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Abstract 

Remote patient monitoring systems are a viable approach to address the evolving needs of 

healthcare facilities. However, while conventional systems can reduce constant in-person 

supervision, they require caregivers to remain near a computer, presenting a challenge since 

caregiving is inherently a hands-on role and requires freedom of movement. This dissertation 

project designed and implemented an augmented reality window-based interface system, 

AleRa, that overlays patient information onto the caregiver’s field of vision, fetched from a FHIR 

compliant server that is part of the RM4Health ITEA project’s architecture. AleRa aimed to 

explore if augmented reality could enable continuous monitoring while allowing caregivers to 

remain actively engaged in direct patient care, improving response time to changes in health 

conditions. Sixteen participants tested the system in a case study, praising its intuitiveness, 

visual quality, and strong potential as a helping tool for caregivers. Improving responsiveness 

of certain interface elements, and lowering the dependency on the companion mobile app, 

were the main constructive feedback, with other additional features also being suggested for 

future work. Overall, the dissertation project achieved its objectives, made relevant scientific 

contributions to augmented reality and health monitoring through implementation and 

publications, and contributed to the dissemination of related international projects. 
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Resumo 

Os sistemas de monitorização remota de pacientes têm vindo a ganhar relevância como forma 

de resposta às crescentes necessidades de cuidadores e instituições de saúde. Múltiplos 

aspetos da vida diária podem beneficiar de monitorização remota, nomeadamente a 

monitorização continua de sinais vitais para deteção precoce de problemas de saúde, controlo 

de acessos e de localização, e gestão de prescrições e tomas de medicação. Estes sistemas têm 

vindo a ser explorados na literatura e observa-se que permitem reduzir a necessidade de 

supervisão presencial constante. No entanto, nas suas versões mais tradicionais, estes sistemas 

obrigam os cuidadores a permanecer próximos de um computador para aceder à informação 

disponibilizada. Tal entra em conflito com a natureza prática do trabalho de prestação de 

cuidados, que exige mobilidade, liberdade de movimentos e contacto direto com os utentes. 

 

Este projeto de dissertação, denominado AleRa, propôs-se a explorar o potencial da realidade 

aumentada (AR) como solução para este desafio. O sistema desenvolvido consiste 

principalmente numa aplicação para óculos de realidade aumentada que sobrepõe interfaces 

tridimensionais ao campo de visão do cuidador, complementada por uma aplicação móvel de 

apoio a certas funcionalidades. O projeto AleRa derivou inicialmente do caso de uso português 

do projeto ITEA multinacional RM4Health, e é capaz de integrar com este sistema, mais 

especificamente com o seu servidor FHIR de armazenamento de dados e o seu servidor de 

autenticação, para obter os dados médicos a apresentar nas suas interfaces AR. Visto ser um 

projeto multidisciplinar, envolvendo realidade aumentada, saúde e inteligência artificial, 

especial atenção foi dada para garantir conformidade com regulamentos de ética e de proteção 

de dados. 

 

Após uma revisão da literatura, identificação de requisitos, e desenho da solução, a 

implementação do sistema recorreu ao motor de jogo Unity, utilizando o pacote OpenXR, ao 

invés de pacotes de fornecedores específicos (ex.: Meta ou Microsoft), para maximizar 

compatibilidade com múltiplos dispositivos de AR. Em termos de interfaces, foi desenvolvido 

um modelo modular de janelas virtuais, em que cada janela controla o seu próprio conteúdo, 

as janelas são independentes do seu posicionamento. Para o sistema de posicionamento, foram 

implementadas duas grelhas que gerem as posições possíveis de janelas no mundo real, 

permitindo diferenciar entre janelas “próximas” (interativas) e “distantes” (principalmente 

visuais). Estas grelhas seguem os movimentos do cuidador para garantir visualização contínua 

de informação mesmo em movimento. Em termos de janelas específicas, foram desenvolvidos 

componentes para monitorização em tempo real de sinais vitais, listagem de alertas, 

visualização de tendências históricas dos sinais vitais, e acompanhamento da toma de 

medicação semanal. 

