames or applications for mobile, desktop, web 

and consoles. 

First, Unity game engine was exclusive for Apple Inc. as a Mac OS X-exclusive game engine. Nowadays, 

it supports over 25 platforms including iOs, Android, Play Station, Nintendo, Samsung Smart TV, Xbox 

One, Google Cardboard and others (29). 

The engine offers different plans and licences for all industries according the expertise level. The 

student and personal licence are completely free for people with a benefit below $100K per year. The 

Unity Plus licence includes more functionalities and resources, required for people with a benefit below 

than $200K in the last 12 months. It is an annual plan with a $40 monthly payment. Finally, the Pro 

edition licence includes a complete solution for professionals with more features and tools and it is 

required by people with a funding greater than $200K in a year. It is an annual plan with a $150 monthly 

payment (30). 

Actually, the project has been developed using the personal licence because it lets you built complete 

games and distribute and publish them but with a small Unity watermark. 

On the Unity Asset Store, there is a wide variety of Assets created by the Unity Technologies and also 

by the Community members. An Asset is any model, environment, image, sound, etc. that you can use 

and import in your project. So, any available 3D or 2D asset can be downloaded free or paying through 

this virtual store. 

The programming language used by Unity is C#, an easy and simple computer scripting. Scripts, usually 

edited in Visual Studio, are divided in three important parts: Variables, functions and classes.  

The first part of the scripts is the declaration of variables, those which are going to be used on the 

functions. There is different type of functions, those automatically executed and written by Unity or 
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written and declared by ourselves.  For example, the ones that are run at the start of the game (void 

Start); or those which are invoked only once the GameObject is activated (void Awake), or functions 

that are invoked once per frame (void Update), or others. Finally, classes are collections of the variables 

and functions, which are public or private (31). 

5.1.1. Unity system requirements 

Table 5.1 shows the system requirements to build and run the Unity Player for Desktop. 

Table 5.1. Unity system requirements (32) 

Operating System Windows macOs Linux 

Operating system 

version 

Windows 7 (SP1+) and 

Windows 10 

Sierra 10.12+ Ubuntu 16.04 and 

Ubuntu 18.04 

CPU 

X86, x64 architecture with 

SSE2 instruction set 

support 

X64 architecture with 

SSE2 

X64 architecture with 

SSE2 instruction set 

support 

Graphics API DX10, DX11, DX12 capable 
Metal capable Intel and 

AMD GPUs 

OpenGL 3.2+, Vulkan 

capable 

Additional 

requirements 

Hardware vendor officially 

supported drivers 

Apple officially 

supported drivers 

Gnome desktop 

environment running 

on top of X11 

windowing system. 

Other configuration 

and user environment 

as provided stock 

with the supported 

distribution. Nvidia 

and AMD GPUs using 

Nvidia official 

proprietary graphics 

driver or AMD Mesa 

graphics driver 
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5.1.2. Unity Interface 

The Unity interface is made up of a useful toolbar and five main windows: The Scene view, the Game 

view, the Hierarchy window, the Project window and the Inspector window. In Figure 5.1 we find the 

Unity interface screen divided in colours. 

The Scene view, shown in orange in the figure, is the window where we construct our scenes and build 

our game, whereas the Game view is used to play and test our game. On the Scene view we can 

visualise and edit all the scene models, lights, etc., called GameObjects.  

The Hierarchy window, shown in red, lists all the GameObjects present in the scene in a hierarchical 

way. By the time we select one GameObject on the Hierarchy window, pressing the button mouse, we 

are accessing to this GameObject on the scene. Moreover, if we press twice, we are directly viewing 

and accessing to the selected GameObject on the scene view. 

The Project window, marked in blue, is where we import, store and manage all the assets of our 

project. The scene’s GameObjects are dragged from the Hierarchical window, which are previously 

dragged from the Project window.  

The Inspector Window, shown in green, allows us to view, edit and add properties and settings to any 

selected GameObject of the scene, such as adding textures and materials or realistic physical forces to 

the model, audio, etc. 

At the top of the interface we find the toolbar, which contains different tools to locate and edit the 

GameObjects and to play, pause and step frame by frame the game.  

 
Figure 5.1. Unity interface screen. Hierarchy window in red, the Scene and Game view in orange, the Inspector window in 

green and the Project window in blue. The toolbar is located at the top of the screen. 
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5.2. Kinect 

Kinect, first released in 2010 in United States of America, is a full-body gaming produced by Microsoft. 

This motion sensing input device includes a combination of hardware and software that can be used 

with any Xbox 360, a home video game console developed also by Microsoft (33). 

The system detects movements in real time with its motion sensor and identifies the player through 

face and voice recognition to respond to spoken and gesture commands. The player can play without 

the need of controllers. Until now, Microsoft has released two versions: Kinect v1 and Kinect v2. 

The software is considered the brain of the device, what makes the Kinect a great breakthrough.  An 

amount of motion-capture and visual data from different people of different backgrounds is gathered 

and stored inside the system, where the Kinect will access in order to analyse what it is seeing to 

interpret the movements. Once enough body data is exported, it outputs the alignment with the stored 

collection into a skeleton image of the player. In addition, the Kinect uses a large quantity of sensors 

to judge the body distances of different points 30 times a second during the entire game (34). 

The hardware consists of three vital components working together: a colour VGA video camera, a 

depth sensor and a multi-array microphone (34) (35). These can be observed in Figure 5.2. 

The video camera aids in facial and body recognition and detects the red, green and blue colour 

components, called RGB camera. In addition, the Kinect v2 contains an infrared emitter for the depth 

perception. 

The depth sensor contains an infrared projector and a monochrome complimentary metal-oxide 

semiconductor CMOS sensor which creates 3d room image regardless the lighting conditions.  

The microphone is made up of four microphones that isolates the player voices from the background 

voices. This allows the user to use the voice controls being away from the microphone.  
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Figure 5.2. Components of Kinect V2 

In the Table 5.2, we can observe the technical specifications of the Kinect. The sensor has been 

designed with a Time of Flight (ToF) technology, which is a non-contact 3D measuring method that 

uses the optical reflection. Every single pixel of the acquired depth maps helps and provides a depth 

measurement to the nearest object (36).  

 
Table 5.2. Kinect v2 technical specifications (36) (37) 

Infrared (IR) camera resolution 512 x 424 pixels 

RGB camera resolution 1920 x 1080 pixels 

Field of view 70 x 60 degrees 

Framerate 30 frames per second 

Operative measuring range From 0.5 to 4.5 m 

Object pixel size (GSD) 
Between 1.4 mm (@ 0.5 m range) and 

12 mm (@ 4.5 m range) 

Sensor Technology Time of Flight 

Size 66 x 249 x 67 mm 

Weight 1.4 kg 
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The Kinect allows the detection of 25 different body points, that is 25 body joints, providing the three-

axis position and the rotation information for each one of them. In addition, each point is defined with 

a name, as is shown in Figure 5.3. 

 
Figure 5.3. Kinect body points detected (38) 

Currently, Microsoft has suspended the Kinect production for Windows. The next generation of depth 

sensor is the Azure Kinect DK, a developer kit for building computer vision and speech models with 

advanced AI sensors (39). 

5.2.1. Kinect for Windows SDK 2.0 

The Kinect for Windows Software Development Kit (SDK) 2.0, published in 2014, enables the creation 

of applications that supports gesture, face and voice recognition using the Kinect sensor. The SDK 

introduces a wide range of tools and capabilities for developers and includes drivers for using Kinect 

v2, the latest Kinect released. In addition, it includes application programming interfaces (APIs) and 

device interface, and code samples.  

The supported operating systems are Windows 8 (x64), Windows 8.1 (x64) and Windows Embedded 

Standard 8 (x64). The software requirements are the Visual Studio 2012 or Visual Studio 2013, and the 

recommended Hardware configuration is listed below (40): 

• 64-bit (x64) processor 

• 4 GB Memory (or more) 

• Physical dual-core 3.1 GHz (2 logical cores per physical) or faster processor 
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• USB 3.0 controller dedicated to the Kinect for Windows v2 sensor 

• DX11 capable graphics adapter 

• A Microsoft Kinect v2 sensor, which includes a power hub and USB cabling 

By the time the Kinect detects a body, it creates a skeleton image as can be observed in Figure 5.4. 

 
Figure 5.4. Visual Gesture Builder interface (41) 

5.3. HTC Vive  

The HTC Vive is the VR headset developed by HTC and Valve, released in April 2016. The pack includes 

the headset, two controllers and the base stations that the player needs to start the interactive VR 

experience. The physical location is tracked by the base stations so the player can explore the room-

scale virtual environment. 

The headset is the window to the VR environment and has sensors that are tracked by the base 

stations. In addition, we have the controllers that are used for the interaction with the object in the VR 

world, and they are also tracked by the base stations. The placement of the base stations will affect 

the play area which is the virtual boundary containing the VR objects with which the player will interact. 

Figure 5.5 shows the typical disposition of the HTC Vive hardware.   
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Figure 5.5. HTC Vive Setup (42) 

Table 5.3 shows the specifications of the HTC Vive, more specifically of the headset and the controllers. 

Moreover, we can observe the requirements of these glasses for the playing room and the minimum 

requirements for the computer, as the software used is very complex so it cannot be used with all 

computers. 

 
Table 5.3. HTC Vive specifications (43) 

Headset Specifications 

Screen Dual AMOLED 3.6’’ diagonal 

Resolution 1080 x 1200 pixels per eye (2160 x 1200 pixels combined) 

Refresh rate 90 Hz 

Field of view 110 degrees 

Sensors SteamVR Tracking, G-sensor, gyroscope, proximity 

Connections HDMI, USB 2.0, stereo 3.5 mm headphone jack, Power, Bluetooth 

Input Integrated microphone 

Eye Relief Interpupillary distance and lens distance adjustment 

Controller Specifications 

Sensors SteamVR Tracking 
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Input Multifunction trackpad, dual-stage trigger, Grip, System and Menu buttons 

Use per charge Approx. 6 hours 

Connections Micro-USB charging port 

Tracked Area Requirements 

Standing / seated No min. space requirements 

Room-scale 6’6” x 4’11” min. room size, 11’5” x 11’5” max 

Minimum Computer Specs 

Graphics NVIDIA® GeForce® GTX 1060 or AMD Radeon™ RX 480, equivalent or better. 

Processor Intel® Core™ i5-4590 or AMD FX™ 8350, equivalent or better 

Memory 4 GB RAM or more 

Video out HDMI 1.4, DisplayPort 1.2 or newer 

Operating system Windows® 7 SP1, Windows® 8.1 or later, Windows® 10 

5.4. VRTK Simulator 

The VRTK Simulator has been an important tool used for this project. The utility of this tool kit has been 

the simulation of the VR hardware (glasses and controllers) as we could not use the HTC Vive or the 

Kinect to detect the hands’ positions.  

This toolkit is a plugin that can be downloaded and imported to the project in order to add new 

functionalities. According to the creator of this plugging, it is a collection of useful scripts and concepts 

to help solving VR solutions rapidly and easily in Unity3d (44). For example, it helps to make some 

interactions as grabbing objects, inserting buttons, levers, etc. and it can also facilitate the interaction 

with some UI elements through pointers. It can work with many different SDKs as the Oculus Rift, the 

Steam VR, etc. 
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This project used the VRTK version 3.0.0 which is compatible with Unity3d versions 5.5 and above, 

VRTK does not support any Beta versions of Unity. This toolkit can be downloaded in the Unity Asset 

Store or in a GitHub master version. 

