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ABSTRACT 

 

Introduction: Stroke is a leading cause of long-term disability worldwide and frequently 

results in persistent upper-limb motor impairments. Accurate motor assessment is essential for 

rehabilitation planning and monitoring recovery. This assessment is traditionally performed 

using standardized clinical scales, such as the Fugl-Meyer Assessment (FMA), which require 

trained healthcare professionals, can be time- and resource-intensive, and involve subjectivity, 

as scores may vary across evaluators. Moreover, they cannot be easily administered remotely, 

and repeated in-person evaluations can be difficult for individuals with mobility limitations. 

Faster and more objective assessment approaches could enable more frequent evaluations and 

improve the tracking of motor recovery. Although recent advances in digital health, exergames, 

and Artificial Intelligence (AI) have enabled alternative solutions, many existing systems rely 

on specialized motion capture sensors, time-consuming software, or non-interpretable AI 

models, limiting accessibility, scalability, and clinical adoption. Objectives: This thesis aims 

to develop and evaluate a sensor-free, lightweight, and interpretable approach for post-stroke 

upper-limb motor assessment embedded into a rehabilitation exergame. The proposed system 

simultaneously provides therapeutic exercises and automatically estimates upper-limb motor 

performance during gameplay using only a standard camera, enabling supervised remote use. 

Specifically, the objectives are to (i) review existing automated motor assessment methods and 

their relationships with kinematic game parameters, and (ii) propose and preliminarily validate 

a low-cost exergame framework capable of estimating clinical motor impairment using simple 

and transparent kinematic features. Materials and Methods: A systematic review was 

conducted to analyze current technologies and computational approaches for automated upper-

limb motor assessment after stroke, identifying the most used game parameters. Based on these 

findings, an experimental study was developed using a Unity-based rehabilitation exergame 

controlled by arm movements captured with a standard camera and processed using the 

MediaPipe framework. Sixteen kinematic and spatiotemporal features were extracted from two-

dimensional hand and arm trajectories during gameplay. Twelve individuals with chronic stroke 

(24 upper limbs) participated, with bilateral FMA scores used as the clinical reference. 

Correlation analyses, exhaustive feature selection, and multiple linear regression modeling 

were performed to estimate FMA scores, with exploratory comparisons to alternative machine 

learning models. Results: The systematic review indicated that most existing approaches 

depend on external sensors or computationally complex methods, often limiting interpretability 

and real-world applicability. In the experimental study, some gameplay-derived and clinically 



 

 

interpretable features, including average hand aperture, and spatial exploration area, were 

significantly correlated with FMA scores. A lightweight multiple linear regression model 

demonstrated strong predictive performance for affected limbs (Spearman ρ = 0.92, R² = 0.89, 

RMSE = 4.42) and accurately stratified motor impairment severity, achieving accuracies 

between 86% and 93%. More complex machine learning models did not outperform the 

interpretable regression approach. Conclusion: This thesis demonstrates that sensor-free, low-

cost, interpretable and lightweight computation models for post-stroke motor assessment can 

be embedded into rehabilitation exergames using kinematic features derived from a standard 

camera, and be potentially valid for motor function assessment. Further tests with more games 

and populations are needed to generalize the result. Integrating assessment into gameplay 

reduces clinical workload, enables high-frequency monitoring, and improves accessibility for 

telerehabilitation. 

 

Keywords: Stroke rehabilitation; Motor assessment; Exergames; Telerehabilitation; Fugl-

Meyer Assessment. 
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1 INTRODUCTION 

 

The introduction clarifies the main concepts for understanding this work, its relevance, 

its context within the current literature, as well as its hypothesis and objectives. 

 

1.1 Theoretical foundation 

 

1.1.1 Stroke demographics 

 

A cerebrovascular accident, commonly referred to as a stroke, is a major neurological 

condition and remains one of the leading causes of adult neurological impairment and long-

term disability worldwide. A stroke affects around 795,000 individuals annually in the United 

States (2021), with overall stroke prevalence of 3.3% of the population (2017-2020) and 

increasing with advancing age in both males and females (MARTIN et al., 2024). Globally, the 

burden of stroke continues to increase, with more than 93.8 million stroke survivors in 2021 

(FEIGIN et al., 2024). Among survivors aged 65 years and older, over half experience persistent 

reductions in mobility and motor control, which are strongly associated with a decline in quality 

of life (LOHSE et al., 2014) and functional abilities (KIPER et al., 2014). 

 

1.1.2 Virtual Reality 

 

Current theoretical frameworks define Virtual Reality (VR) as a computer-generated 

simulation that enables users to perceive and interact within a digital space as though it were 

real (MÉNDEZ et al., 2025; SLATER; SANCHEZ-VIVES, 2016). Although VR has 

traditionally been associated with head-mounted displays (HMDs), such as the Apple Vision 

Pro (Figure 1), it can also be experienced through more accessible configurations, including 

smartphone or computer screens, which represent non-immersive or semi-immersive forms of 

VR (BOWMAN; MCMAHAN, 2007). These systems still provide meaningful virtual 

experiences by enabling real-time interaction and perceptual engagement, and align with the 

objective of this work, which is to test an accessible system. The adoption of HMD-based 

systems is limited due to their high cost, technical complexity, motion sickness concerns, and 

limited availability in institutional or clinical settings, making non-immersive solutions more 

feasible for broader implementation (ANTHES et al., 2016; CIPRESSO et al., 2018). 
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Figure 1 – Example of a Head-Mounted Display (Apple Vision Pro) 

 

Source: VAUGHN RIDLEY / COLLISION / SPORTSFILE (2024). Collision 2024 – VR3_1509. 

Available at: https://commons.wikimedia.org/wiki/File:Collision_2024_-

VR3_1509(53800584710).jpg. 

Licensed under Creative Commons Attribution 2.0 Generic (CC BY 2.0). 

 

1.1.3 Serious games and exergames 

 

Within this context, serious games are digital games designed with a primary purpose 

beyond entertainment, including education, training, health promotion, or rehabilitation. 

(MICHAEL; CHEN, 2006). Moreover, exergames represent a specific subset of serious games 

in which physical exercise constitutes a core interaction mechanism (MANSER et al., 2025). 

An example of an exergame using motion-based interaction is shown in Figure 2, where a 

player performs physical gestures to control actions in a virtual golf game. 