 

O sistema foi avaliado quanto à sua usabilidade e relevância de informação através de um 

estudo de caso com 16 participantes, divididos em três grupos. Os participantes consideraram 

o sistema intuitivo e de boa qualidade visual, e demonstraram forte interesse na aplicação 



x 
 

prática deste tipo de sistemas não só em contextos profissionais de saúde, mas também nas 

suas próprias áreas de atividade profissional. Entre os aspetos menos positivos, identificou-se 

a falta de responsividade de alguns elementos da interface, a dependência do sistema na 

aplicação móvel, e o desconforto causado após uso prolongado devido ao peso do HMD 

utilizado. Os participantes sugeriram também várias novas funcionalidades, que poderão ser 

abordadas em trabalho futuro, como a personalização das posições das janelas, a integração de 

um sistema de localização de pacientes dentro de instituições (ex.: hospitais), e o 

enriquecimento da gestão de medicação com informações adicionais (ex.: janelas de folhetos e 

instruções de administração). 

 

O projeto AleRa alcançou os objetivos definidos, e contribuiu para a área de Jogos, Gráficos e 

Sistemas Interativos, ao propor e validar um sistema de interfaces de AR orientada para 

contextos de saúde, desenhado também para potencial reutilização noutros contextos 

profissionais, como a Indústria 4.0. Este trabalho integrou-se nas atividades do centro 

investigação GECAD, relacionando-se com os projetos internacionais Inno4Health e RM4Health, 

o que resultou também na submissão e publicação de artigos científicos em conferências e 

revistas indexadas. 

 

 

Palavras-Chave: Realidade Aumentada, Sistemas Interativos, Monitorização Remota, 

Inteligência Artificial   
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1 Introduction 

This dissertation was developed in partial fulfilment of the requirements for the degree of 

Master in Informatics Engineering – Specialization Area of Games, Graphics and Interactive 

Systems. This dissertation was carried out at the Research Group on Intelligent Engineering and 

Computing for Advanced Innovation and Development (GECAD), localized in Instituto Superior 

de Engenharia do Porto (ISEP), originally deriving from, and capable of integrating with, the 

Portuguese use case of the Information Technology for European Advancement (ITEA) 4 

international project RM4Health [1], [2]. 

This chapter introduces this dissertation project, how it derived from and can integrate with 

RM4Health’s system architecture, a list of ethical considerations, and finally this dissertation 

document’s structure. 

1.1 Contextualization 

Advances in sensor technology and the Internet of Things (IoT) have made remote monitoring 

(RM) of patients an increasingly viable approach to address the evolving needs of healthcare 

facilities. In particular, remote monitoring of the vital signs and daily activities has emerged as 

a prominent research area that aims to provide faster and more effective care while promoting 

independence. Multiple aspects of daily life can benefit from RM, including continuous tracking 

of vital signs for early detection of health anomalies, activity monitoring, location tracking and 

access control, and medication intake management.  

Building on these possibilities, RM4Health is an international ITEA 4 project committed to the 

development of wearable sensors and open technology platforms for continuous vital sign 

monitoring in both healthcare and sports [2]. RM4Health covers six use cases, bringing together 

a consortium of 18 partners from four countries: Finland, Portugal, Spain, and the Netherlands. 

In particular, the Portuguese use case focuses on the creation of an intelligent health 
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monitoring ecosystem, depicted in Figure 1, for seniors who live in residential homes or in 

domiciliary care, that allows comprehensive monitoring of various aspects of a senior’s daily 

life, and facilitates the tasks of the assigned caregivers [3].  

RM4Health utilizes, for the storage of all health-related data, a Fast Healthcare Interoperability 

Resources (FHIR) compliant server and database. FHIR, initially presented in a work by Bender 

and Sartipi [4], is a specification developed by the Health Level 7 (HL7) organization, which has 

been increasingly adopted by the healthcare industry for exchanging health-related data [5]. It 

specifies a set of resource formats for data storing (e.g.: a Patient resource must allow to store 

a name, address, and date of birth) and a Representational State Transfer (REST) Application 

Programming Interface (API) to access and manage said resources. 