The most interesting function of the toolkit was the VR Simulator. In order to implant this plugging to 

a project, the first step to do is to select the VRSimulatorCameraRig prefab. As we can see in Figure 5.6, 

the principal idea is to add a first GameObject to the scene and then,  insert the VRTK_SDKManager 

script component in it. Then, the next step is to add a child to this GameObject with the SDKSetup 

component inserted, as we can see in Figure 5.7 , and then drag the VRSimulatorCameraRig prefab to 

this child GameObject. 

 

Figure 5.6 Hierarchy window and Inspector window of the VRTK_SDKManager GameObject 

 

Figure 5.7. Hierarchy and Inspector windows of the VRSimulator GameObject 

As shown in Figure 5.7, the SDK_Setup script connects the SDK Manager to a camera, a left hand and 

a right hand. Then the scene would have the Simulator SDK established, as it is shown in Figure 5.8, so 

the project could  be able to test the functionalities of the VR game without the VR hardware.  
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Figure 5.8. Game window of a scene using VR Simulator in the camera mode 

Nevertheless, both controllers and camera depend on the movement of one mouse connected to the 

computer, so, this toolkit proposes to have a camera mode and a controller mode. Consequently, the 

player must switch between these two modes by pressing the left Alt button. Then the information 

panel changes showing the new control keys, as we can see in Figure 5.9.  

 

 

Figure 5.9. Panel of the controller mode 

 

 



  Report 

32   

5.5. Autodesk 3ds Max 

Autodesk 3ds Max, developed and produced by Autodesk Media and Entertainment, is a professional 

3D modelling and rendering software for the creation of images, games, animations and for design 

visualization (45). 

This platform must be used with an operating system Windows 7, Windows 8, Windows 8.1 or 

Windows 10. Autodesk 3ds Max offers a toolset to produce models, create massive worlds in games 

with premium designs, visualize high-quality architectural renderings, creates animations bringing 

characters and features to life, etc. (45). 

The 3ds Max interface is organised in four windows, as we can observe in Figure 5.10. On the left side, 

it generates a top view of the model at the top of the window, and a front view on the bottom. On the 

right side, a lateral and perspective views of the imported model are generated.    

In addition, the platform contains the main toolbar at the top of the interface and different panels all 

around to edit the work in progress. 

 
Figure 5.10. Autodesk 3ds Max interface (46) 
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6. Application design 

6.1. Application structure 

The whole rehabilitation application created in different projects by different students is made up of 

two parts: one that gathers the rehabilitation exercises with an environment suitable to practice them 

without any challenge, and one with the games created for each exercise type.  

 
Figure 6.1. Main menu of the rehabilitation application 

The practice environment consists of a beach with an avatar in front of a virtual mirror, so when the 

patient moves, he can see his movements reflected on it. Moreover, at the right side there is a 

physiotherapist avatar doing the selected exercise which serves as a guide, as we can see in Figure 6.2. 

At the left side we find the name of the exercise in course, the repetitions counter and the button to 

go back. On the right side, a traffic light indicates the start time changing to green.  

 
Figure 6.2. Circles exercise in the practice environment 
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As the overall purpose of our project was to add four upper limb exercises to the rehabilitation 

application and create a game with these four exercises, organised from the lowest to highest level, 

we have added four exercises to the practice environment respecting the previous structure and one 

game called ‘Make a pizza’ on the games section. 

However, for our exercises on the practice environment we have added a submenu that allows the 

user to choose between the right and the left hand as shown in Figure 6.3. This is due to that we had 

to design the movements using the mouse instead of capturing it from the Kinect, so we divided the 

practice into both hands to make it easier for the patient. We believe that controlling the game using 

the mouse and the keyboard has enough difficulty to, in addition, use both hands. Furthermore, the 

physiotherapist avatar that guides the patient is doing the original movements and not following the 

paths, because the idea would be to change the movement system in the future.  

 
Figure 6.3. Application submenu 

 

6.2. Use Case Diagram 

Use Case diagrams are a good solution to represent the running of a software or an application. It 

represents the way the application interacts with the user. The diagram is composed of three types of 

elements: the system, the actors and the use cases.  

The actors are the persons or the elements that interact with the system. In this case, the actors will 

be the physiotherapist, the patients and the movement detection system as they all interact with the 

system which is the application, the principal element that is being developed.  

The use case diagram is composed of a system box where we will see the flow of the most basic actions 

of the game. Those actions are the different use cases (UC).  



Development of a virtual reality application for stroke rehabilitation 
  

  35 

 As it is shown in Figure 6.4, the system is represented in a rectangular box. The different use cases are 

inside this rectangular box, while the actors that interact with the system are represented in the 

outside. The primary actors are the ones that can initiate the use of the system, like the patient or the 

physiotherapist. Therefore, there are also the secondary actors which are those that wait the actors to 

do something like opening the game to modify or activate an action. Secondary actors are positioned 

at the right of the box. 

 
Figure 6.4. Example of a Use Case diagram 

Inside the system, the use cases are connected between them by different types of relationships. The 

following Table 6.1 will show the ones used in the diagram of this project. 

 

Table 6.1 Legend of relationships present in the diagram 

Name Description Arrow 

Association Basic communication 

between actor and the Case 

of use 
 

Include Shows that CU1 will 

automatically activate CU2 
 

Extend CU2 will only be activate in 

some cases. 
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Generalization CU1 is the general UC and 

CU2 and CU3 are the 

specialized UC. They are like 

the general one but with 

something added.  

Figure 6.5 shows the Use Case Diagram designed for the project. As it can be observed, there are two 

principal actors, the physiotherapist and the patient as they are the ones that can activate the 

application. Then, there is the secondary actor, the movement detector, only activated when the 

application is open. Moreover, the Use case diagram follows a colour code: the yellow is related to the 

interaction with the user in the User Interface by clicking some buttons or filling some box fields, the 

grey colour is related to the game itself, and finally the blue use cases are connected to the final 

objective of the application, the exportation of the data. 

 
Figure 6.5 Use Case diagram 
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The description of each use case is shown in Table 6.2, where each one is followed by its explanation. 

Table 6.2 Explanation of the Use cases. 

UC01 

Use Case Log In 

Actors Physiotherapist 

Objective Insert the information of the doctor and identify 

the patient so they can have a follow-up of their 

evolution 

Related Use cases Next: UC02 

Preconditions Lunch the application 

UC02 

Use Case Open the principal menu 

Actors Physiotherapist 

Objective Connect automatically the two scenes of 

entering credentials and selecting the activity  

Related Use cases Before: UC01, UC13 

Next: UC03 

Preconditions Already logged in 

UC03 

Use Case Click to choose the activity 

Actors Physiotherapist 

Objective The user must click on the button that 

corresponds to the activity he wants to initiate   

Related Use cases Before: UC02 
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Next: UC04, UC05 

Preconditions To be in the main menu 

UC04 

Use Case Click on a “game activity” 

Actors Physiotherapist 

Objective The user clicks on the one of the options in the 

lower part of the menu in order to open the 

next menu related with the game 

Related Use cases Before: UC03 (parenthood with UC05) 

Next: UC08 

Preconditions This UC is a child of the previous UC03 and 

brother of UC05 because both children add a 

complexity to the parent UC, the type of activity  

UC05 

Use Case Click on an “exercise” activity 

Actors Physiotherapist 

Objective The user clicks on the one of the options in the 

upper part of the menu in order to open the 

next menu related with the exercises 

Related Use cases Before: UC03 (parenthood with UC04) 

Next: UC06 

Preconditions This UC is a child of the previous UC03 and 

brother of UC0 because both children add a 

complexity to the parent UC, the type of activity  

UC06 
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Use Case Choose the hand to use in the exercise 

Actors Physiotherapist 

Objective The user selects which side to use in order to 

execute the exercise (left hand or right hand) 

Related Use cases Before: UC05 

Next: UC07 

Preconditions The menu must change in order to present the 

two options “right hand” or “left hand” 

UC07 

Use Case Open the exercises scene 

Actors Software 

Objective The game must deactivate the User Interface 

and open the game scene with the 

correspondent animations of the avatar related 

to the chosen exercise. Then the game can 

start. 

Related Use cases Before: UC06 

Next: UC011 

Preconditions Click on the right exercise and the 

corresponding side 

UC08 

Use Case Write the time and the repetitions 

Actors Physiotherapist 
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Objective The user must write in the corresponding fields 

the time limit and the number of repetitions to 

execute 

Related Use cases Before: UC04 

Next: UC09 

Preconditions The user must write the time in seconds and 

the number of repetitions. Once the user has 

finished to write, the values are sent to the next 

scene. 

UC09 

Use Case Open the cooking game 

Actors Software 

Objective The software starts the game opening the new 

scene, initialising the counter of repetitions and 

the time 

Related Use cases Before: UC08 

Next: UC11 

Preconditions The level of the game and all the parameters 

must be chosen by the physiotherapist 

UC010 

Use Case Movement of the arms (or the mouse) 

Actors Patient / Player & VR Controller or the Kinect 

sensor 

Objective The patient must try to execute the required 

movements in order to validate the repetition 

Related Use cases Next: UC11 
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Preconditions The game must be initialised  

UC011 

Use Case Tracking of the position 

Actors Software 

Objective The game detects the position of the controller 

in order to analyse the movement of the 

patient 

Related Use cases Before: UC07, UC09, UC10  

Next: UC12 

Preconditions The movements of the patient must be 

detectable, the sensors must be able to detect 

the arms of the patient, the VR controllers must 

be connected 

UC012 

Use Case Calculate the time and the repetitions 

Actors Software 

Objective The game must analyse the movements made 

by the patient and count the number of 

repetitions he made in order to control the 

evolution of the patient 

Related Use cases Before: UC11 

Next: UC15, UC16 

Preconditions The game must be launched and the 

movements must be detected 

UC013 



  Report 

42   

Use Case Click the button “Atrás” 

Actors Patient 

Objective When the patient wants to get out from the 

game or the physiotherapist wants to change 

some parameters there will always be a button 

to click in order to return to the menu. 

Related Use cases Next: UC02 

Preconditions Launch the application 

UC014 

Use Case Send the data 

Actors Software 

Objective During the game, at each frame, the software 

has to send the position of the mouse / hand  

Related Use cases Before: UC11 

Preconditions The game must be launched and the 

movements must be detected 

UC015 

Use Case Play the Winner animation 

Actors Software 

Objective The player has to know that he has achieved 

the requirements.  

Related Use cases Before: UC12 

Preconditions The relation between this UC and the previous 

one is an “extend” one, so it will not happen 

automatically after realising the previous UC, 
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the player must accomplish all the 

requirements in order to win the game. 

UC016 

Use Case Play the Loser animation 

Actors Software 

Objective The player has to know that he has not 

achieved the requirements.  

Related Use cases Before: UC12 

Preconditions The relation between this UC and the previous 

one is an “extend” one, so it will not happen 

automatically after realising the previous UC, 

when the time’s up and the player has not 

made all the repetition required the UC will be 

activated. 

 

 

 

 

 

 

 

6.3. Exercises 

The first exercise, classified as level one, is the flexion of the elbow. The idea is to bend the elbow from 

the rest position, as is shown in Figure 6.6. In order to simulate the flexion, we have made a vertical 

path that has to be followed using the computer mouse, which will move virtual hands.  
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Figure 6.6. Example of an Elbow bending 

 
Figure 6.7. Vertical path that simulates an Elbow bending

The second exercise consists of bending the arm leading to touch the face from a rest position, which 

would be standing up in a normal posture. Observing the movement from a frontal plane, it is similar 

to an arch. For that reason, the path created for this exercise has this shape, with a movement direction 

from the bottom to the top, as we were touching our faces. It can be observed in Figure 6.9. 