Figure 2 – Player interacting with a golf exergame with a television display (using Kinect motion 

sensor, pictured below the screen) 

 

Source: SERGEY GALYONKIN (2013). Kinect golf at Gamescom 2013. Available at: 

https://commons.wikimedia.org/wiki/File:Kinect_golf_at_Gamescom_2013_(9588476123).jpg. 

Licensed under Creative Commons Attribution-ShareAlike 2.0 Generic (CC BY-SA 2.0). 

https://commons.wikimedia.org/wiki/File:Collision_2024_-_VR3_1509_(53800584710).jpg
https://commons.wikimedia.org/wiki/File:Collision_2024_-_VR3_1509_(53800584710).jpg
https://commons.wikimedia.org/wiki/File:Kinect_golf_at_Gamescom_2013_(9588476123).jpg
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1.1.4 Motion function rehabilitation and assessment 

 

Upper limb rehabilitation in post-stroke patients typically involves structured, 

repetitive, and task-oriented exercises designed to promote neuroplasticity and restore 

voluntary motor control. Depending on severity and type of lesion, interventions may include 

range-of-motion exercises, constraint-induced movement therapy, robot-assisted training, and 

mirror therapy, which aim to stimulate motor pathways and improve coordination, strength, and 

dexterity (VEERBEEK et al., 2014; WINSTEIN et al., 2016). 

Continuous monitoring of the patient’s motor function is essential because stroke 

recovery is a dynamic and non-linear process influenced by neuroplasticity, therapy intensity, 

and adherence. Regular assessments allow clinicians to track progress, adjust rehabilitation 

goals, and personalize therapeutic interventions, ensuring that recovery strategies remain 

aligned with the patient’s evolving abilities and limitations (BERNHARDT et al., 2017; 

LANGHORNE; BERNHARDT; KWAKKEL, 2011). 

In physiotherapy, there are methods for assessing motor functionality traditionally used 

and based on a broad scientific base for many decades, such as the Fugl-Meyer Assessment 

(FMA) (FUGL-MEYER et al., 1975), the Wolf Motor Function Test (WOLF et al., 2005) and 

the Box and Block Test (MATHIOWETZ et al., 1985).  

 

1.1.5 The Fugl-Meyer Assessment 

 

The FMA, published in 1975, is among the most widely used and validated instruments 

available today, being considered one of the gold standards for post-stroke motor evaluation. It 

is a comprehensive and well-established assessment, noted for its reliability, sensitivity to 

change, and clinical applicability (GLADSTONE; DANELLS; BLACK, 2002). 

This scale has been consistently reported in numerous studies in the current stroke 

rehabilitation literature using exergames (ALLEGUE et al., 2022; BURDEA et al., 2022; 

JIANG et al., 2023). It consists of a checklist-based test, administered exclusively by a trained 

clinician who observes and scores the patient’s ability to perform specific motor tasks, such as 

reflexes, flexion, extension, and coordination movements of the elbow, shoulder, and hand, as 

well as their synergistic patterns. Each movement is rated on a 3-point ordinal scale (0 = cannot 

perform, 1 = performs partially, 2 = performs fully). The upper-limb section of the FMA is a 

subsection of the full test, comprising 33 items and a maximum score of 66 points, which 

represents normal motor function. The FMA was used in this preliminary study as the gold-



 20 

 

standard comparison method. The complete version of the FMA used in this study is presented 

in Annex I. 

Although the FMA is widely recognized for its comprehensiveness and psychometric 

robustness, its clinical application can be challenging in practice. The test cannot be performed 

remotely because it requires specific clinical instruments, while many post-stroke individuals 

present mobility limitations. It also requires a trained examiner, can take considerable time to 

complete: often between 30 and 60 minutes, and involves subjective scoring that may vary 

among evaluators. In addition, performing all test items can be difficult for individuals with 

severe cognitive impairments or limited endurance, occasionally resulting in incomplete 

assessments (GLADSTONE; DANELLS; BLACK, 2002; PAGE; LEVINE; HADE, 2012). 

These limitations can hinder its use both in regular rehabilitation with a clinician or in 

remote monitoring contexts, emphasizing the need for simplified, automated, or technology-

assisted alternatives that preserve the validity of motor performance evaluation while reducing 

examiner dependency and logistic burden. 

 

1.1.6 Clinical applications of Virtual Reality and opportunities 

 

In recent years, VR has become a multidisciplinary tool utilized in clinical medicine for 

a variety of purposes, such as pain management (POURMAND et al., 2018), neurocognitive 

impairment assessment (YEH et al., 2012), medical skill teaching (BARTEIT et al., 2021), and 

physical rehabilitation (POURMAND et al., 2017; SÁNCHEZ-HERRERA-BAEZA et al., 

2020). The scientific literature indicates that VR has applications for visual, auditory, tactile, 

and motor learning; it has a favorable impact on self-motivation; and it has also been used to 

enhance post-stroke motor skills (PARK; LEE; LEE, 2013). Regarding this last area of research, 

VR has not only been used for post-stroke rehabilitation (AHMAD et al., 2019; NOROUZI-

GHEIDARI et al., 2020; OLIVEIRA et al., 2026; WEBER et al., 2019), but also shows 

potential for assessing motor functionality (ADAMS et al., 2019; KIM et al., 2016; 

MASMOUDI et al., 2024; RODRIGUEZ-DE-PABLO, C et al., 2015). 

As VR systems become increasingly capable of replicating real-world physical 

environments, they present new opportunities for automated, remote, and continuous motor 

assessment (LEE; LEE; KIM, 2018). VR-based training sessions can potentially reproduce 

established clinical tests or correlate gameplay-derived parameters with standardized evaluation 

metrics, such as the FMA (ADAMS et al., 2019; RAHMAN et al., 2023; TANNUS; NAVES; 

MORERE, 2024). However, such integration of digital assessment remains limited in current 
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clinical practice, primarily due to the lack of standardized protocols, interoperability challenges, 

and accessibility constraints (MAGGIO et al., 2025). This gap highlights a promising area for 

further research and development, especially with the emergence of low-cost, vision-based and 

AI-assisted rehabilitation systems (KLEIN et al., 2024; RAHMAN et al., 2023). 