 

Figure 1 – General representation of the system architecture for the Portuguese RM4Health 

use case.1 

However, while such systems can reduce the need for constant in-person supervision, they 

often require caregivers to remain near a computer to track patient data. This presents a 

challenge, as caregiving is inherently a hands-on role and caregivers require the freedom to 

roam around their facility as needed. 

Augmented reality (AR) and mixed reality (MR) technologies present a promising solution to 

this challenge. Currently, AR is an actively explored technology in literature, with many studies 

evaluating or confirming its potential application in different fields. For instance, in Industry 4.0, 

Canito et al. [6] present an architecture for an AR solution capable of combining historical and 

contextual information about the user to best assist them in pending tasks. Meanwhile, 

Marreiros et al. [7] mention how AR solutions could be used as an adaptive human-machine 

interface (HMI) to visualize data gathered from physical machines in smart factories, presenting 

 
1 Source: A publication work by Martins et al. [3] detailing the system architecture of the Portuguese 
use case of the RM4Health project. 
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relevant information according to the user and context. In the health field, Martinho et al. [8] 

review how AR is being used as a gamification technique to help users exercise, or as a physical 

or cognitive rehabilitation tool. 

As such, this dissertation project proposed and aimed to verify that by providing context-

sensitive overlays of patient information directly in a caregiver’s field of vision, AR/MR systems 

have the potential to enable continuous unobtrusive monitoring while allowing caregivers to 

remain actively engaged in direct patient care, improving response time to emergencies and 

changes in health status.  

Its resulting system was named AleRa, a hybrid term derived from the Portuguese word “Alerta” 

(meaning “alert” in English), reflecting the dissertation project’s focus on health monitoring and 

awareness, while also being intentionally stylized with the letters A and R capitalized, 

referencing augmented reality (AR), the system’s technological foundation. 

The resulting AleRa system is an AR application for head-mounted displays (HMD) that 

translates familiar healthcare interfaces to the real-world environment, including features such 

as real-time vital sign charts, patient health history visualizations, alerts for abnormal conditions, 

and medication intake adherence. It is designed to utilize, as its main source of health 

information, any FHIR-compliant data storage server, allowing for easy integrating with the 

RM4Health solution, or similar architectures. 

A key focus of the dissertation was to design and development an intuitive informational AR 

interface that could serve as a foundation for similar future applications in healthcare or other 

professional contexts. In addition to the system development, this dissertation project also 

involved carrying out a case study to validate the usability and intuitiveness of the developed 

interfaces, and the usefulness of the medical information displayed. 

1.2 Objectives 

As described previously, the aim of this dissertation project was to explore the potential of AR 

and MR technology in continuous health monitoring, develop an AR interface to caregivers in 

patient monitoring, and integrate it with the RM4Health project architecture. 

From this, a set of core objectives were able to be identified: 

• Research the state of the art in remote health monitoring and the use of AR / MR 

technology in healthcare, particularly in health monitoring. 

• Develop an AR interface that allows caregivers to monitor various health parameters 

and receive alerts for one or multiple patients simultaneously. If necessary, the 

interface should also enable interaction with the system. 

• Integrate the AR interface with RM4Health's system architecture, testing the 

visualization of medical information through AR overlays. 
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Since this dissertation was carried out at GECAD’s research center, alongside the RM4Health 

project, an additional objective was that the developed work was expected to contribute to the 

submission of one or more scientific papers to international conferences and journals indexed 

in Scopus and Web of Science, related to the research areas of this dissertation. 

1.3 Ethical Considerations 

Given the interdisciplinary nature of this dissertation project, encompassing engineering, 

healthcare, and user interactions, it was of the utmost importance to guarantee adherence to 

all relevant ethical guidelines and codes of conduct. The following sub sections outline the 

ethical commitments that guided the dissertation project's execution, as well as other relevant 

disclosures such as previously developed work utilized, and the usage of artificial intelligence 

(AI) tools during this dissertation. 