 
Figure 6.8. Example of the Touch face exercise 

             
Figure 6.9. Arch path that simulates the Touch face 

exercise 

 

The third exercise consists of doing circles at the head’s height. As it has to be done with the right and 

the left hand, we have created a circular path with two directions: clockwise and counter-clockwise. 

Finally, the exercise classified as level four consists of bending the arm leading to touch the back. Just 

like the Touch face exercise, the path that simulates the four exercise would be an arch with different 

orientation. In this case, the hand has to start at the top of the path and end at the bottom of it, as we 

were touching our lower backs. 
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Figure 6.10. Example of the Touch back exercise 

 
Figure 6.11. Arch path that simulates the Touch back 

exercise

 

6.3.1. Environment design 

As in this part of the project the objective was to add some new exercises to the ones that already 

existed, the environment had to be the same as in the previous exercises made by the previous 

projects. The solution was to add the new exercises in the same scene than the other exercises, thus 

there were not any changes in the environment.  

In order to adapt the game to the absence of the Kinect sensor or even the VR controllers, the solution 

was to implement some VR simulator controllers. As told before, the avatar is normally completely 

connected to the Kinect sensed points so the body is represented with the avatar. But in this situation, 

the arms and the head were the only points to be specified in the space, which created some errors as 

we can see in Figure 6.12. Unity would not detect the avatar as a humanoid body.  

The initial posture of the character is a T arm position, with the elbows and the hands at the shoulder’s 

height. When the transform of the hand gets down, instead of lowering the arm in a natural way as it 

could be observed for the right arm, only the hand moves while the rest of the arm remains immobile. 

The reason of this error is that, even if the hand’s position of the avatar was connected to the simulator 

controller, the arm would not follow the movement because the character did not have inversed 

kinematics (IK). IK allows to calculate the joint angles required to move the end-effector to a specific 

location when the avatar’s end-effector location is given. 
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Figure 6.12 Downward movement of the hand with and without Inversed Kinematics 

The first step is to make sure that the 3D character has a rig that represents the skeleton of the 

character. The Avatar parent GameObject of this rig must have the Rig builder component (Figure 6.13) 

and a Bone Render component (Figure 6.14) connected to it in order to display in a better way the bone 

structure of the character. As it is shown in Figure 6.15, the rig is completely defined in this character 

(blue skeleton).  

 
Figure 6.13 Components of the Parent G.O of the 

humanoid 

 
Figure 6.14 Bone Renderer Component filled with the 

skeleton elements of the humanoid
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Figure 6.15 Elements for Inversed Kinematics 

In order to put the inversed kinematics (IK), the next step is to add some constraints to the skeleton. 

This is why it is primordial to add an empty GameObject in the character in order to insert the IK 

constraints components. As it is shown in Figure 6.16, the component automatically adds the 

constraints if the reference bones, the target and the hint are given. As it is shown in the hierarchy 

window in Figure 6.15, the target and the hint are empty child elements that are connected to the 

hand and the elbow of the avatar. Finally, in order to connect the constraints with the bones of the rig, 

the game object VR Constraint must have a Rig component in order to drag that game object to the 

RigBuilder component of the parent GameObject of the character, as it is shown in Figure 6.15. 

 
Figure 6.16 IK Constraint component for the hands of the character. 

The final step is to connect the position of the hand and the head to the controllers of the simulator. 

This is why the VR_Rig script is connected to the parent GameObject. This script connects the skeleton 

to the VR controllers by creating a function of mapping. This function defines the position and the 

rotation of the rigTarget which is the target of each hand in the VR Contraints GameObject according 

to the position and rotation of the VR controllers, shown in Figure 6.17. This function will be applied to 

both hands and the head of the avatar inside the script.  
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Figure 6.17 Script of the mapping of the rig 

 

6.4. Make a pizza Game  

As it is mentioned previously, a virtual reality application for post-stroke patients that consists of 

making a pizza has been developed. The game has been created in order to rehabilitate the upper limbs 

by carrying out four movements, therefore we have divided the action of making a pizza in four.  

The first level consists of cutting the vegetables that are going to be added on the pizza. Those are cut 

when the patient does one repetition of an elbow flexion. The second level, that requires the touching 

face movement, lies in adding ingredients into a bowl to start with the preparation of the pizza dough. 

The third level consists of mixing the ingredients previously added by doing circles with the hand, and, 

finally, the last level, which requires touching the patient’s back, consists of baking the pizza before 

eating it.  

This game challenges the patient to complete the levels, with a specific number of repetitions, in a 

limited time. The repetitions and the entire time of the game are chosen on the menu at the beginning. 

The following table summarizes the name of the main Unity scenes for each exercise and their scripts 

in order to make it easier to understand the explications below and to navigate through the Assets.  

Exercise Scene Name Script Name 

Elbow flexion ElbowFlexScene CutCucumberScript 

Touch Face ExFace AddIngredientsScript 

Face Circles FaceCirclesScene MixIngredients 
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Touch Back ExBack OpenOven 

 

6.4.1. User’s interface 

Once the user has chosen the Make a Pizza game, the scene shown in Figure 6.18 will upload. The 

User’s Interface (UI) canvas is where the user can choose which degree of difficulty he wants to play. 

As told before, the level one will be the Elbow flexion as the movement is the simplest one. The player 

will just have to do a straight line in order to complete one repetition. The degree of complexity 

increases at each level as they add some curves to the path.  

 
Figure 6.18 Game menu: choose the exercise 

When the user presses one of the four buttons, the current menu is deactivated and the next one is 

activated, as shown in Figure 6.19. The Atrás button of the scene allows to go back to the main menu 

of the whole project, shown in Figure 6.1.  

In the next menu, the user has the possibility to configurate two parameters of the game, which are 

the time limitation and the number of repetitions to perform in that period of time. He will have to fill 

the fields on the white boxes of Figure 6.19. 
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Figure 6.19 Example of the parameter’s menu (Level 1) 

The user can write inside the boxes because those UI elements have an Input Field component that 

communicates with a script once the user has finished to write, as shown in Figure 6.20. In the following 

example from the level one menu, the repetition input field Rep 1 activates the function Repet1 from 

the script Parameters in order to keep the value of the field Rep1 in the static variable Repeticiones1 

as shown in Figure 6.21. This static variable will communicate the values to the next scene. 

 
Figure 6.20 Input Field parameters 

 
Figure 6.21 Code of the function Repet1 

Then the user must click in the green button Empezar in order to open the game scene.  

User’s Interfaces are typically used to create menus or parameters pages, but they are very useful for 

the playing scene in order to show to the user many parameters of the game. In this case the UI has 5 

elements to communicate with the player as it can be observed in Figure 6.23: 

- The beige box indicates the number of repetitions made by the player and the number of 

repetitions to do in total.  

- The menu button is used to go back to the main menu when the player wants to get out of the 

exercise. 
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- Indications to help the player to use the VR simulator as controlling the hands controllers 

instead of controlling the head, changing the movement of the hands in the right axis and 

changing the hand to control. 

- The stopwatch indicates the remaining time to finish the exercise. Figure 6.22 indicates how 

the script calculates this time remaining in the right format. This function is called in the update 

function of the principal script while the game is activated. 

 
Figure 6.22 Code lines of the CalculoTiempo function 

- The hand shown indicates which hand to use. When the player has to change the side, the 

other hand is shown. 

 
Figure 6.23 UI in the game view for ElbowFlexionScene scene 

 

6.4.2. Detection of the movement 

The movement detection has been carried out using different components: a 2D Raycast, a path Image, 

a filled type Image that fills the path and colliders.   

A Raycast is an invisible ray that is fired from an initial point along the scene space with a specific 

direction. Any object with a collider component that comes in contact with the ray can be detected 

and reported. The ray is defined in the script, where the origin, direction and distance, among others, 

can be set.  
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Thus, the Raycast created has the origin on the VRTK player hand with a normal direction, which can 

be observed in Figure 6.26. Moreover, each path contains a collider with the tag Collider to detect the 

collision with the ray and the path. At the moment this collision exists, it will mean that the patient is 

following the specified route. 

In addition, a filled type Image has been used to visually track the hand’s route. This type allows to 

display only a portion of the Image letting the rest invisible by using the Image.fillAmount property. 

This property defines the amount of the Image shown by rating it from 0 to 1, being 0 nothing to show 

and 1 the full Image. Through the Inspector window we can select the origin fill point, which can be 

top, down, left or right; and the fill method, which can be vertical, horizontal, radial 360º, radial 180º 

or radial 90º.  

 
Figure 6.24. Scene and Inspector window of a filled type Image 

The filling of the Image using the VRTK hand can be simulated by converting the Raycast collision point 

into the fillAmount. Figure 6.25 shows how the path is being filled by the right-hand passage.  

Downloading a Unity Package called English Tracing Book and extracting a portion of it, we found a 

way to convert the Raycast collision point into the path’s fillAmount. The Package uses two functions: 

the LinearFill, which is used for linear shapes, being vertical or horizontal; and the RadialFill function, 

which is suitable for radial and circular paths.  
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Figure 6.25. The right hand filling the path in FaceCirclesScene scene 

All this programming code is gathered in the FCGameManager script. The filled type image is stored in 

an image variable called pathFillImage, and the original path in an image variable called path. In 

addition, each path’s GameObject has a script attached to it called Path where we might choose the 

type, linear or radial, in order to use the LinearFill or the RadialFill functions. 

As it can be observed in Figure 6.26 , the FCGameManager script is organised in three parts.  

The first one, marked with a blue rectangle, changes the Hand GameObject depending on if we are 

using the right or the left hand. In each exercise script, the bool variable gethand is set to true when 

the Raycast has to be drawn on the right hand. For the left hand, it has to be set to false. Moreover, 

both hands are stored on the GameObject[] array currentHand, the right hand in the zero position and 

the left hand in position one. 

The second part of the script defines the Raycast called hit2d, marked with a green box. The first 

argument of the function defines the origin of the raycast, the second one defines the direction, and 

the third argument states the distance.  

The third part, marked with an orange rectangle, states the filling method depending on the path’s 

shape by the time the raycast is hitting the path’s collider. If the Raycast is not hitting the path’s collider, 

we set the fillAmount to zero. 
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Figure 6.26. FCGameManager script structure 

Finally, a path could be determined as completed when the fillAmount is greater than 0,95. A bool 

variable called completed will be set to true when a repetition is done. The code starts a coroutine 

called Wait, which waits one second before it sets the variable completed to false again. This 

programming code part is located inside the LinearFill and RadialFill functions. 

 
Figure 6.27. Programming code that detects when a path is completed 

However, the scene counter will not count a repetition until at first a variable called count is set to zero. 

That is, the different animations, particles and repetitions on each script level will not be activated until 

count is zero, which will take this value when the hand will be detected at the beginning of the path. 

That is, with a low value of fillAmount. This method ensures that the patient has followed all the path 
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and not only the last part in order to count repetitions. In Figure 6.28 we can observe the programming 

code where PathComplete.fillAmount is accessing to the fillAmount variable in the FCGameManager 

script declared in the variable PathComplete.  

 
Figure 6.28. Detecting when the hand is at the beginning of the path 

In addition, for the Face Circles scene the script will have to detect the hand in each quarter of circle to 

ensures that the patient does all the circle. Each quarter activates a variable that controls the activation 

of some elements and systems of the scene. 

 
Figure 6.29. Code programming on Face Circles scene to detect the hand in each quarter 

 

6.4.3. Environment design 

The environment has been designed using prefabs, models and textures from the Unity Asset Store, 

Poliigon, Free3D and TurboSquid. These are websites that contain 3D models that can be free 

downloaded. 
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As our game consists of making a pizza, the environment created is a kitchen. Most of the actions occur 

on the principal table, with the exception of the fourth level, which uses only the oven. For that reason, 

in each level the only space that is different is the table located at the middle of the kitchen.  