Also, it would be interesting to further increase the independence of virtual therapy from 

the real world, through telerehabilitation, as virtual therapy can offer opportunities to enhance 

flexibility, convenience, cost-effectiveness, personalization, engagement, remote monitoring, 

accessibility, data collection, and progress monitoring (CARMONA et al., 2023; POURMAND 

et al., 2017b; RODRIGUEZ-DE-PABLO, CRISTINA et al., 2012). 

 

1.1.7 Motion tracking for exergames 

 

In exergame-based rehabilitation and monitoring, accurate motion tracking is essential 

to ensure that a patient’s movements are correctly recognized, measured, and translated into 

interactive virtual tasks. For post-stroke individuals, especially those with upper-limb 

impairments, motion tracking must accommodate limited and asymmetric ranges of motion, 

reduced fine-motor control, and compensatory movement patterns (TANNUS; NAVES; 

MORERE, 2024; THOMSON et al., 2020). Various technologies have been used for this 

purpose, including optical tracking systems (such as Microsoft Kinect and infrared cameras), 

inertial measurement units (IMUs), wearable sensors, and electromechanical devices such as 

exoskeletons or robotic arms (FABBRIZIO et al., 2023; GU et al., 2022; TANNUS; NAVES; 

DE SÁ, 2021). 

Although these systems can provide high-precision kinematic data, they also present 

significant challenges for clinical and home-based applications. Optical systems typically 

require specialized hardware, dedicated space, and proper lighting conditions. Wearable sensors 

and exoskeletons, while capable of precise motion capture, are expensive, cumbersome to 

calibrate, and difficult to use for patients with limited mobility or spasticity, often requiring 

therapist assistance, which limits their accessibility outside laboratory environments 

(THOMSON et al., 2020). Furthermore, the maintenance and calibration demands of such 

equipment increase costs and reduce scalability in low-resource healthcare settings 

(THOMSON et al., 2016). 

In recent years, advances in computer vision and artificial intelligence (AI) have enabled 

new approaches to human motion tracking without physical markers or specialized hardware. 

AI-based pose estimation models can analyze standard video input from regular cameras to 
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identify body landmarks and estimate joint angles in real time (LUGARESI et al., 2019). These 

methods significantly reduce cost and increase accessibility, opening new possibilities for 

remote, low-cost, and scalable rehabilitation systems that can be integrated into exergames and 

home-based motor assessment platforms (FABBRIZIO et al., 2023; GU et al., 2022; 

RAHMAN et al., 2023). 

 

1.1.8 MediaPipe 

 

MediaPipe (GOOGLE, 2026), an open-source framework developed by Google 

Research, represents a major milestone in AI-based human motion tracking. Initially released 

in 2019, with the full-body solution introduced in 2021, it enabled a paradigm shift in real-time 

pose estimation by optimizing the processing architecture of deep learning models (LUGARESI 

et al., 2019). Before its introduction, most AI-based pose estimation frameworks were 

computationally demanding, typically requiring dedicated GPUs or high-end workstations, 

which limited their use on consumer-grade devices (CAO et al., 2021; NEWELL; YANG; 

DENG, 2016). In contrast, MediaPipe enables the detection and tracking of multiple human 

joints directly on low-power devices, mobile platforms, and web browsers, achieving 

substantially higher efficiency than earlier systems. 

Beyond its relatively lightweight computational design, a key advantage of MediaPipe 

is its independence from depth sensors, external markers, or specialized motion capture 

equipment. This characteristic makes the framework particularly suitable for low-cost, scalable, 

and remote rehabilitation applications, where accessibility and ease of deployment are essential. 

In this work, two models from the MediaPipe framework were employed: the full-body 

and hand estimation models, illustrated in Figure 3. Both models estimate anatomical 

landmarks using only a standard color camera and provide 3D coordinates for each landmark 

at every frame. 

Despite the advantages, MediaPipe presents limitations when compared to depth-

sensing systems such as Microsoft Kinect. As it relies exclusively on 2D camera input, its 3D 

reconstruction is inference-based rather than derived from direct depth measurements, meaning 

that the Z-coordinate does not represent absolute depth. Consequently, estimation errors tend 

to increase in scenarios involving occlusions, rapid movements, or complex joint rotations 

(GUO et al., 2025). 
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Figure 3 – MediaPipe hand and full-body landmark estimation models 

  

(a) 

  

(b) 

(a) Hand landmark estimation model, illustrating the detection of anatomical key points of the hand 

using a monocular RGB camera. 

(b) Full-body pose landmark estimation model, showing upper- and lower-body joint tracking from 

RGB input. 

Source: MediaPipe documentation (GOOGLE, 2026). 

Licensed under Creative Commons Attribution 4.0 International (CC BY 4.0). 

 

Nevertheless, MediaPipe can provide a favorable balance between accuracy, portability, 

accessibility, and usability that remains unmatched by traditional hardware-dependent motion 

capture systems. 

 

1.2 State of the art 

 

1.2.1 Related works 

 

In the context of the emerging technological opportunities, in recent years, some 

initiatives have sought to automate post-stroke motor assessment through digital, sensor-based, 

or AI-assisted approaches. These studies vary widely in terms of sensing modality, 

computational complexity, and clinical applicability.  
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Some approaches focused on mobile-based evaluations. For instance, SONG; CHEN; 

et al., (2019) developed a smartphone-based system that estimated upper-limb motor scores 

using the smartphone’s embedded inertial sensors and decision tree algorithms, achieving 

significant correlation with the Fugl-Meyer Assessment (FMA) (R² = 0.78).  

Other studies incorporated commercial motion sensors or optical systems to increase 

accuracy. NIE et al., (2021) proposed an open-source portable solution to estimate wrist 

kinematics from two commercial devices, one using IMUs and another using optical markers. 

BAI et al., (2015) also utilized IMUs to quantify upper-limb motion during neurorehabilitation, 

demonstrating that wearable sensors can provide precise temporal and spatial data correlated 

with motor recovery. PALANI et al., (2022) combined the MediaPipe framework with IMUs 

to estimate joint angles in real time, validating the hybrid potential of combining computer 

vision with wearable technologies. Likewise, CHEN et al., (2023) proposed an automatic 

quantitative assessment tool that predicts the hand sub-score of the FMA scale using special 

optical motion capture devices’ data and decision trees, achieving an RMSE of 17.4 points in a 

dataset of 79 participants. Although effective, these systems required external hardware and 

calibration, limiting their scalability and user independence. Also, they were not integrated into 

a rehabilitation software. 