1.3.1 Compliance with Institutional Academic Integrity Policies 

As a student of the Instituto Politécnico do Porto (IPP), this dissertation project adhered to the 

institution's academic integrity policies. This included, but was not limited to: 

• Proper Attribution: Ensuring all ideas, sentences, paragraphs, or texts from external 

sources were correctly cited and referenced to avoid plagiarism, in order to respect 

intellectual property. 

• Original Work: Committing to producing original research, findings, and system designs 

and implementations, to contribute authentically to the academic community. 

1.3.2 Adherence to Professional Engineering Ethics 

In alignment with the ethical standards of the engineering profession, this dissertation project 

also upheld principles such as: 

• Honesty and Integrity: Maintaining transparency and truthfulness in all aspects of the 

project, including data collection, analysis, and reporting. 

• Accountability: Taking responsibility for the project's outcomes and ensuring that all 

engineering practices met the highest professional standards. 

1.3.3 Compliance with Data Protection Regulations 

Given the dissertation project's involvement with medical applications and user data, strict 

compliance with data protection regulations was essential: 
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• Data Anonymization: Implementing measures to anonymize user data, protecting 

individual identities and ensuring privacy. 

• Data Security: Utilizing encryption and secure data storage solutions to safeguard 

sensitive information against unauthorized access. 

• Data Minimization and Deletion: Collecting only the data necessary for the project's 

purposes and ensuring that data was deleted upon request or when it was no longer 

needed, in accordance with relevant data protection laws. 

1.3.4 Observance of Case Study Research Ethics 

Engaging in a case study, with voluntary participants, involved additional ethical responsibilities, 

such as: 

• Informed Consent: Ensuring that all participants were informed about the nature of the 

dissertation project and had provided their voluntary consent to participate. 

• Participant Welfare: Prioritizing the safety, well-being, and rights of all participants 

throughout the case study. 

1.3.5 Statement on Previously Developed Work 

As affirmed in the Statement of Integrity, the work presented in this document is original and 

authored by me, having not previously been used for any other end. However, an exception 

must be acknowledged: due to the formative structure of the master’s degree where this 

dissertation project is inserted, some sections were initially developed during a previous course 

unit in the first semester of the second year, namely “Dissertation Preparation” (PREPD). 

Specifically, the Introduction, State of the Art, and Requirements sections were originally 

written in a previous document in that context and have since been expanded and refined for 

inclusion in this final dissertation. The Introduction section also assimilated work written in an 

originally separate section “Project Planning” of this previous document. 

1.3.6 Statement on the Use of Artificial Intelligence Tools 

AI tools, and in particular Large Language Models (LLMs), have proven to be capable of helping 

software engineers in terms of code generation and software development. However, much of 

the content generated by LLMs contains errors and misinformation, and an overreliance on 

these tools also compromises integrity policies such as the commitment to producing original 

work, be it research findings or system implementations. As such, in this dissertation project, 

both the number of AI tools and their respective use were kept to a minimum necessary. 
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One of the uses of an AI tool during this dissertation, namely ChatGPT, was to obtain some 

preliminary knowledge about the AR development process in Unity, especially regarding initial 

system configuration, as some issues, especially those requiring adjustments in the Unity Editor 

menus rather than in code, were very specific and not well documented. Still, this information 

was always compared with available discussions in software forums such as “Stack Overflow”, 

or with official Unity AR courses, or tutorials made by independent creators. ChatGPT was also 

used to generate a base version of the icon part of the AleRa system’s logo, which was then 

manually edited to alter its colors, add transparency, and add the system name. Additionally, 

ChatGPT was used to generate simulated images of patients, to be used during the system’s 

and in the dissertation, to avoid ethical and privacy concerns related to using real patient data. 

The other AI tool utilized during the implementation of the system was an online text-to-speech 

model, provided by ElevenLabs. This model was used to generate audio narrations for the 

authentication and tutorial steps, providing the users better usability and immersion. 