In addition, the scripts that control each scene have been adapted to function with any number of 

repetitions, with the exception of the elbow flexion scene, which could be played with a maximum of 

32 repetitions. The number of repetitions chosen by the physiotherapist at the beginning of the 

application is stored in a variable called x.  

6.4.3.1. Elbow flexion scene 

The first level consists of cutting vegetables, so the table contains different type of vegetables, a knife 

and two bowls. First of all, the Autodesk 3ds max has been used to do slices of the cucumber and the 

tomato models that were previously downloaded from the Unity Asset Store. As a result, we obtained 

18 slices of the cucumber and 10 slices of the tomato, being each one a GameObject on Unity.  

Then, the vegetable cutting has been simulated using the Rigidbody component on Unity. This 

component gives realistic physics to the GameObject, a weight and a mass, so it will fall by gravity and 

react to collisions with incoming objects, if both have a collider. This component includes a property 

called is Kinematic, which allows forces to affect the GameObject when this property is disabled. Thus, 

when the patient does one repetition, the is Kinematic property of the vegetable slice is disabled, and 

the slice falls on the board as if it had been cut.  

 
Figure 6.30. Rigidbody component on the inspector window 

In addition, the script has been designed to function with any number of repetitions. So, the number 

of slices falling depends on the number of repetitions the patient has to complete. The script which 

contains the main functions of this scene is called CutCucumberScript and it could be divided in two 

parts: when x is less than 10, or equal to or greater than 10. 

By the time the number of repetitions is less than 10, the scene will only use one cucumber and one 

tomato. That is, the patient will only have to cut two vegetables. The number of cuts the patient has 

to do will be divided into the two vegetables, stored in variable y for the cucumber and yT for the 
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tomato. In case of the x was an odd number, the script will assign one cut more to the cucumber. For 

example, if the number of repetitions is 7, the patient will have to do 4 cuts on the cucumber and 3 

cuts on the tomato. 

If the x is equal to or greater than 10, the patient will have to cut a cucumber and two tomatoes. So, 

the number of cuts the patient has to do will be divided into three vegetables, stored in variable y for 

the cucumber and yT for the tomatoes. In addition, if x is not a multiple of three, the number of 

cucumber edges is rounded to AwayFromZero plus one, and the number of tomato cuts is rounded to 

the floor. For example, if x is equal to 14, the number of cuts y will be 4,67. Thus, the patient will have 

to do 6 cuts (Rounded + 1) of the cucumber and 4 (Round to the floor) for each Tomato. Here we can 

see a breakdown of the calculations.  

𝑥 = 14 (Eq. 6.1) 

𝑦 =  
𝑥

3
=

14

3
= 4.67 → 𝑦 = 5 + 1 = 6 

(Eq. 6.2) 

𝑦𝑇 =  
𝑥

3
=

14

3
= 4.67 → 𝑦𝑇 = 4 

(Eq. 6.3) 

𝑇𝑂𝑇𝐴𝐿 = 6 + 2 × 4 = 14 (Eq. 6.4) 

Finally, as it is shown in Figure 6.31, we have created animations to put the slices in a bowl when one 

vegetable is completely cut. Also, we have added sounds to give reality to the scene, as if the player 

was cutting vegetables in reality.  

 
Figure 6.31. Animation in course of the cucumber slices being introduced in the bowl in ElbowFlexionScene scene 

6.4.3.2. Touch face scene 

The second level has the same environment as the elbow flexion but different objects on the table. It 

consists of adding flour, oil, yeast and water with salt in a bowl, so the scene contains animations that 
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move up and forward the ingredients and returns them to the original position. Moreover, in order to 

simulate the filling of the bowl with the ingredients, we have used particles and a realistic filling sound.  

 
Figure 6.32. Flour particle system activated to simulate the filling of the bowl in ExFace scene 

The script that controls the functionalities of this scene is called AddIngredientsScript and it has been 

adapted for being used with any number of repetitions. As mentioned before, each ingredient has two 

animations associated and a particle system. The script is divided into different parts, depending on 

the x variable value. 

When x is equal to or greater than twelve, the script calculates the number of repetitions the patient 

has to do for each ingredient, dividing x by four. The result is stored in a y variable. The first repetition 

completed runs the animation that moves the ingredient near to the bowl whereas the last repetition 

completed returns the ingredient to the original position. This way, the leftover repetitions run the 

particle system in order to fill the bowl with the ingredient. For example, if the player has to do five 

repetitions to fill the bowl with oil; the repetition number one moves the oil up and forward, from the 

second to the fourth it runs the particle system, and the last one returns the oil to its original position.  

If x is not a multiple of four, the script divides in equal parts the number and starts adding repetitions 

one per one to each ingredient until it reaches the total number of repetitions. That is why we use the 

z, z1, z2 and z3 variables in the script. In Table 6.3 we can observe this distribution method clearer. 
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Table 6.3. Summary of the repetition’s distribution in AddIngredientsScript for x >= 12 

 

If the number of repetitions is equal to or greater than eight, and less than twelve, the programming 

code does the same procedure explained before but calculated for two objects. That is, the flour and 

the oil will act at the same time while the yeast and the water with salt will act together as well.  

 

Table 6.4. Summary of the repetition's distribution in AddIngredientsScript 

 

In addition, if the x is equal to or greater than four and less than eight, it will do the same procedure as 

if it was equal to or greater than eight and less than twelve. The distribution will not change, but what 

will change will be the way the ingredients act. In that case, the ingredients will move up and forward 

and will fill the bowl using the particles with the first repetition completed. The particle system will not 

wait to be activated by the second repetition completed.  

When the number of repetitions is less than four, the script has been specially designed adapting each 

action to each repetition.  

6.4.3.3. Circles scene 

On the third level, the aim is to mix the ingredients previously added. Thus, on the table we can found 

the ingredients inside a bowl and a spoon, which would be moving at the same time the player is doing 

circles with the VRTK hands above the path. In order to simulate the mixing, the scene contains four 

animations of the spoon spinning inside the bowl, each one for each quarter, and twenty animations 

of the ingredients disappearing little by little. In addition, it contains an animation that changes the 

colour of the dough, turning it to brown, to simulate the final pizza dough. 
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Figure 6.33. FaceCirclesScene scene environment 

The script attached to this scene is called MixIngredients. As the exercise only has two directions of 

rotation, clockwise or counter-clockwise, the number of repetitions the player has to do is equally 

divided by two. If the x was an odd number, the counter-clockwise would have one repetition more. 

The result is stored in a variable called a1 for the counter-clockwise direction, and a for the clockwise.  

In case of x less than five, the script divides half of the twenty animations of the ingredients by the total 

number of repetitions the player has to do in a direction, in this case a1 or a. The result is stored in y1 

for the counter-clockwise direction, and in y for the clockwise. Thus, depending on the total number, 

the script will run one or more animations in each repetition in order to visualize at the end the final 

brown dough. Moreover, the script needs to calculate the number of repetitions it has to run by 

quarter. So, it divides the number of animations in each repetition by four. The result is stored in a 

variable z. 

If x is equal to or greater than five, the script runs one mixing ingredients animation for each quarter. 

When all the animations have been run, each quarter activates only the spoon movement animations. 

6.4.3.4. Touch back scene 

The environment is, as for the other levels, the kitchen, but instead of being focused on the principal 

table, the game is played in front of the oven. The fourth level consists of baking a pizza, where the 

scene contains one raw pizza and another baked pizza.  

It could be divided in four actions: preheat the oven, put the pizza, bake it and take out the pizza.  At 

first, in order to preheat the oven, the scene contains an animation that shakes it simulating the 

heating. Then, it is necessary to put the raw pizza in the oven. This action takes three animations: one 

opens the oven, another put the pizza inside, and the last one closes the oven door. On the same way, 

in order to bake the pizza, the oven shakes again. Finally, the baked pizza has to be taken out from the 
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oven, which has three animations associated: one opens the oven door, another takes out the baked 

pizza, and the last one closes the oven door. At this point, the player has passed the level. 

 
Figure 6.34. ExBack  scene environment 

All these actions are managed by the OpenOven script, which follows a structure similar to the rest of 

the scenes. The right hand is used to preheat the oven and put the pizza inside, and the left hand bakes 

the pizza and takes it out. So, the entire number of repetitions is divided by two, stored in a variable 

called yR for the right hand and yL for the left hand. In addition, if x is an odd number, the right hand 

would have one repetition more than the left hand.  

When the number of repetitions is greater than or equal to six, the script assigns the last three 

repetitions of the right hand to the three animations that puts the pizza on the oven, with the order 

previously stated. The leftover repetitions run the oven shake animation in order to preheat it. This 

way, the script works the same for the left hand. The last three repetitions run the three animations to 

take out the pizza from the oven, and the rest plays the oven shake animation. 

If the x is greater than or equal to four and less than six, some animations are run simultaneously. The 

script runs the open oven and put the pizza animations on the penultimate repetition of the right hand, 

and the open oven and take the pizza out animations on the penultimate repetition of the left hand. 

The close oven door animation is played on the last repetition of each hand side. The rest of the 

repetitions run the oven shake animation.  

Finally, for the number of repetitions equal to or greater than two and less than four, the last repetition 

of each side runs simultaneously the three animations associated to open and close the oven or to put 

and take out the pizza. The rest, runs the oven shake animation. 
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6.4.4. Data exportation 

The data has been exported via scripting, in a .xls file, with a short programming code located in each 

main exercise script.  

First of all, the most important data had to be detected in order to be analysed. As the exercises had 

to be simulated using paths, we thought that it would be interesting to analyse the precision of the 

route the patient was following. For that reason, the data exported has been the point in 2D where the 

Raycast collides with the path collider. That is, the position of the hand above the path. Furthermore, 

the number of repetitions, the entire time the player has chosen and the total played time have been 

exported too. 

At first, the script was designed to automatically calculate the variance and the deviation measures to 

export them, but it affected the performance of the game. So, finally the application only exports the 

position of the hand above the path, in order to have a good application performance allowing smooth 

movements on the game. With the results, we have manually calculated the dispersion measures. 

The coroutine called DATAEXPORT contains the exportation programming code. It would be only 

activated when the hand Raycast collides with the path, detected with the tag Collider, as is shown in 

Figure 6.35. The HitPosition variable will store the point where the Raycast collides with the path, 

having x, y and z component. So, it is a Vector3 type variable.  

 
Figure 6.35.Introductory code to the data exportation 

For the data exportation, the method File.AppendAllText() has been very useful because it opens a file, 

appends a specified string on it and then closes it. At the beginning of the script, the coroutine defines 

a string called path with the file store location, its name and the file format. In Figure 6.36 we can 

observe the example for the Face circles scene, for that reason the file name is ‘Circles’. The exercise 

outcomes are stored inside the folder ‘Seguimiento’, then inside the patient name folder (DNI/NIE) and 

finally inside the ‘MakePizza’ folder. The format of the file created will be .xls. 
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The coroutine creates a string called content, which would define the content we want to append to 

the file. In this case, the x and y coordinates of the HitPosition variable, as we are working on 2D while 

the patient is following the path. 

Afterward, if the file does not already exist, the script appends a title in order to have its data defined 

and organised on the location we have defined in the variable path. The title will be ‘Posicion X’ for the 

first column and ‘Posicion Y’ for the second column of the Excel, as it is shown in Figure 6.36. Then, the 

script appends the content that was previously defined. 

 
Figure 6.36. Data export programming code 

 

Moreover, in order to identify and separate the data of each repetition, the script adds asterisks when 

one path has been completed. The code is shown in the following figure.  