Other recent advances aimed to integrate the automated motor assessment into the 

rehabilitation game, although not eliminating physical sensors. JIANG et al., (2023) introduced 

a Kinect-based serious game that applies fuzzy inference to estimate motor function, obtaining 

an accuracy of 93.5% when compared with the FMA.  

In a comprehensive review, RAHMAN et al., (2023) analyzed AI-driven rehabilitation 

and assessment systems, concluding that although deep learning models can achieve high 

predictive accuracy, they generally lack interpretability and demand large, annotated datasets. 

The need for explainable, low-complexity solutions remains evident.  

Finally, more interactive approaches have integrated rehabilitation and assessment into 

serious games. SONG; DING; et al., (2019) also explored augmented-reality games to enhance 

engagement and mental state while tracking motion recovery. JIANG et al., (2023)’s serious 

game demonstrated that gamified assessment can both motivate patients and objectively 

quantify motor function. These findings support the integration of functional evaluation into 

therapeutic gameplay, a concept further advanced by the present work. 
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1.2.2 Challenges and research opportunities 

 

While many of these systems are promising, they often require dedicated assessment 

time, lack interpretability, need external sensors (such as depth cameras or IMUs), rely on 

complex architectures, and cannot be applied remotely. In contrast, combining motor 

assessment directly into the rehabilitation game using only the game display device camera 

could offer potential advantages: it could decrease the need for separate clinical evaluations, 

reduce monotony, increase engagement, and enable real-time, high-frequency tracking of 

recovery without burdening therapists or patients. This integration could promote scalability, 

remote use, and personalization, allowing stroke survivors to be continuously monitored during 

gameplay using simple, transparent metrics that could reflect functional performance, facilitate 

clinical understanding, and support generalization to other exergames in the future. 

  

1.3 Hypothesis 

  

 The hypothesis explored in this work is that clinically meaningful assessment of post-

stroke upper-limb motor function can be achieved directly during therapeutic gameplay, using 

only a low-cost, camera-based exergame powered by AI motion capture (MediaPipe). 

Specifically, it proposes that simple and interpretable kinematic features extracted in real time 

from 3D-simulated hand and arm coordinates, such as hand aperture, trajectory, range of 

motion, and movement smoothness, can accurately predict standardized clinical scores (e.g., 

the FMA) without the need for specialized hardware or separate evaluation sessions.  

 

1.4 Objectives 

 

1.4.1 General objective 

 

This research aims to develop and preliminarily validate a VR rehabilitation exergame 

capable of simultaneously providing therapeutic engagement and quantitative motor assessment 

for post-stroke patients. The study seeks to determine whether kinematic and gameplay-derived 

features obtained during therapeutic sessions can be used to estimate the score of a standardized 

clinical scale (the FMA), thereby demonstrating the potential of VR game data as an indicative 

of motor recovery for remote monitoring. 
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1.4.2 Specific objectives 

 

To achieve this goal, the project was structured into three progressive phases, each 

addressing distinct methodological and developmental aspects of the system. 

 

Phase 1: Literature review 

 

To conduct a comprehensive literature review to examine existing research on: 

• VR-based upper-limb rehabilitation in stroke patients; 

• Game-based assessments for post-stroke motor function; 

• Correlations between VR game data (e.g., 3D coordinates, game score, and time) 

and established clinical scales for upper-limb function assessment (e.g., FMA); 

• Feasibility and usability of VR systems for home-based rehabilitation in stroke 

patients. 

 

Phase 2: Pilot study with therapist 

 

• Refine the design of an exergame for clinical relevance and effectiveness; 

• Define specific VR game features for data collection; 

• Pilot test the VR system with post-stroke patients under therapist supervision, 

collecting gameplay data and clinical scale scores; 

• Analyze the correlation between VR game data and clinical scale scores to assess 

the potential validity of the VR system as an assessment tool. 

 

Phase 3: Preliminary validation 

 

• Further improve the interaction and design of the exergame; 

• Retest the system with more post-stroke patients; 

• Extract interpretable kinematic and spatiotemporal features (e.g., hand angle, 

movement area, and trajectory) and correlate them with clinical FMA scores; 

• Evaluate the predictive capacity of lightweight statistical models (e.g., linear 

regression) to estimate FMA-equivalent digital scores from gameplay data. 
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1.5 Justification and relevance 

 

1.5.1 Reduction of evaluator subjectivity in motor assessment 

 

A central limitation of conventional clinical scales used in post-stroke rehabilitation is 

their dependence on the evaluator’s judgment. Although the Fugl-Meyer Assessment is 

extensively validated and widely adopted, its scoring relies on visual inspection and manual 

rating by trained examiners, which may introduce inter-rater and intra-rater variability 

(DUNCAN; PROPST; NELSON, 1983; GLADSTONE; DANELLS; BLACK, 2002). By 

extracting quantitative kinematic features directly from patient movement, the proposed 

approach can reduce reliance on subjective interpretation and introduce a more objective layer 

of motor assessment. This can contribute to greater consistency in monitoring motor 

performance across sessions, evaluators, and clinical contexts. 

 

1.5.2 Patient motivation and engagement through playful assessment 

 

Traditional motor assessments are often perceived by patients as time-consuming and 

repetitive, which may negatively affect engagement, particularly during long-term 

rehabilitation (GLADSTONE; DANELLS; BLACK, 2002). Integrating evaluation into the 

rehabilitation exergame can transform assessment into a faster and more enjoyable activity, 

embedded within a playful and goal-oriented task. This design can increase patient motivation 

and adherence, as the evaluation process becomes part of an engaging therapeutic experience 

rather than a separate clinical procedure. 