1.4 Document Structure  

This dissertation document was structured in eight main chapters, following the traditional 

process of software development, namely: Introduction, State of the Art, Requirements, Design, 

Solution, Case Study, Conclusions, and Limitations and Future Work.  

This first chapter, Introduction, contextualizes this dissertation project, including how it derives 

from the Portuguese use case of the RM4Health ITEA project, and states the dissertation 

objectives. Additionally, it describes the domains of ethical concerns taken into account during 

the development of this dissertation. 

The second chapter, State of the Art, explores the current state of existing work in this field 

from two different perspectives: on one hand, through a systematic literature review that 

gathers current literature work and analysis how AR / MR is being utilized in remote health 

monitoring; and on the other hand, through assessment of existing technologies that could be 

potentially employed in this dissertation project to developed the its proposed solution. 

In the third chapter, Design, system requirements are identified based on the dissertation 

objectives and anticipated caregiver needs, followed by the detailing of the overall system 

design and all aspects taken into consideration during the AleRa system’s planning. 

The fourth chapter, Solution, presents the resulting system of this dissertation project, and 

details the most important implementation aspects and decisions taken during development. 

In the fifth chapter, Case Study, an empirical study done with a population of 16 participants is 

reported, where the developed system was tested in terms of usability and perceived workload 

(both physical and cognitive), and to obtain quantitative and qualitative feedback on how this 

system could be enhanced in the future. 
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Finally the sixth chapter, Conclusions, consolidates the conclusions derived from the 

development of this dissertation project, states the main achievements reached, including a list 

of scientific work contributed to literature, and reports on identified limitations during 

development and on possible future work to extend this system or similar ones, in the themes 

of AR and health monitoring. 
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2 State of the Art 

A thorough exploration of the State of the Art was, as is the case for the vast majority of 

research and engineering work, one of the first and most fundamental stages of the 

development of this dissertation project. It was by reviewing what exists and what is being done 

in current literature that an analysis was able to be done to understand potential studies or 

functionalities that may be missing or underexplored. Then, by also surveying currently 

available and future trends in relevant hardware and software, a feasible project design was 

conceived. As such, the following sections present, respectively, a systematic literature review 

on the topic of augmented/mixed reality applied to health monitoring, and a survey of existing 

enabling technologies in this field, both made at the start of development of this dissertation 

project. 

2.1 Systematic Literature Review 

Remote health monitoring has become a widely researched topic in recent years, with 

increasing attention on the development of innovative, interactive, continuous, and non-

intrusive solutions. Beyond the popularity of web and mobile applications, advancements in 

virtual world technology have led to a significant body of work integrating Virtual Reality (VR) 

into these healthcare settings, for example to provide patients with immersive, therapeutic 

experiences. 

Despite this growing interest in VR, the integration of AR or MR into healthcare monitoring 

settings remains, to the best of my knowledge, a relatively underexplored area. Notably, there 

seems to be a shortage of solutions that utilize these technologies to assist practitioners or 

caregivers with patient monitoring functions, rather than targeting patients directly. This 

section presents a focused Systematic Literature Review (SLR) on this subject, consolidating 

existing work, that established a support base for the project conducted in this dissertation. 
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As defined by Kitchenham [9], an SLR, being a form of secondary study, is a means of 

consolidating and evaluating all available research related to a particular research question, 

topic area, or phenomenon of interest. Following Kitchenham’s proposed methodology, a 

review protocol was developed and utilized by defining the research questions and search 

strategy, reviewing the articles, and then discussing the results obtained in relation to the 

research questions defined. 

2.1.1 Research Questions 

For this SLR, the main research question was defined as: “What is the current state-of-the-art, 

perceived benefits, and identified limitations of using mixed or augmented reality to assist 

health professionals and caregivers in patient remote health monitoring?”. This main question 

encompasses the global theme of the SLR and was later used to derive research query terms 

and inclusion and exclusion criteria for article search and screening. 

From this main research question, six research sub questions were also derived, corresponding 

to the main information topics to be extracted and analyzed from the selected articles. These 

sub questions are presented in Table 1, and subsequently described. 