 
Figure 6.37. Programming code to separate the data for each repetition 
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7. Tests with volunteers 

On this section we have tested the “Cooking a pizza” game with 4 volunteers and we have analysed 

the results. It is necessary to emphasize that the volunteers have not suffered an ictus and do not have 

any functional ability problems.  

For each exercise, we have calculated the variance and the standard deviation of the hand position 

above the path for the entire time and for each repetition, in order to quantify the precision that the 

patient has when he follows the path. The variance (σ2) is the variability of specific values regarding its 

median, and the standard deviation (σ) gives information about the mean dispersion of a variable (47). 

These statistic measures have been calculated through distances, with the exception of the elbow 

flexion. 

σ2 =
∑ (𝑥𝑖 − �̅�)2𝑛

1

𝑛
 

(Eq. 7.1) 

σ = √σ2 (Eq. 7.2) 

Where x is a variable, xi is the sample number i of the x variable, �̅� is the median and n the number of 

samples in total. 

As the elbow flexion is a vertical path, the important data of HitPosition is only the x coordinate. For 

each x position exported, the difference between that coordinate and the half of the path’s width was 

calculated. Knowing this difference, the variance and standard deviation using the �̅� as the ideal 

deviation (which is zero) were calculated.  

 
Figure 7.1.Visual example of the calculated deviation 

For the rest of the exercises, the radius drawn from the bottom corner to the HitPosition point were 

calculated. Figure 7.2 shows the different radius measured for each path. With the results, we have 
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calculated the variance and the standard deviation using the �̅� as an ideal radius instead of the median, 

which has been obtained by calculating the half point of the width of each path. 

 
Figure 7.2. In green, examples of the radius measured for each path and the deviations in orange 

 

Volunteer 1 

Elbow flexion exercise results 

The level has been set up to do 8 repetitions in 90 seconds, however the player completed the game 

in 88,90561 seconds.  

In Table 7.1, we find the variance and deviation measures of the volunteer. We can underline that the 

deviations for the left hand are higher than for the right hand, because the volunteer is right-handed. 

 

Table 7.1. Variance and deviation measures on Elbow 
flexion for Volunteer 1 Variance (m2) Standard deviation (m) 

Right hand 

R1 0,00069969 0,02645159 

R2 0,00011816 0,01087004 

R 3 0,00011419 0,01068604 

R 4 0,00014967 0,01223393 

Left hand 

R 5 0,00175555 0,04189923 

R 6 0,0009415 0,03068386 

R 7 0,00181628 0,04261788 
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R 8 0,00129743 0,03601984 

Total 0,00107431 0,03277667 

 

The higher deviation for the left hand could be shown in Figure 7.3 and Figure 7.4. The orange part of 

the graphics has a lot of high peaks where, ideally, the route should be horizontal because we are 

following a vertical path. However, the right hand has a good precision, with few peaks compared with 

the left side and it tends to be horizontal. 

 
Figure 7.3. Position vs time graphic on Elbow flexion made by volunteer 1 

 
Figure 7.4. Position graphic on Elbow flexion made by volunteer 1 

Touch face exercise results 



Development of a virtual reality application for stroke rehabilitation 
  

  67 

The menu configuration has been set up to play 8 repetitions with an entire time of 90 seconds. The 

player passed the level in 35,71014 seconds. 

Analysing the results, we can see a little difference between both hands. For the first three repetitions 

on the left hand the volunteer has been very accurate, with lower deviation measurements. In addition, 

in Figure 7.5 and Figure 7.6 we can observe that the left side graphic has less amplitude comparing it 

with the right side.   

 
Table 7.2. Variance and deviation measures on Touch 
face exercise for Volunteer 1 

 
Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,0009529 0,03086911 

R 2 0,00132703 0,03642844 

R 3 0,0028926 0,05378294 

R 4 0,00153573 0,03918835 

Left hand 

R 5 0,00050252 0,02241692 

R 6 0,00056553 0,02378096 

R 7 0,00067612 0,0260024 

R 8 0,00188771 0,04344784 

Total 0,00141837 0,03766125 
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Figure 7.5. Right side position graphic on Touch face made by volunteer 1 

 
Figure 7.6. Left side position graphic on Touch face made by volunteer 1 

 

Circle exercise results 

As this exercise the path has is longer than the others, we have set up the entire time to 120 seconds 

for 8 repetitions. The player completed the level in 116,3198 seconds.  

There is no significant difference between the right and left deviations, but generally the volunteer has 

been less precise in this exercise comparing the results with the other exercises, because the deviation 

measurements are higher. Analysing the outcomes of each side in Figure 7.7 and Figure 7.8, we can 

see a tendency of the left hand to do bigger circles. In addition, as it can be observed in Figure 7.7, the 
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volunteer has left many times the path because the circles are discontinuous. For the left hand, the 

volunteer has followed more or less the same route for the four repetitions. This may be due to he is 

right-handed, so the concentration to follow the path is higher and a greater accuracy can be achieved 

without getting out of the path.  

 
Table 7.3.Variance and deviation measures on Circles 
exercise for Volunteer 1 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,00168506 0,04104946 

R 2 0,00243007 0,04929575 

R 3 0,00156559 0,03956748 

R 4 0,0043461 0,06592496 

Left hand 

R 5 0,00140074 0,03742646 

R 6 0,00212789 0,04612911 

R 7 0,00293864 0,05420925 

R 8 0,00331958 0,05761575 

Total 0,00244543 0,04945133 
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Figure 7.7. Right side position graphic on Circles exercise made by volunteer 1 

 
Figure 7.8. Left side position graphic on Circles exercise made by volunteer 1 
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Touch back exercise results 

The level has been set up to do 8 repetitions in 90 seconds, and the player completed the game in 

79,43128 seconds.  

As for the touch face exercise, there is no significant difference between the right and the left hand. 

The deviation values are lower than for the Face circles exercise, the volunteer has been quite precise 

in this exercise.  

The route done for the left hand, Figure 7.10, has better curvature than for the right hand, but it is 

more discontinuous, as it could be observed in repetition number eight. This may be because the 

volunteer may have left the path sometimes, so the collider did not detect the hand. 

 
Table 7.4.Variance and deviation measures on Touch 
back exercise for Volunteer 1 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,001338735 0,03658873 

R 2 0,000556339 0,02358683 

R 3 0,000316469 0,01778957 

R 4 0,000895521 0,02992526 

Left hand 

R 5 0,000435113 0,02085937 

R 6 0,000241376 0,0155363 

R 7 0,000412384 0,02030723 

R 8 0,000660034 0,02569113 

Total 0,000679701 0,02607107 
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Figure 7.9. Right side position graphic on Touch back made by volunteer 1 

 
Figure 7.10. Left side position graphic on Touch back made by volunteer 1 
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Volunteer 2 

Elbow flexion results 

The level has been set up with 8 repetitions in 90 seconds, while the volunteer completed the game in 

89,78316 seconds. 

The deviations measurements are quite low, with the exception of the first one, so we can say that the 

volunteer has been precise following the vertical path. As we can see in Table 7.5, the higher deviation 

value belongs to the first repetition. This could be due to that at the start of the level, the VRTK hands 

get easily blocked hindering a smooth movement and control.  

 
Table 7.5. Variance and deviation measures on Elbow 
flexion exercise for Volunteer 2 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,00469142 0,06849396 

R 2 0,00177722 0,04215714 

R 3 0,00044434 0,02107933 

R 4 0,00064286 0,02535463 

Left hand 

R 5 0,00090808 0,0301344 

R 6 0,00010166 0,01008245 

R 7 0,00107264 0,03275121 

R 8 0,0014494 0,03807103 

Total 0,00095052 0,03083043 

On the following figures we can observe the deviation mentioned above for the right hand. However, 

after the first repetition the route is almost linear, as it is shown in Figure 7.11, concluding that the 

right-hand repetitions are a bit more accurate than those for the left hand.  
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Figure 7.11. Position vs time graphic on Elbow flexion made by volunteer 2 

 
Figure 7.12. Position graphic on Elbow flexion made by volunteer 1 

Touch face exercise results 

The level has been set up to do 8 repetitions in 90 seconds, while the player passed the game in 

55,15122 seconds.  

Table 7.6 shows the statistic measures regarding the patient outcomes. There is a slightly difference 

on the deviation results between both hands. The right-hand deviation measures are a little inferior to 

left hand measures, concluding that the left-hand route has been less accurate. In addition, comparing 

both sides, in Table 7.13 and Table 7.14 we can observe a higher deviation on the left side graphic.  
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Table 7.6. Variance and deviation measures on Touch 
face exercise for Volunteer 2 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,003022391 0,05497627 

R 2 0,000774706 0,02783353 

R 3 0,000592968 0,02435094 

R 4 0,000954433 0,03089389 

Left hand 

R 5 0,000917687 0,03029335 

R 6 0,00209163 0,04573434 

R 7 0,001566192 0,03957514 

R 8 0,002224539 0,04716502 

Total 0,0014271 0,03777794 

 

 
Figure 7.13. Right side position graphic on Touch face made by volunteer 2 
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Figure 7.14. Left side position graphic on Touch face made by volunteer 2

 

Face circles exercise results 

The menu configuration has been set up to play 8 repetitions with an entire time of 120 seconds. The 

player completed the level in 69,79 seconds. After the previous two exercises, the volunteer has 

understood quickly the game mechanism since the total time of the exercise has been lower than we 

expected.  

At the start of the level, the VRTK hands get easily blocked hindering a smooth movement and control. 

For that reason, the repetition number one in Figure 7.15 is not linear. Moreover, the circles done with 

the left hand are more linear than the ones done with the right hand. This is due to the volunteer was 

more concentrated on these repetitions, following the path with lower velocity and with more 

accuracy. The left-hand circles have a lower and similar deviation measurements. This demonstrates 

more concentration and precision of the movements. 

In addition, the volunteer has made similar circular movements with the right hand despite the non-

linearity.  
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Table 7.7. Variance and deviation measures on Face 

circles exercise for Volunteer 2 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,00106108 0,03257426 

R 2 0,0017346 0,04164852 

R 3 0,00046387 0,02153766 

R 4 0,00019071 0,01380988 

Left hand 

R 5 0,00078021 0,0279323 

R 6 0,0006786 0,02605004 

R 7 0,00063562 0,02521159 

R 8 0,00051808 0,02276128 

Total 0,00078314 0,0279846 

 

 
Figure 7.15. Right side position graphic on Face circles made by volunteer 2 



  Report 

78   

 
Figure 7.16. Left side position graphic on Face circles made by volunteer 2 

 

Touch back exercise results 

The level has been set up to do 8 repetitions in 90 seconds, and the volunteer passed the game in 

55,15122 seconds.  

The deviation measurements are not very different between one hand and the other, according to 

Table 7.8. However, observing Figure 7.18, we can say that the volunteer has been imprecise using the 

left hand because some repetitions are not linear. This means that he has left the path in some 

occasions and has not followed correctly all the route. 

 
Table 7.8.  Variance and deviation measures on Touch 
back exercise for Volunteer 2 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,000681759 0,02611052 

R 2 0,001113486 0,03336894 

R 3 0,001464507 0,03826888 

R 4 0,001611053 0,04013793 

Left hand 

R 5 0,002335328 0,04832523 

R 6 0,00125153 0,03537697 
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R 7 0,00065044 0,02550372 

R 8 0,001023338 0,03198966 

Total 0,001121398 0,03348728 

 

 
Figure 7.17. Right side position graphic on Touch back made by volunteer 2 

 
Figure 7.18. Left side position graphic on Touch back made by volunteer 2 
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Volunteer 3 

Elbow flexion exercise results 

The level has been set up to do 8 repetitions in 90 seconds, however the player finished the game in 

72,15008 seconds.  