 

1.5.3 Remote assessment and rehabilitation feasibility 

 

The proposed framework can enable both rehabilitation and motor assessment to be 

performed remotely, using commonly available devices, such as smartphone, tablet or 

computer. This capability can be especially relevant for post-stroke individuals who face 

transportation difficulties or geographic barriers to accessing clinical facilities. Remote 

assessment also can benefit therapists by reducing the need for frequent in-person evaluations, 

enabling a better time efficiency in their appointments, as well as supporting more flexible and 

scalable rehabilitation workflows. 
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1.5.4 Cost reduction for patients and healthcare systems 

 

Another important justification for this work is the potential reduction in economic 

burden associated with post-stroke rehabilitation using games. By eliminating the need for 

specialized hardware, such as depth cameras, wearable sensors, or robotic systems, the 

proposed solution can lower equipment costs. Additionally, partial automation of the 

assessment process reduces the number of therapist hours dedicated exclusively to evaluation, 

while remote use minimizes patient transportation expenses. Together, these factors contribute 

to a more cost-effective and sustainable rehabilitation model. 

 

1.5.5 Interpretability and generalization of assessment outcomes 

 

Unlike computational algorithms that provide limited insight into how predictions are 

generated, this work emphasizes the use of simple and interpretable kinematic features (e.g., 

average hand aperture, maximum 2D movement range). These features are directly linked to 

observable motor behaviors, facilitating clinical understanding and trust in the assessment 

outcomes. Importantly, this interpretability allows the framework to be generalized to other 

exergames with similar interaction mechanics and can support future game design decisions. 

Even if the exact estimation of standardized clinical scores is not sufficiently validated or 

trusted, the extracted metrics can still provide an approximation of motor status and recovery 

trends, enabling continuous monitoring and supporting data-driven therapeutic decisions. 

 

1.6 Chapter organization 

 

This doctoral thesis was written in an alternative article-based format, in accordance 

with the regulation of the Postgraduate Program. Therefore, this work is organized as follows: 

 

Chapter 1: Introduction 

 

Chapter 1 provides the conceptual and theoretical background necessary to understand 

the research, including its context, relevance, and objectives. The opening sections present the 

theoretical foundation on stroke rehabilitation, VR, exergames, motion tracking technologies, 

and AI-based assessment systems. Then, the state of the art is analyzed, finding potential 
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research opportunities. Accordingly, the hypothesis and objectives of this study are defined and 

justified. Finally, the current section outlines the overall structure of the thesis. 

 

Chapter 2: Results and discussion 

 

This chapter presents an integrated discussion of the results and scientific contributions 

from the three peer-reviewed papers presented in this document. It analyzes their 

methodological evolution, the relationship between their findings, and their impact on post-

stroke rehabilitation. 

The first paper, Post-Stroke Functional Assessments Based on Rehabilitation Games 

and Their Correlation with Clinical Scales: A Scoping Review (Medical & Biological 

Engineering & Computing) (TANNUS; NAVES; MORERE, 2024) corresponds to Phase 1 of 

the study objectives, and reviewed the correlation between rehabilitation game metrics and 

clinical scales, emphasizing that interpretable models embedded in gameplay can provide 

reliable digital biomarkers and reduce therapist workload. 

The second paper, Low-Cost Vision-Based 3-D Elbow Tracking for Post-Stroke 

Rehabilitation: Development and Pilot Evaluation of a Serious Game (IEEE Transactions on 

Neural Systems and Rehabilitation Engineering, 2025) (TANNUS et al., 2025), corresponds to 

Phase 2 of the study objectives, describing the design and pilot testing of a low-cost exergame 

using RGB-based 3D elbow tracking. 

The third paper, AI-Driven Low-Cost Rehabilitation Exergame as a Lightweight 

Framework for Stroke Assessment (TANNÚS; VALENTINI; NAVES, 2026), corresponds to 

Phase 3, introducing an AI-powered exergame that integrates automated motor assessment 

during gameplay. 

 

Chapter 3: Conclusion 

 

A conclusion regarding all the contributions of this thesis is presented, as well as future 

works. The final subsection lists all the conference and journal productions published during 

the doctorate studies. 
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Annexes 

 

The annex compiles supplementary materials relevant to the thesis, including Annex I: 

Full version of the Fugl-Meyer Assessment for Upper Limbs. 
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2 RESULTS AND DISCUSSION 

 

This chapter discusses the main findings and scientific contributions of the three 

published works derived from this doctoral research, highlighting their methodological 

evolution, interconnection, and impact on the field of technology-assisted stroke rehabilitation. 

Together, these studies illustrate a progressive research trajectory from the development of a 

low-cost, vision-based exergame for motor training to the creation of an AI-driven framework 

potentially capable of automated functional assessment during gameplay. 

 

2.1 Literature review 

 

2.1.1 Context and Summary 

 

This section presents the full reproduction of the article entitled Post-stroke functional 

assessments based on rehabilitation games and their correlation with clinical scales: A scoping 

review, published in Medical & Biological Engineering & Computing (TANNUS; NAVES; 

MORERE, 2024). The reproduction of this material has been formally authorized by Springer 

Nature, in accordance with the publisher’s copyright policies. 

This article constitutes a fundamental component of the present doctoral thesis, 

corresponding to Phase 1 of the research objectives, which focuses on the systematic 

investigation of existing approaches for automated motor assessment in post-stroke 

rehabilitation using VR and game-based systems. It establishes the theoretical and 

methodological foundation upon which the subsequent experimental developments of this 

thesis are built. 

The primary objective of the study was to evaluate whether motion data automatically 

collected during interaction with rehabilitation games and VR simulations can be considered 

clinically valid when compared to standardized physiotherapy assessment scales. To this end, 

a scoping review was conducted following PRISMA guidelines, analyzing studies published 

over the past decade that correlate in-game parameters with conventional clinical measures of 

upper-limb motor function. 

A total of 14 studies involving 244 post-stroke participants were included in the review. 

The findings indicate that 85.7% of the studies reported positive or strongly positive 

correlations between game-derived metrics and clinical scales such as the FMA, Wolf Motor 

Function Test, Box and Blocks Test, and Action Research Arm Test. The most used in-game 
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parameters were categorized into three main groups: (i) game scores, (ii) kinematic variables 

(e.g., movement speed, smoothness, joint angles), and (iii) time-based metrics. 

Despite these promising results, the review also highlights important limitations in the 

current state of the art. Most existing systems rely on specialized hardware, such as motion 

capture sensors, robotic devices, or depth cameras, which restrict accessibility, scalability, and 

real-world applicability. Additionally, the heterogeneity of methodologies and the relatively 

small sample sizes limit the generalizability of the findings. 