Table 1 – Sub research questions 

Identifier Research question 

RQ1 What are the medical areas where these augmented reality-based remote 
monitoring systems have been tested in? 

RQ2 What methods are used to collect the data shown to the caregivers? 

RQ3 What are the types of data shown to caregivers in these systems? 

RQ4 Do these systems include active caregiver-interface interactions, or is the 
focus only on passive information display? 

RQ5 What is the feedback of caregivers on the usability and feasibility of these 
systems?  

RQ6 Has artificial intelligence ever been integrated with these systems?  

 

The first question sought to map the application landscape of AR-based remote monitoring 

systems in healthcare, to try to understand and categorize their scope, effectiveness, and 

relevance in diverse healthcare scenarios. The second question explored the patient data 

collection methods employed in each study, such as wearable sensors or questionnaires, to 

identify how patient health information can be captured and processed. The third question 

focused on categorizing the information provided to health professionals or caregivers, and 

how they are presented in an AR setting, to evaluate the systems’ comprehensiveness and 

alignment with practitioners’ needs. The fourth question aimed to investigate whether these 

designed  systems allow caregivers and practitioners to interact actively with the AR interface, 

or whether they consist solely of passive information displaying, which helps in assessing the 

level of engagement required and the implications for system functionality and usability. The 
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fifth question gathered and evaluates user feedback on the usability and feasibility of AR-based 

systems, their satisfaction, perceived effectiveness, and challenges faced, providing critical 

insights into the practical adoption of AR in remote health monitoring. Finally, the sixth question 

tried to examine if, and how, AI has been integrated within AR-based remote monitoring 

solutions, to investigate how it can be used to enhance their capabilities or if this is an 

underexplored area in literature. 

Answering these sub questions resulted in the extraction of relevant information to build a 

comprehensive review of the current literature work in the topic of using augmented and mixed 

reality in patient remote health monitoring. 

2.1.2 Search Strategy 

According to Kitchenham’s methodology [9], the search strategy was divided into the definition 

of three key components: search sources, search terms (research query) and inclusion and 

exclusion criteria. The following sections describe each step of this process. 

Selection of Search Sources 

The first step of the search strategy was to define which search sources would be utilized to 
collect articles related to this SLR. For this work, searches were performed in four electronic 
databases, presented in Table 2 listing each one’s respective Uniform Resource Locator (URL). 

Table 2 – Search Sources. 

Identifier Source URL 

ED1 ACM Digital Library https://dl.acm.org/ 

ED2 PubMed https://pubmed.ncbi.nlm.nih.gov 

ED3 Web of Science https://login.webofknowledge.com/ 

ED4 IEEE Xplore https://ieeexplore.ieee.org/Xplore/home.jsp 

 

Definition of Search Terms 

The definition of the search terms that build the SLR’s research query is one, if not the most 

crucial step in a systematic review, since it materialized the research question. Due to the 

importance of this step, the “Population, Intervention, Comparation, Outcome, and Context” 

(PICOC) method [10], [11] was used to define search terms and build the complete research 

query. PICOC is a popular method used to describe a searchable question within the five 

elements that constitute its acronym. Table 3 presents, for each component, the research 

question part that corresponds to it, and the respective search terms derived. The final research 

query was, then, the joining of the search terms defined with the conjunction keyword “AND”. 
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Table 3 – PICOC-derived search terms and consequent research query 

Component Derived from  
Research Question 

Search terms 

Population Recent studies in patient remote 
health monitoring 

("Remote Monitoring" OR "Digital 
Health" OR eHealth OR mHealth 
OR "mobile health" OR Telehealth) 
AND 

Intervention Using mixed / augmented reality to 
assist in patient health monitoring 

("mixed reality" OR "augmented 
reality" OR ar OR xr) 
AND 

Comparation2 - - 

Outcome Perceived benefits, limitations, and 
viability of such systems 

(benefit OR benefits OR limitation 
OR limitations OR experience OR 
experiences OR impact OR impacts 
OR viability OR feasibility) 
AND 