Table 7.9 presents the variance and deviation measures of this volunteer. The deviation is higher for 

the left-hand repetitions because the volunteer is right-handed. Moreover, the deviation of the first 

repetition of each hand is considerably higher than the next ones, as the volunteer must adapt the 

position of his hand before he can start the movement. 

 

 
Table 7.9 Variance and deviation measures on Elbow 
flexion for Volunteer 3 Variance (m2) Standard deviation (m) 

Right hand 

R1 0,000853012 0,02920638 

R2 0,000227844 0,0150945 

R 3 0,000255074 0,01597104 

R 4 0,000134607 0,01160204 

Left hand 

R 5 0,000795423 0,02820324 

R 6 0,000842865 0,02903214 

R 7 0,000401447 0,02003613 

R 8 0,00090866 0,03014399 

Total 
 

0,000640913 
 

0,025316259 

 

The higher deviation for the left hand is visible in Figure 7.19 and Figure 7.20, as the orange curves 

show many fluctuations comparing it to the blue curves or the ideal curve, which should be horizontal. 

However, the values are good as the standard deviation of the global data is 0,025 m. Nevertheless, 

the higher standard deviation measurements are the ones made with the left hand. In addition, in 

Figure 7.19 we can observe that the volunteer has spent more time to complete the exercise with his 



Development of a virtual reality application for stroke rehabilitation 
  

  81 

left hand than with the right one. This encourages the idea that the exercise is much more complicated 

to complete with the left hand.  

 
Figure 7.19 Position vs time graphic on Elbow flexion made by volunteer 3 

 
Figure 7.20 Position graphic on Elbow flexion made by volunteer 3 

Touch face exercise results 

The menu configuration has been set up to play 8 repetitions in a time limit of 100 seconds. The 

volunteer finished the game in 94,76 seconds. 

In this exercise, the difference of deviation between the right hand and the left hand is not as visible 

as in the first exercise. However, the higher values of variance are the last ones, representing the left 

hand, as we can see in Table 7.10. This reinforces the idea that the right-handed volunteer has more 
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difficulties to do the exercise with his left-hand. Moreover, the volunteer has spent more time 

performing the exercise with his left hand than with the right hand. 

 
Table 7.10. Variance and deviation measures on Touch 
face exercise for Volunteer 3 

 
Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,00149545 0,03867105 

R 2 0,00180908 0,0425333 

R 3 0,00128588 0,03585913 

R 4 0,00134687 0,03669969 

Left hand 

R 5 0,00070884 0,02662412 

R 6 0,00125084 0,03536719 

R 7 0,00101754 0,03189897 

R 8 0,00118375 0,03440562 

Total 0,001176262 0,034296675 

 

As shown in Figure 7.21 and Figure 7.22, the player has performed quite well the movement but we 

can see that the points are much more concentrated in the same path in the graphics of the right hand 
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compared to the expanded points of Figure 7.22. This might be caused by the difficulty to execute the 

game with the non-dominant hand. 

 
Figure 7.21. Right side position graphic on Touch face made by volunteer 3 

 
Figure 7.22. Left side position graphic on Touch face made by volunteer 3 
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Circle exercise results 

For this exercise, we have set up the limit of time to 120 seconds for 8 repetitions. The player has 

passed the level in 96,00541 seconds.  

In this exercise, the trend switches since the bigger deviations are with the right hand as we can see in 

Table 7.11. It might be due to the complexity and length of the exercises, making the differences 

between the hands less obvious. That would explain too why the global deviation is bigger in this 

exercise.  

 
Table 7.11.Variance and deviation measures on Circles 
exercise for Volunteer 3 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,00106038 0,03256343 

R 2 0,00203066 0,04506283 

R 3 0,00185071 0,04301988 

R 4 0,00256261 0,05062221 

Left hand 

R 5 0,00112243 0,03350271 

R 6 0,00205304 0,0453105 

R 7 0,0012145 0,03484962 

R 8 0,00134062 0,03661442 

Total 0,001490629 0,038608671 

 

Analysing the graphics from Figure 7.23 and Figure 7.24, we can see that the volunteer made larger 

circles, in the x axis, with the right hand. This could have been caused by the lack of mobility of this 

hand in the external side of the non-dominant hand. 
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Figure 7.23. Right side position graphic on Circles exercise made by volunteer 3 

 
Figure 7.24. Left side position graphic on Circles exercise made by volunteer 3 

Touch back exercise results 

The level has been set up to do 8 repetitions to do in 90 seconds, and the player has finished the 

exercise in 69,742 seconds.  

As for the circle face exercise, we can see in Table 7.12 that the deviation is higher for the right hand. 

This is because it is easier to do this movement with the mouse than in reality with the exercise 
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previously made (touch the lower back) so it is easier to execute comparing to the circle exercise that 

is much longer.  

 
Table 7.12.Variance and deviation measures on Touch 
back exercise for Volunteer 3 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,001379743 0,03714489 

R 2 0,001686039 0,04106141 

R 3 0,001310898 0,03620633 

R 4 0,000745178 0,02729795 

Left hand 

R 5 0,000640248 0,02530311 

R 6 0,00033529 0,01831094 

R 7 0,000173729 0,01318064 

R 8 0,000537752 0,02318949 

Total 0,000887059 0,029783539 

The mouse tracking in Figure 7.25 and Figure 7.26 supports the values of deviation previously 

calculated: we can see a more harmonious curve in the left side. 

As we mentioned previously, at the beginning of the game it is difficult to control the VRTK. That is why 

the movement for the first two repetitions of the right hand are not continuous, because the volunteer 

has left the path in some occasions. In addition, we can observe less accuracy on the right-side graphic, 

shown in Figure 7.25, although the volunteer is right-handed. This could be due to the confidence the 

patient has with the right hand, that leads him to perform the exercise with a higher velocity and less 

accuracy on the movements. This could be concluded because, for the left side, the volunteer has been 

more precise on the execution of the movement, seen in the continuity of the movement. Finally, we 

have to admit that the precision for the last three repetitions has been excellent.  
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Figure 7.25. Right side position graphic on Touch back made by volunteer 3 

 
Figure 7.26. Left side position graphic on Touch back made by volunteer 3 
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Volunteer 4 

Elbow flexion exercise results 

The level has been set up to do 8 repetitions in 90 seconds, however the player has finished the game 

in 66,42749 seconds.  

Table 7.13 presents the variance and deviation measures of this volunteer. As told before, the deviation 

is higher for the left-hand repetitions because the volunteer is right-handed. 

 

 
Table 7.13 Variance and deviation measures on Elbow 
flexion for Volunteer 4 Variance (m2) Standard deviation (m) 

Right hand 

R1 0,00027427 0,01656115 

R2 0,00048232 0,02196179 

R 3 0,00098717 0,03141927 

R 4 0,00051201 0,02262755 

Left hand 

R 5 0,00043113 0,02076375 

R 6 0,00106803 0,03268068 

R 7 0,00069255 0,02631627 

R 8 0,00106129 0,03257751 

Total 0,000671747 0,025918083 

 

The higher deviation for the left hand is visible in Figure 7.27 and Figure 7.28 as the orange curves are 

much more unstable comparing to the right path or even the ideal path which is completely horizontal. 

Moreover, we can see in Figure 7.27 that the player spends much more time to realize the exercise 

with the left hand. So, we can conclude that right-handed persons have much more difficulties to do 

the exercise with the left hand. 
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Figure 7.27 Position vs time graphic on Elbow flexion made by volunteer 4 

 
Figure 7.28 Position graphic on Elbow flexion made by volunteer 4 

Touch face exercise results 

The menu configuration has been set up to play 8 repetitions in a time limit of 100 seconds. The 

volunteer finished the game in 67,71 seconds. 

In this exercise, the difference of deviations between the right hand and the left hand are not as visible 

as in the first exercise, however, the global deviation is very low. We can conclude that this exercise 

was easy to do for this volunteer and must remind that those exercises are tested in people with no 

type of cerebral issue.  
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Table 7.14. Variance and deviation measures on Touch 
face exercise for Volunteer 4 

 
Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,00037966 0,01948474 

R 2 0,00139535 0,03735441 

R 3 0,00066863 0,02585784 

R 4 0,00077251 0,02779403 

Left hand 

R 5 0,00057151 0,02390618 

R 6 0,0005418 0,02327651 

R 7 0,00053119 0,02304753 

R 8 0,00109716 0,03312336 

Total 0,000714941 0,026738379 

As shown in Figure 7.29 and Figure 7.30, the player realizes quite well the movement, however, the 

player goes much lower with the right hand comparing to the other side. This could be explained by 

the fact that the non-dominant wrist is less flexible so he was not able to go so much deep. 

 
Figure 7.29. Right side position graphic on Touch face made by volunteer 4 
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Figure 7.30. Left side position graphic on Touch face made by volunteer 4 

 

Circle exercise results 

As this exercise the path is much longer than the others, we have set up the time limitation to 120 

seconds for 8 repetitions. The player has passed the level in 96,00541 seconds.  

The values of deviation are quite similar between the left and the right hand, as it is shown in Table 

7.15. This might be caused by the global difficulty of the exercise.  

 
Table 7.15.Variance and deviation measures on Circles 
exercise for Volunteer 4 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,0011812 0,03436863 

R 2 0,00366769 0,06056147 

R 3 0,00155635 0,03945058 

R 4 0,00224802 0,04741325 

Left hand 

R 5 0,00137182 0,03703807 

R 6 0,00188413 0,04340652 
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R 7 0,00091686 0,03027965 

R 8 0,00192765 0,04390498 

Total 0,001715646 0,041420362 

 

Analysing the results of each side in Figure 7.31 and Figure 7.32, we can see that the volunteer has a 

tendency to do a flatten circle path with his left hand, this might be caused by a lower ability to us the 

left hand. Moreover, we can see that the player has more difficulties to do regular curves due to the 

lower control of his left hand. Although the outcomes show a high deviation on the right hand, the 

volunteer has been precise on the movements, following a similar pattern on each repetition. As it 

could be observed in Figure 7.32, the volunteer has been very imprecise on the movements. 

 
Figure 7.31. Right side position graphic on Circles exercise made by volunteer 4 
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Figure 7.32. Left side position graphic on Circles exercise made by volunteer 4 

 

Touch back exercise results 

The level has been set up to do 8 repetitions in 90 seconds, and the player has finished the game in 

70,9556 seconds.  

As we can see in Table 7.16, there is no significant difference between the right and the left hand as 

the standard deviation are very similar. However, we must point that the values of standard deviation 

are very low so the exercise has been a success for this volunteer.  
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Table 7.16.Variance and deviation measures on Touch 
back exercise for Volunteer 4 Variance (m2) Standard deviation (m) 

Right hand 

R 1 0,001272016 0,03566533 

R 2 0,001359823 0,03687578 

R 3 0,00120027 0,03464492 

R 4 0,000930951 0,03051148 

Left hand 

R 5 0,001982233 0,04452228 

R 6 0,000581583 0,02411603 

R 7 0,000483063 0,0219787 

R 8 0,000478379 0,02187189 

Total 0,001339904 0,036604701 

 

Analysing Figure 7.33 and Figure 7.34, we can detect a graphic much more constant in the right side 

than in the left side, so it proves that the user has more difficulties to do the exercise with his left hand. 

The values from the Table 7.16 might be changed by the interruption that is present in the right-side 

graphic in Figure 7.33. This interruption might be caused by an error in the detection of the mouse. 
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Figure 7.33. Right side position graphic on Touch back made by volunteer 4 

 
Figure 7.34. Left side position graphic on Touch back made by volunteer 4 
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8. Analysis of the environmental impact 

This project does not have a huge environmental impact because the development has been made 

with the basic electronic devices that we would have as ordinary consumers in ordinary homes, and, 

in addition, the final application can be used with the same household electronic devices. Moreover, 

this application is not aimed to be used just once, the same VR glasses can be used by many patients 

so the individual impact the devices can have among their life time is reduced by the number of 

patients.   