Therefore, this article provides critical evidence supporting the feasibility of using 

game-derived data as digital biomarkers for motor function assessment, while simultaneously 

identifying key research gaps. These gaps directly motivate the contributions of this thesis, 

which aims to develop a low-cost, sensor-free, and interpretable assessment framework 

embedded within an exergame, using only standard camera input and lightweight 

computational models. 
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2.1.2 Key Findings and Implications 

 

The reproduced article provides a comprehensive overview of the current landscape of 

VR-based and game-based motor assessment in post-stroke rehabilitation, highlighting both the 

potential and the limitations of existing approaches. Its findings justify the research problem 

addressed in this thesis. 

In summary, the review demonstrates that game-derived parameters can achieve 

clinically meaningful correlations with established assessment scales, suggesting that 

rehabilitation games have potential to serve not only as therapeutic tools but also as instruments 

for objective functional evaluation. Among the different types of parameters analyzed, 

kinematic features and game performance scores emerged as particularly relevant indicators of 

motor function. 

However, the study also reveals that most existing solutions depend heavily on external 

sensors, complex hardware setups, or non-transparent computational models. These factors 

limit their applicability in real-world clinical settings, especially in scenarios involving remote 

monitoring or low-resource environments. Furthermore, the lack of standardization across 

studies and the predominance of small-scale experiments highlight the need for more scalable, 

accessible, and interpretable solutions. 

Within the context of this thesis, these findings directly informed the design choices of 

the proposed system. They motivated the transition from hardware-dependent approaches to a 

vision-based, sensor-free framework, as well as the adoption of interpretable kinematic features 

and lightweight modeling techniques. By addressing the limitations identified in the literature, 

the subsequent phases of this research aim to advance the field toward more practical and 

clinically applicable solutions. 
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2.2 Pilot test 

 

2.2.1 Context and Summary 

 

This section presents the full reproduction of the article entitled Low-Cost Vision-Based 

3-D Elbow Tracking for Post-Stroke Rehabilitation: Development and Pilot Evaluation of a 

Serious Game, published in IEEE Transactions on Neural Systems and Rehabilitation 

Engineering (TANNUS et al., 2025). This article is distributed under a Creative Commons 

Attribution 4.0 International License, which permits reproduction, distribution, and adaptation, 

provided appropriate credit is given to the original authors. 

This work corresponds to Phase 2 of the research objectives of this doctoral thesis and 

represents the transition from theoretical investigation to practical system development. While 

the previous study established the clinical relevance of game-derived metrics for motor 

assessment, this article focuses on the design, implementation, and validation of a low-cost 

technological solution capable of capturing clinically meaningful movement data during 

rehabilitation exercises. 

The main contribution of this study is the development of a vision-based exergame 

system for real-time 3D elbow angle estimation, using only a standard RGB camera and simple 

physical markers. Unlike conventional approaches that rely on depth sensors, wearable devices, 

or robotic systems, the proposed method employs color segmentation and geometric 

reconstruction techniques to estimate joint angles without specialized hardware. 

The system architecture integrates four main modules: camera calibration, color-based 

marker detection, an interactive exergame environment, and a motion report module. Together, 

these components enable real-time tracking, adaptive gameplay, and automated performance 

feedback. The exergame was designed to promote repetitive elbow flexion and extension 

movements within an engaging and task-oriented virtual environment. 

To evaluate the proposed solution, a comprehensive experimental protocol was 

conducted, including technical validation and usability testing. The results demonstrated that 

the system achieves high angular accuracy (error below 5°) for clinically relevant movement 

ranges up to approximately 110°, when compared to a goniometer reference. Additional 

analyses showed robustness across different calibration conditions, marker sizes, and camera 

distances, as well as predictable degradation under high-speed motion or peripheral image 

regions. 
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Furthermore, a comparative evaluation against the AI-based MediaPipe framework 

revealed that the proposed method provides more stable and reliable estimations in occlusion 

scenarios, particularly when the arm is positioned close to the torso. This highlights the 

advantage of the geometric approach over purely AI-based pose estimation in specific 

rehabilitation contexts. 

A usability study conducted with eight post-stroke participants resulted in a mean 

System Usability Scale (SUS) score of 92.5, indicating excellent user acceptance and 

suggesting the feasibility of the system for real-world and home-based rehabilitation 

applications. 

In conclusion, the central idea of this work is that it is possible to accurately measure 

joint movement in three dimensions using only a simple camera and low-cost markers, enabling 

accessible and scalable rehabilitation solutions without the need for expensive equipment. 
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2.2.2 Key Findings and Implications 

 

The reproduced article demonstrates that accurate 3D elbow angle estimation can be 

achieved using a low-cost, vision-based approach without reliance on depth sensors, wearable 

devices, or complex AI models. The system achieved clinically acceptable accuracy within 

relevant ranges of motion and maintained robustness under different calibration and 

environmental conditions. 

A key contribution of this work is the use of a geometric, marker-based tracking 

strategy, which offers advantages in terms of computational efficiency, interpretability, and 

robustness to occlusion when compared to AI-based pose estimation methods. The comparative 

analysis with MediaPipe reinforces the suitability of this approach for rehabilitation scenarios 

involving challenging arm positions. 

The study also identifies important practical factors affecting performance, such as 

camera distance, marker size, spatial positioning within the image, and movement velocity. 

These findings provide concrete guidelines for system configuration and contribute to the 

reliability of real-world deployment. 

In conclusion, this work addresses one of the main limitations identified in literature, 

the dependence on specialized hardware, by demonstrating that clinically relevant kinematic 

data can be captured using accessible technologies. This establishes a technological foundation 

for the next phase of this thesis, which focuses on translating such kinematic measurements into 

automated clinical assessment outcomes.  
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2.3 Preliminary validation study 

 

2.3.1 Context and Summary 

 

This section presents the full reproduction of the article entitled AI-driven low-cost 

rehabilitation exergame as a lightweight framework for stroke assessment, published in npj 

Digital Medicine (TANNÚS; VALENTINI; NAVES, 2026). This article is distributed under a 

Creative Commons Attribution 4.0 International License, which permits reproduction, 

distribution, and adaptation, provided appropriate credit is given to the original authors. 