Context Target users are health 
professionals, other practitioners, 
formal or informal caregivers 

(caregiver OR caregivers OR 
practitioner OR practitioners OR 
"health professional" OR "health 
professionals") 

 

Definition of Inclusion and Exclusion Criteria 

After the articles were gathered from the selected sources, they needed to be filtered using 

appropriate inclusion and exclusion criteria, to remove undesirable results (regarding the main 

research question defined initially). For this review, following convention, only studies that met 

all three inclusion criteria and did not meet any exclusion criteria were accepted during the 

screening phases. The inclusion and exclusion criteria defined for this SLR can be consulted in 

Table 4 and Table 5, respectively. 

Table 4 – Inclusion criteria 

Identifier Inclusion criterion 

IC1 The study explores how artificial / mixed reality systems can be integrated 
into patient health monitoring settings 

IC2 The study reports results / feedback of tests performed with real users 

IC3 The main target of the systems designed in the study are health 
professionals, other practitioners, or caregivers 

 

 
2 As this dissertation did not follow a comparative study design, the “Comparation” component was not 
utilized in this review. 
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Table 5 – Exclusion Criteria 

Identifier Exclusion Criterion 

EC1 Sources not written in English 

EC2 Sources published before 2020 

EC3 Sources besides journal articles and conference proceedings 

EC4 Sources that consist of systematic or other literature reviews, or otherwise 
not original research studies 

2.1.3 Study Selection and Data Extraction 

With both the research questions and search strategy defined, the four electronic databases 

defined as sources were queried using the defined search terms, and the results gathered, 

selected, and reviewed. To systematize this process, this SLR made use of the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology [12], which 

according to the recent officially provided flow diagrams [13], divides the study selection 

process in three phases: Identification, Screening, and Included. 

As can be seen in Figure 2, in the Identification phase a total of 877 results were retrieved from 

the electronic databases, with 2 of them being instead from manual reference tracking. Then, 

the results were compared by its Digital Object Identifier (DOI), in the case of conference 

proceedings and journal articles, or by its International Standard Book Number (ISBN), in case 

of books and book sections, and 17 duplicates were removed, leaving a total of 860 articles to 

be screened. 

With the most recent flow diagrams, the PRISMA screening phase encompasses two steps that 

are often considered separate: Abstract Screening, and Full Text Eligibility Assessment (or 

simply, “Eligibility”). An important aspect to note is that, according to the PRISMA screening 

updated guidelines [14], the screening of articles in both the Abstract Screening and the 

Eligibility steps should be done by at least two independent reviewers. However, due to the 

nature of this master dissertation work, these screenings had to be carried out by a single 

reviewer, which may have introduced higher bias on study selection. To try to mitigate this, the 

inclusion and exclusion criteria were always applied in their strictest interpretation. 

In the Abstract Screening step, Microsoft Excel was first used to automatically filter out results 

that met exclusion criteria 2 and 3, that is, filter out results published before 2020 and results 

besides journal articles and conference proceedings (namely, books and book sections). This 

automatic process removed 552 articles. The remaining 308 articles were then manually 

screened by applying the inclusion and exclusion criteria to each title and abstract. From this 

manual process, an additional 279 articles were screened out, totalling 831 results removed. 

The remaining 29 articles were sought for retrieval to assess their eligibility, however 3 of them 

could not be retrieved due to being closed off behind a paywall. The 26 articles successfully 

retrieved were then screened again, this time assessing eligibility through a full body reading. 
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Of these, 10 articles were rejected due to not being related to the theme of exploring AR / MR 

in health monitoring settings, 4 were rejected by not reporting tests or results of the designed 

solutions, another 4 were excluded due to their systems’ targets not being health professionals 

or caregivers, and 2 were rejected by their nature of being themselves literature review articles, 

which according to the Cochrane Handbook [15] should not be included since a systematic 

review should focus on primary studies to avoid duplicating evidence synthesis. 

Finally, the 6 remaining studies were deemed eligible, and were as such included for data 

extraction and analysis. This entire process flow was, again, synthetized in a PRISMA 2020 flow 

chart, shown in Figure 2. 