The impact of the project is defined by the impact of the devices used resulting on the electrical energy 

consumed as well as the emission on CO2. For this aspect, the general electrical consumption of the 

project is 151.68 kWh which is equivalent to the electrical consumption of a TV in a year. So, the impact 

is not as significant as other projects for medical technologies.  

As for the emission of greenhouse gases, the manufacture of the products and the use of electronical 

devices emit a lot of those gases, such as CO2, PFCs, etc. The electronic devices can emit in standby 

28,5 kg of CO2 per year, and in a normal working use they can emit 180 kg of CO2 per year (48). This is 

why any user of electronic devices must be aware of the pollution created by them and act with 

responsibility like increasing the lifetime of the devices, recycling some parts that could still work or 

using a renewable energy as source of power for their running. 

However, even if the impact of the usage of these devices is not as large as expected, once the lifespan 

of the device is achieved or, even worse, a damage stops the usage of the device, it will become a 

residue. This residue falls within the family of e-waste, one of the most concerning issues of climate 

change as we are expecting to have, in 2021, 52.2 million metric tons of e-waste generated in one year, 

the equivalent of 5,255 Eiffel towers (49). E-waste refers to the waste from electrical and electronic 

equipment that require batteries, or to be connected to the electrical current to function. The waste 

of Electrical and Electronical Equipment (WEEE) are a very dangerous waste for the environment and 

human health because they hide toxic materials as beryllium, cadmium, mercury, PCBs or lead. So, 

leaving them on the nature would cause environmental risks to the soil, water, air and wildlife because 

they can leach into the landfill and can show up in the groundwater, the sources and to all the 

freshwater in the surrounding area. This leads to metal poisoning causing problems not only to anyone 

that uses this water, but also all the surrounding wildlife. Danger can come from inhalation of the toxic 

fumes, as well as from the accumulation of chemicals in soil, water and food and this puts people and 

wildlife in danger. 

Fortunately, one of the solutions can be the recycling of e-waste. For example, recovering the parts 

within the devices that still have value, and providing manufacturers with recycled metals that can be 
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used to make new products. We can also recycle many materials in these devices, that includes 

materials like plastic, glass, and metals that still serve an essential purpose. 

Because of its dangerousness, a proper recycling process of WEEEs needs to be put in place to protect 

us and future generations. This is why its management is regulated by the European Directive 

2012/19/UE transposed in the Royal Decree 110/2015 of February 20. This directive states many 

information in order to reduce the elimination of WEEEs in form of unsorted urban waste to guarantee 

the correct treatment of those and achieve a high degree of separate collection (50). In addition, it 

states that the countries of EU have to organize some systems that allow to final owners to return the 

residues easily. This also means that distributers have to give the possibility to the customers to return 

their previous device when they come to the store to buy a new one as the VR glasses in our case, or 

any device as the laptop, the mouse, etc.  

The mentioned directive also states that any WEEE recycled has to be submitted to an appropriate 

treatment including the removal of any fluid. Moreover, any manufacturer must inform the purchaser 

about the charges of collection, treatment or removal in an eco-friendly way.  Finally, in order to reduce 

the removal of WEEEs as urban unselected residues and increment the separate collection, any 

manufacturer must mark any electronic device with the following symbol in Figure 8.1 as the devices 

that we used in that project. 

 
Figure 8.1. EU WEEE Directive Logo (50) 

Globally, this project has not a big environmental impact if we look on the energetic consumption or 

CO2 emission, but a proper treatment of the residues should be compulsory as it can have serious 

consequences. However, the devices will be used by many patients and their lifetime is considerable. 

Moreover, the application could be used remotely by the patients as they would only need their laptop 

to perform the exercises, so the environmental impact of travelling from their homes to the center 

would be removed.  





Development of a virtual reality application for stroke rehabilitation 
  

  99 

Conclusions 

Despite the situation in which this project has been developed and the fact that a contingency plan 

had to be applied, the overall purpose established at the beginning has been nearly accomplished. The 

project is focused on the rehabilitation of the body upper limbs but, considering the impossibility to 

use the Kinect sensor, it is not actually enough suitable for upper limb therapy due to the movement 

detection system restricts the movement to the wrist. However, the project has been designed for 

being easily adapted to future changes using the Kinect.  

The realistic and challenged environment of the application provide confidence to patients to cope 

with daily situations and makes the therapies enjoyable and less tedious. The game parameters can be 

tailored to patient abilities choosing the number of repetitions and the entire time of the game. 

Nevertheless, the patient will not have the same difficulty performing the fourth level exercise in reality 

than in the application. That is, the real difficulty of the exercises could not be reflected on the 

application due to the use of paths to detect the movements. In addition, we believe that controlling 

a game using the mouse is more difficult than just moving the body with the Kinect, as it includes the 

use of the keyboard too.  

Having the opportunity to develop this project has brought us a lot of software and hardware 

knowledge, such as how to create an application using Unity or the use of the HTC Vive headsets and 

the Kinect sensor. During the Bachelor’s degree we have learned how to program with Python and 

MATLAB, but we had never programmed with C# before. Thanks to this project we have learned skills 

on programming with C# to the point of creating an application. In addition, we were not conscious of 

the impact that virtual reality has on the rehabilitation treatments and, specifically, on stroke recovery. 

The use of this technology in rehabilitation is at least as effective as conventional therapies, and its 

development is in constant growth in order to substitute daily physical therapies.  

In order to carry out a successful analysis of the patient exercise outcomes and a complete economic 

analysis, we had to review and refresh some concepts learned during the Bachelor. Specifically, how 

to determine and calculate statistic measures and review the calculation of asset depreciation.  

The application could not be tested with post-stroke patients, the ADFO members in our case. But it 

was actually proved with healthy people and the results were analysed. Accurate and meaningful data 

has been extracted and reported. We have observed a tendency to get higher deviations when the 

players make the movements with their non-dominant hands. However, we also noticed that in certain 

cases the players had higher deviations with their dominant hand, including occasional interruptions 

in the curves induced by an excessive confidence and loss of concentration resulting in the 

overstepping the boundaries of the path. This is why we recommend to the players to keep 
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concentrated in the execution of the game and maybe to reduce the number of repetitions as the 

player might get easily tired resulting in the loss of concentration.  

 However, the ADFO gave us feedback of the game thematic and the environment created that helped 

us to create a better solution. One of the specific purposes we laid down at the beginning of the project 

was to integrate a code to export automatically the results analysed. We tried to export the variance 

and deviation of the hand movement above the path in each frame but it affected negatively to the 

computer performance, altering the VRTK hand movement. Finally, we decided to export only the hand 

position and do a manual post processing.   

It should be pointed out that we have worked separately into the same Unity project. The current 

situation has led us to work each one from home and without the possibility of doing face-to-face 

meetings. A good organisation and agreeing weekly virtual meetings have been the keys of the success. 

We were able to update each individual change into the project using the Bitbucket. It is a Git repository 

management solution which allows the creation of a repository to share and update projects with the 

workmates. We have to admit that it was difficult for us to understand how it works, the interface gave 

us a lot of merging problems, but finally we could manage the troubles and we are satisfied with the 

result. 

In conclusion, this project supports the post stroke recovery by providing fun, goals and challenges to 

the daily rehabilitation sessions that patients have to carry out. Despite the difficulties that have arisen 

along the development, we feel very pleased and proud with the final application.  
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Future work lines 

As the whole rehabilitation application is in constant development by the UPC students, there is a need 

for adding new exercises, environments and improvements to create a richer project.    

Due to the contingency plan application, the most important future work line could be the use of the 

Kinect sensor for the detection of the patient movement instead of using the path system. The system 

created in this project restricts the arm movement by limiting it to the wrist, while the therapy should 

recover the entire arm. However, if the detection system is not changed, the project could be improved 

by adding different widths of the paths in order to create difficulty levels of each exercise. 

Some more project improvements could be: 

• Create different game environments for each exercise. It includes different challenges for the 

same exercise type in order to avoid monotonous sessions.  

• Do some tests with the headsets to prove the graphics visualization.  

• Control the application through voice and face recognition without the use of the computer 

mouse on the first stages.  

• Insert audio descriptions allowing the use of the application by blind patients, if finally, the 

project could be played with the Kinect sensor. The user would not need physiotherapist help 

during the exercise if the application guides the patient through the audio. The physiotherapist 

will only be necessary for choosing the exercise and adjusting the game parameters. 

• Test the application with post stroke patients and export and analyse the session data. 

• Estimate patient statistics measures in real-time automatically exporting it, without the need 

of a post-processing analysis. 

• Add lower limb exercises and games 
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Budget and economic analysis 

The aim of this section is to quantify the total cost of the development of the project. Thus, we could 

gather the economic analysis in four chapters, as we have to take into account the hardware and 

software, the electrical consumption and the labour costs.  

The entire project has been developed in 600 hours in total, during 5 months. In order to simplify the 

analysis, we have considered one month of laboratory work and four months of development at home.  

The development of each cost is shown on the next sections. Nevertheless, in Table 0.1, we can see 

the total cost of the TFG project. 

Table 0.1. The cost of each sector and the total cost of the project 

Sector Cost (€) 

Hardware 140,97 

Software 0 

Electrical consumption 12,35 

Labour 36012,16 

TOTAL 36165,48€ 

 

Hardware costs 

Our entire project has been developed using a computer. For the first month, we have carried out the 

project with the UPC laboratory computer, composed of a computer tower, a screen, a keyboard and 

a mouse. In addition, we have used the Kinect and the HTC Vive Headsets to do tests of the exercises 

and to experiment with the system. For the other fourth months, the project has been finished using 

our laptops. In addition, we consider that we have worked 600 hours in total, because the project is 

enrolled in 24 ECTS with 25h of work for each ECTS. 

In the following table we can see a list of the products and elements used with its cost associated. 
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Table 0.2. Breakdown hardware costs 

Product Units (ud.) 
Acquisition 

cost (€/ud.) 

Lifetime 

(months) 

Usage Time 

(months) 

Depreciatio

n 

(€/month) 

Supplier 

entity 

Actual total 

cost (€) 

Laboratory 

Computer 

set 

1 1500 48 1 31,5 Visyon360 31,25 

HTC Vive 

Headsets 
1 499 42 1 11,881 Visyon360 11,881 

Kinect 

Sensor v2 
1 85 36 1 2,361 UPC 2,361 

Kinect-

Windows 

adapter 

1 40 36 1 1,111 UPC 1,111 

Laptop 

Aspire E 15 
1 491,79 48 4 10,246 Acer 40,9825 

Asus 

VivoBook 

S14 

1 640,57 48 4 13,345 Asus 53,381 

Total - 3256,36 - - - - 140,9665 

The hardware by itself represents a cost of 3.256,36 €, however, the actual cost of each device is not 

as expensive because we have to consider the cost during the period of the project as the devices have 

longer lifetime and can be used for other tasks. This is why we calculated the cumulative depreciation 

of the devices during the time we used them.  

In order to calculate the real cost, we had to calculate the depreciation rate, following the lineal 

methodology, and then we calculated the actual cost of the hardware: 
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𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 𝐷𝑅 =  
𝐴𝑑𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (𝑚𝑜𝑛𝑡ℎ𝑠)
  

 

(Eq. 0.1) 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐶𝑜𝑠𝑡 =  𝐷𝑅 × 𝑚𝑜𝑛𝑡ℎ𝑠 𝑜𝑓 𝑢𝑠𝑒 (Eq. 0.2) 

Software costs 

Each part of the project has been developed using different software applications. In order to develop 

the virtual reality application, we have used Unity 3D, which has a personal and free license for people 

with a funding below than $100K per year; Visual Studio 2019 and Autodesk. The Microsoft Kinect for 

Windows SDK allowed us the use of the Kinect Sensor, and the Steam VR the use of the HTC Vive 

Headsets. Each software is open source, so it can be free downloaded.  