This article corresponds to Phase 3 of the research developed in this doctoral thesis and 

represents the full development of the proposed framework. While the previous phase focused 

on accurate motion capture using a low-cost vision-based system, this study advances the 

approach by integrating automated clinical assessment directly into the rehabilitation exergame, 

eliminating the need for separate evaluation procedures. 

The main objective of this work is to investigate whether interpretable kinematic 

features extracted during gameplay can reliably estimate clinical motor scores, specifically the 

FMA, which is a gold standard in post-stroke motor evaluation but is time-consuming and 

requires trained clinicians. 

To achieve this, the proposed system uses a standard RGB camera and the MediaPipe 

framework to extract 2D hand and arm trajectories during gameplay. From these data, 16 

kinematic and spatiotemporal features were computed, including hand angle, range of motion, 

movement area, traveled distance, and shoulder-elbow coordination. These features were 

designed to be clinically interpretable and computationally lightweight. 

It is important to note that, although the previous phase demonstrated that a marker-

based geometric approach can achieve higher elbow angle accuracy and robustness in 

controlled scenarios, the adoption of an AI-based tracking method in this study was a decision 

to completely eliminate external hardware, such as markers or calibration objects, thereby 

simplifying system setup and improving scalability, usability, and accessibility in real-world 

scenarios. 

The study involved 12 post-stroke participants (24 upper limbs), with motor impairment 

levels stratified according to FMA scores. Several variables, such as average hand angle, hand 

range of motion, coordination, and spatial exploration, demonstrated clear separation across 

severity groups, indicating their potential as digital biomarkers. 
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Correlation analyses revealed that multiple gameplay-derived features were 

significantly associated with FMA scores, with some variables (e.g., hand angle and joint 

coordination) showing strong monotonic relationships with motor function. These findings 

support the hypothesis that movement patterns captured during gameplay reflect clinically 

meaningful aspects of motor impairment. 

To estimate clinical scores, multiple linear regression models were developed using 

combinations of selected features. The best-performing model achieved high predictive 

performance (Spearman ρ = 0.92, R² = 0.89, RMSE = 4.42), indicating strong agreement with 

clinical evaluations. Additionally, the model was able to classify patients into severity levels 

(mild, moderate, severe) with accuracies ranging from 86% to 93%. 

The study also preliminarily compared the proposed approach with more complex 

machine learning models. Despite their complexity, these models did not outperform the 

lightweight regression approach, probably due to low sample data, therefore, no conclusions 

could be made. 

Overall, this article demonstrate that automated motor assessment can potentially be 

embedded within a low-cost rehabilitation exergame, providing clinically meaningful 

evaluation in real time and without external sensors. 
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2.3.2 Key Findings and Implications 

 

The reproduced article demonstrates that clinically meaningful motor assessment can be 

achieved directly during rehabilitation gameplay using simple, interpretable kinematic features 

extracted from a standard camera setup. The results identify the most promising interpretable 

features, such as 2D spatial exploration, average finger flexion angles, and inter-joint 

coordination, which show strong associations with motor function. These features can be used 

individually as estimators or combined within a multiple linear regression model to estimate 

clinical scores, as demonstrated by the prediction of the FMA. 

The integration of assessment into gameplay eliminates the need for separate evaluation 

procedures, enabling continuous, real-time monitoring of motor function while reducing 

clinical workload. 

Within the context of this thesis, this article consolidates the proposed framework by 

demonstrating that a fully sensor-free, low-cost, and interpretable system can simultaneously 

support rehabilitation and automated clinical assessment. It directly addresses the limitations 

identified in earlier phases and establishes the foundation for scalable telerehabilitation 

applications. 

 

2.4 Scientific contributions 

 

This doctoral research advances the field of post-stroke rehabilitation by proposing and 

validating a low-cost, sensor-free, and interpretable framework for simultaneous motor 

rehabilitation and assessment based on exergames. 

First, this work provides a systematic consolidation of the state of the art regarding the 

use of rehabilitation games and virtual environments for motor assessment. Through a 

structured literature review, it demonstrates that gameplay-derived metrics can achieve 

clinically meaningful correlations with standardized scales, supporting their use as digital 

biomarkers for motor function evaluation. 

Second, this thesis introduces a low-cost vision-based motion tracking system capable 

of estimating upper-limb kinematics with clinically acceptable accuracy using only a standard 

RGB camera. The proposed geometric approach demonstrates that reliable motion capture can 

be achieved without relying on expensive sensors, contributing to the accessibility and 

scalability of rehabilitation technologies. 
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Finally, the research advances by proposing a fully integrated framework in which 

rehabilitation and assessment occur simultaneously during gameplay. This eliminates the need 

for separate clinical evaluation sessions and enables continuous, real-time monitoring of motor 

performance. 

A key contribution of this work is the demonstration that simple, interpretable kinematic 

features are sufficient to estimate clinical motor scores with high accuracy. The results show 

that features related to hand configuration, spatial exploration, and joint coordination are 

strongly associated with the FMA and can be combined into lightweight predictive models. 

Additionally, this work introduces a design paradigm shift toward hardware-

independent rehabilitation systems. The adoption of AI-based tracking enables the complete 

removal of external physical dependencies, significantly improving usability, scalability, and 

real-world applicability. 

Finally, this thesis contributes to the concept of embedded digital biomarkers, in which 

clinically meaningful metrics are extracted passively during therapy. This approach supports 

high-frequency, non-intrusive monitoring of patient progress and lays the foundation for 

scalable telerehabilitation and remote assessment systems. 

 

2.5 Methodological limitations 

 

Despite the promising results, this study presents limitations and further validation 

difficulties that should be acknowledged. First, the use of the FMA as the reference clinical 

scale required considerable therapist time and necessitated patient travel to the testing location, 

hindering large-scale testing, as all data collection had to be performed uniformly by the same 

clinician.  

The primary limitation is the relatively small sample size, consisting of 12 post-stroke 

participants and 24 evaluated upper limbs. Although this is consistent with pilot and feasibility 

studies, it restricts the statistical power of the analyses and limits the generalizability of the 

results. 

Additionally, the study adopts a cross-sectional design, evaluating participants in a 

single session. As a result, it does not capture longitudinal changes in motor recovery, limiting 

the ability to assess responsiveness to rehabilitation over time or to evaluate the system’s 

sensitivity to clinical progression. 