Thus, on the next table we can see the software listed with its cost associated, which actually is 0€ for 

each one. 

 

Table 0.3. Sum up of the software costs 

Software License type Units (ud.) Total cost (€) 

Unity 3D Unity Personal 1 0 

Visual Studio 2019 Community  1 0 

Autodesk Educational  1 0 

Microsoft Kinect for 

Windows SDK 

Open source 1 0 

Steam VR Open source 1 0 

Total - 5 0 
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Electrical consumption costs 

As we described before, the project has been developed using software installed in computers. So, in 

order to establish the total cost of the TFG, we also have to take into account of the electrical 

consumption of these components.  

The electrical cost has been calculated in parts, as we have used three computers in total and the Kinect 

and HTC Vive Headset components. The consumption will depend on the time used, so we are going 

to apply the same timetable as for the hardware costs. The different components for each computer 

have been pulled out of its technical file specifications. 

The consumption of each element is measured in watts and the rate is given on €/kWh.  

Table 0.4. Electrical consumption Acer Aspire E 15 (51) 

Component Units (ud.) Consumption (kW) Usage Time (h) kWh 

CPU Core i5 9600K 1 0,058 (52) 480 27,84 

GeForce 920M 1 0,033 (53) 480 15,84 

DDR3L RAM Memory 1 0,002 (54) 480 0,96 

HDD 1 0,006 (55) 480 2,88 

Motherboard 1 0,01 (56) 480 4,8 

Fan 120 mm 3 0,003 (56) 480 4,32 

Keyboard 1 0,008 (56) 480 3,84 

Mouse 1 0,002 (56) 480 0,96 

SUBTOTAL - - - 61,44 

 

Table 0.5. Electrical consumption Asus VivoBook S14  

Component Units (ud.) 
Consumption 

(kW) 
Usage Time (h) kWh 

CPU Core i5 

9600K 

1 0,058 (52) 480 27,84 
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Intel UHD 

Graphics 620 
1 0,015 (57) 480 7,2 

DDR3L RAM 

Memory 

1 0,002 (54) 480 0,96 

SDD 1 0,0025 (55) 480 1,2 

Motherboard 1 0,01 (56) 480 4,8 

Fan 120 mm 3 0,003 (56) 480 4,32 

Keyboard 1 0,008 (56) 480 3,84 

Mouse 1 0,002 (56) 480 0,96 

SUBTOTAL - - - 51,12 

 

Table 0.6. Electrical consumption of the UPC laboratory components 

Component Units (ud.) 
Consumption 

(kW) 
Usage Time (h) kW/h 

CPU Core i7 1 0,091 (58) 120 10,92 

GPU GTX Windforce 1 0,12 (59) 120 14,4 

DDR4 RAM Memory 1 0,005 (56) 120 0,6 

HDD + SSD 1 0,011 (55) 120 1,32 

Motherboard 1 0,01 (56) 120 1,2 

Fan 120 mm 3 0,003 (56) 120 1,08 

Screen 1 0,045 (56) 120 5,4 

Computer mouse 1 0,002 (56) 120 0,24 

Kinect 1 0,016 120 1,92 
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HTC Vive Headset 1 0,017 120 2,04 

SUBTOTAL - - - 39,12 

 

𝑇𝑂𝑇𝐴𝐿 = 61,44 + 51,12 + 39,12 = 151,68 𝑘𝑊ℎ  (Eq. 0.5) 

Thus, the total electrical consumption amounts to 151,68 kWh. Knowing that now the electrical rate is 

0,08139 €/kWh (60), we can calculate the total cost of the electrical consumption. 

151,68 𝑘𝑊ℎ × 0,08139
€

𝑘𝑊ℎ
= 12,35 €  

(Eq. 0.6) 

Labour costs 

The labour costs include the engineer hiring for 600 hours in total, in a period of 5 months. The net 

salary for a Junior Engineer rounds on 30€/h. It includes the social security withholding, approximately 

30% of the gross salary and the indirect withholding of local use, approximately a 10%. 

In addition, as we had to learn all about this technology and the Unity software, the labour costs have 

to include the previous formation courses in order to be able to complete the project. Thus, in the next 

table we can see the costs sum up. 

Table 0.7. Labour cost of the project 

 Units (ud.) Unit Cost (€/h) Time (h) Total cost (€) 

Junior Engineer 2 30 600 36000 

Master in videogames 

programming with Unity 

and C# in Udemy 

2 0,32 38 12,16 

Unity VR Fundamentals 2 0 1,45 0 

Unity C# Scripting 

Fundamentals 
2 0 2 0 

TOTAL - - - 36012,16 
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Annex A. Instructions for use 

This section gathers information about the use of the application and the way the hardware has to be 

connected in order to ensure a correct use of the rehabilitation application and its components.  

Before start the first step, the computer should have installed Kinect for Windows SDK and the user 

must verify the compatibility of the Kinect with the PC.  

Kinect connection 

The Kinect sensor has to be connected on the computer that is going to run the application and into 

the electrical power. It is not directly connected to the PC; it needs to go through an adapter.  

The Kinect-Windows adapter contains a power supply unit and a USB cable combination. The adapter 

has to be plugged into the electrical power and the USB cable into the USB 3.0 port on the computer.  

 
Figure A. 1. Kinect-Windows adapter connection (61) 

 

In addition, the Kinect has to be turned on trough the Microsoft Kinect for Windows SDK, enabling the 

connection in order to start detecting movements.  
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Kinect placement 

Although the Kinect is a movable device and can be situated in any place, it should be positioned 

following some recommendations. 

Microsoft recommends to place the Kinect between two and six feet of the ground and in alignment 

with the screen, directly located above or below the TV or computer screen. However, two feet above 

the ground is usually a little low, hindering the sensor to capture the head and feet at the same time. 

The best Kinect sensor placement is above the user height. 

Figure A. 2 shows a correct placement of the Kinect according the Microsoft recommendations.  

 
Figure A. 2. Kinect placement recommendation  (62) 

 

HTC Vive connection 

The Vive headset kit contains a link box, shown in Figure A. 3, that allows the connection between the 

headset, the computer and the link box power adapter plugged into the wall.  

1. Plug the power adapter, Figure A. 4, into the electrical power on one side. The opposite end 

has to be connected on the corresponding port on the link box, the keyhole called ‘To wall’ in 

Figure A. 3 (63).
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Figure A. 3. HTC Vive link box (64) 

 
Figure A. 4. HTC Vive power adapter  (65)   

 

2. Connect the USB cable to the PC side on the link box box and the other end of the cable on the 

computer’s USB port. 

3. Insert the HDMI cable on the HDMI port on the link box and the opposite end on the HDMI 

port on the computer’s graphic card (63). 

4. Connect the 3-in-1 headset cables on the other side of the link box matching the orange trims, 

as it can be observed in Figure A. 5.  

 
Figure A. 5. Headset cables connection to link box (63) 

In order to view a set up Vive headset tutorial, click here. 

 

  

https://www.vive.com/uk/support/vive/category_howto/connecting-the-headset-to-your-computer.html
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Application initialization 

1. Launch the rehabilitation application. 

2. Log in on the first menu. 

The physiotherapist has to log in by writing its DNI/NIE and his password, and the patient has 

to introduce its DNI/NIE in order to attach the session results in its patient history.  

If the physiotherapist is not registered yet, the ‘Registro’ button allows to save its information 

into the system for future uses.  

 
Figure A. 6. Log in menu 

3. Choose the exercise or the game wished. 

After the registration, the application shows the main menu with each individual exercise and 

the games developed, as it is shown in Figure A. 7. The user can freely choose what exercise 

or game would like to do. 

 
Figure A. 7. Application main menu 
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3.1. ‘Extremidades superiores’ exercises: Choose between perform the exercise with the right or 

the left hand. 

If the selection is an exercise from ‘Extremidades superiores’, the patient only has to follow 

the physiotherapist avatar movements once the traffic light is green. At the left side, the 

repetitions counter will be adding up each repetition completed. In addition, if the exercise 

chosen is ‘Flexión codo’ or one of the following exercises, the application shows a submenu in 

order to choose the body side the patient would like to exercise. It is shown in Figure A. 8.  

 
Figure A. 8. Application submenu 

3.2. ‘Cocinar una pizza’ Game: Level selection. 

If the selection is the ‘Cocinar una pizza’ game, the application runs a menu with the game 

levels. Each level is made up of one type of exercise, as it can be observed in Figure A. 9. 

 
Figure A. 9. Cook a pizza game levels menu 
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3.2.1. Configurate the game parameters 

For each level, the number of repetitions and the entire time of the game can be chosen. 

The scene, shown in Figure A. 10, contains two input field boxes where the user can write 

and define the game parameters. In addition, it includes a red button to go back and 

another in green to start playing the game called ‘Empezar’. 

 
Figure A. 10. Cook a pizza game parameters menu 

 

The whole game consists of cooking a pizza. Each level carries out an action in order to 

obtain the final baked pizza. Each level scene contains a principal path, as it could be 

shown in Figure A. 11. The idea is to move the purple hands using the mouse and the 

keyboard above the path to complete the specified route.  

 
Figure A. 11. Level 1 game scene 

At the start of the game, the mouse movement will move the headset simulation. The Alt 

key of the keyboard stops the headset control and allows the right-hand movement and 

vice versa. It is recommended to fix the eyesight at the centre of the scene assuring an 

entire view of the path before press the Alt key.  

The hand moves on the X/Z plane, that is, up and forward on the scene, while the Ctrl key 

is not constantly pressed. If it is pressed, the hand moves up and down, on the X/Y plane. 
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For that reason, the game has to be played pressing the Ctrl key of the keyboard in order 

to follow the marked paths. 

The Tab key allows the hand change. The key has to be pressed one time only, instead of 

the Ctrl key which needs to be constantly pushed. 

In addition, the keyboard 0 works as the Menu Button, it allows to go back to the main 

menu.  

The game controllers mentioned above, are the ones the user needs to play and finish the 

game. In addition, the application contains some other controllers, gathered in Table A 1. 

 
Table A 1. Game controllers 

Key Function 

Alt Hands controller 

Ctrl Change axis to X/Y 

Tab Hand controller change 

0 Go back 

Esc See the computer arrow in 

the scene 

W Move forward 

A Move to the left 

S Move backward 

D Move to the right 

 

Access to patient’s history 

The patients’ histories are gathered in a folder called ‘Seguimiento’ inside the Application. This folder 

includes different folders with the DNI/NIE of each patient as a name, where the application access 

when the patient logs in. Each of them contains the history of the patient organised in different Excel 
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files according to the exercise, the day and hour of the session. In Figure X we can observe an example 

of the distribution. 

 
Figure A. 12. ‘Seguimiento’ folder 

The four exercises created on this project are stored inside each patient folder with the exercise name. 

In addition, the game outcomes are gathered inside a folder called MakePizza, following the same 

structure than the simple exercises.   

 
Figure A. 13. Patient exercise outcomes distribution inside each history folder 
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Annex B. Programming codes 

FCGameManager 
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CutCucumberScript 
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AddIngredientsScript 
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MixIngredients 
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OpenOven 
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MenuLevels 
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Parameters 
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Crono_Cut 
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CronoExFace 
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Cronometro 
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Crono_circle 
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CommonUtil 

 

  



  Annexes 

208   

Path 
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BodySourceUpperBody 
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Vr_Rig 

 