Another limitation concerns the controlled experimental conditions under which data 

were collected. Although efforts were made to simulate realistic usage, factors such as camera 
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positioning, lighting conditions, and participant posture were partially standardized. This may 

not fully reflect the variability encountered in home-based or unsupervised environments. 

Also, the use of 2D vision-based tracking introduces inherent constraints, particularly 

regarding depth estimation and sensitivity to occlusions. While the AI-based approach enables 

hardware independence, it may exhibit reduced accuracy compared to depth cameras or multi-

sensor systems in certain scenarios. 

Another unresolved limitation concerns generalizability: the regression equation 

derived in this study is tailored to the current exergame and cannot be directly transferred to 

other game designs or movement contexts. However, the variables identified are interpretable 

and could be further studied to be used as independent indicators of functional monitoring. 
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3 CONCLUSION 

 

This thesis presented the development and validation of a low-cost, vision-based 

framework for post-stroke rehabilitation and automated motor assessment, integrating 

therapeutic interaction and clinical evaluation into a single exergame system. 

The research was structured in three progressive phases. First, a literature review 

established that gameplay-derived metrics can correlate with clinical scales, supporting their 

use as digital biomarkers. Second, a vision-based tracking system demonstrated that accurate 

kinematic data can be obtained using accessible technologies. Finally, an integrated AI-driven 

framework showed that these data can be used to estimate clinical motor scores directly during 

gameplay. 

The results demonstrate that clinically relevant motor assessment can be performed 

using simple, interpretable features extracted from standard camera input, without the need for 

specialized hardware. The proposed system achieved high predictive performance in estimating 

FMA scores and successfully classified patients according to motor impairment severity. 

A key finding of this work is that model simplicity and interpretability can be more 

advantageous than complexity in rehabilitation contexts. Lightweight regression models not 

only achieved strong performance but also provided transparency and clinical relevance, which 

are essential for real-world adoption. 

Another important contribution is the transition toward hardware-independent 

rehabilitation systems, enabling broader accessibility and scalability. By embedding assessment 

into gameplay, the proposed framework reduces clinical workload, increases patient 

engagement, and enables continuous monitoring of recovery. 

Overall, this thesis demonstrates that it is feasible to transform rehabilitation games into 

clinically meaningful assessment tools, contributing to the advancement of digital health 

solutions for stroke rehabilitation. 

 

3.1 Future work 

 

Future research should focus on addressing the limitations identified in this study and 

further advancing the proposed framework. 

A primary direction is the validation of the system with larger and more diverse 

populations, including different stages of stroke recovery and broader demographic variability. 

This will improve the robustness and generalizability of the predictive models. 
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Longitudinal studies are also necessary to evaluate the system’s ability to track motor 

recovery over time and to assess its sensitivity to clinical changes. This is essential for 

establishing the framework as a reliable tool for continuous monitoring and outcome evaluation. 

Another important direction is the incorporation of multi-rater clinical assessments, 

enabling evaluation of inter-rater reliability and strengthening the clinical validity of the results. 

Further investigation into feature selection and personalization may also enhance 

predictive performance, allowing models to adapt to individual patient characteristics and 

rehabilitation profiles. 

Finally, the integration into telerehabilitation platforms, including remote data 

transmission, clinician dashboards, and real-time feedback systems, represents a step toward 

clinical translation and large-scale adoption. 

 

3.2 Articles published during the doctorate studies 

 

This subsection presents the contributions to scientific literature published by the author 

during the doctoral studies (2022-2026). 

 

3.2.1 Articles related to the thesis 

 

• TANNUS, Julia; VALENTINI, Caroline; NAVES, Eduardo. AI-driven low-cost 

rehabilitation exergame as a lightweight framework for stroke assessment. npj 

digital medicine, 2026. https://doi.org/10.1038/s41746-026-02383-1 

• TANNUS, Julia et al. Low-cost vision-based 3D elbow tracking for post-stroke 

rehabilitation: development and pilot evaluation of a serious game. IEEE 

transactions on neural systems and rehabilitation engineering, v. 34, p. 1–1, 2025. 

http://doi.org/10.1109/TNSRE.2025.3591104 

• TANNUS, Julia; NAVES, Eduardo Lázaro Martins; MORERE, Yann. Post-stroke 

functional assessments based on rehabilitation games and their correlation with 

clinical scales: a scoping review. Medical & biological engineering & computing, 

v. 62, p. 47, 2023. http://doi.org/10.1007/s11517-023-02933-9 

• TANNUS, Julia et al. Correlation between the Fugl-Meyer Assessment and data 

from a virtual reality game for remote evaluation of upper-limb function in post-

stroke rehabilitation: a case study. In: HANDICAP 2024 – 13th IFRATH conference 

on assistive technologies, 2024, Paris, p. 115–120. 

https://doi.org/10.1038/s41746-026-02383-1
http://doi.org/10.1109/TNSRE.2025.3591104
http://doi.org/10.1007/s11517-023-02933-9
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3.2.2 Articles published in partnership with the research group 

 

• ROCHA, Danilo Santos et al. Effectiveness of telerehabilitation in the treatment of 

shoulder injuries: a systematic review of randomized controlled trials. Archives of 

rehabilitation research and clinical translation, v. 1, p. 100553, 2025. 

http://doi.org/10.1016/j.arrct.2025.100553 

• DE SOUZA MIGUEL, Guilherme Fernandes et al. Proposal of a game streaming-

based framework for a telerehabilitation system. Multimedia tools and applications, 

v. 83, p. 33333, 2023. http://doi.org/10.1007/s11042-023-16741-8 

• MARQUES, Isabela Alves et al. Virtual reality and serious game therapy for post-

stroke individuals: a preliminary study with a humanized rehabilitation approach 

protocol. Complementary therapies in clinical practice, v. 49, p. 101681, 2022. 

http://dx.doi.org/10.33448/rsd-v10i6.15489 

• ALVES, Camille Marques et al. A new human–machine interface for the 

rehabilitation of individuals with Parkinson’s disease. In: HANDICAP 2022 – 12th 

IFRATH conference on assistive technologies, 2022, Paris, 2022. p. 81–86. 

 

  

http://doi.org/10.1016/j.arrct.2025.100553
http://doi.org/10.1007/s11042-023-16741-8
http://dx.doi.org/10.33448/rsd-v10i6.15489
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