 

Figure 2 – PRISMA 2020 flow chart, applied to this SLR. 
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2.1.4 Results and Discussion 

In this section, the information extracted from the 6 reviewed papers, present in Table 6, was 

consolidated and used to answer the previously defined sub research questions. For each 

question, a first paragraph reports objective results observed, related to that question, and the 

second paragraph consists of a brief subjective commentary on those results. 

Table 6 – Final papers included in the review 

Identifier Authors Year Title 

P1 Kimmel et al. 2021 opticARe - Augmented Reality Mobile Patient 
Monitoring in Intensive Care Units [16] 

P2 Vock et al. 2021 IDIAR: Augmented Reality Dashboards to 
Supervise Mobile Intervention Studies [17] 

P3 Lorenz et al. 2023 Creating Routes for Landmark-Training with the 
CompanionApp: A Pilot User Study [18] 

P4 Albright et al. 2024 Opportunities and Challenges for Augmented 
Reality in Family Caregiving: Qualitative Video 
Elicitation Study [19] 

P5 Tanbeer e Sykes 2024 MiVitals-Mixed Reality Interface for Vitals 
Monitoring: A HoloLens based prototype for 
healthcare practices [20] 

P6 Kim et al. 2023 The Multidomain Metaverse Cancer Care Digital 
Platform: Development and Usability Study [21] 

 

RQ1 What are the medical areas where these augmented reality-based remote monitoring 

systems have been tested in? 

The reviewed studies show that these AR-based remote monitoring systems are starting to be 

experimented and employed in various different medical areas. For example, the study by 

Albright et al. [19] implements an AR tool to assist formal and informal caregivers to monitor 

and care for cancer patients, the study by Vock et al. [17] utilizes AR to allow domain experts 

such as health psychologists to supervise patient physical activity, and the study by Kimmel et 

al. [16] employs AR to help nurses monitor patients in critical care settings, namely in Intensive 

Care Units (ICUs). 

This high variety of medical areas where AR-based remote monitoring has been employed 

shows the potential that AR brings to helping caregivers and health professionals in patient 

health monitoring. However, since few studies yet exist, and they are applied to different 

medical areas, it is difficult to extract more exact conclusions about the effectiveness of AR in 

each one. As such, there is space in literature for more AR-based health monitoring systems to 

emerge. 
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RQ2 What methods are used to collect the data shown to the caregivers? 

Of the 6 studies reviewed, 2 articles, by Tanbeer e Sykes [20] and Vock et al. [17] utilize wearable 

sensors as the main method of collecting patient data, while the one by Kimmel et al. [16] 

utilizes the traditional sensors of the ICUs. The other studies report using images and medical 

records as their main source of patient health information. 

This variety of data collection methods is no doubt related to the fact the studies have been 

applied to different medical areas, as seen in RQ1, so no exact conclusions can be made on the 

effectiveness of each method. Nonetheless, this variety shows that AR-based health monitoring 

systems are capable of integrating with a large number of systems, giving more opportunities 

for exploring new applications in literature. 

RQ3 What are the types of data shown to caregivers in these systems? 

Of the 6 studies reviewed, 2 articles, by Tanbeer e Sykes [20] and Kimmel et al. [16], although 

using different methods, both focus on collecting and showing patient vital signs data, such as 

heart rate, respiratory rate, temperature, oxygen saturation, and blood pressure, to the 

caregivers, with the latter also providing alerts for problematic values. On the other hand, the 

study by Vock et al. [17] instead collects and displays physical activity data such as patient step 

count and activity level, while the study by Kim et al. [21] focuses on creating an environment 

where multiple caregivers can be shown a patient’s various medical records and health 

information simultaneously. 

Once again, this variety of types of data collected and shown are a reflection of the different 

medical areas where these studies have employed AR-based remote monitoring systems. Still, 

again, this variety of data shows the potential for larger, more complex systems that integrate 

all types of data, for example in a similar way to the experience provided by the system 

developed by Kim et al. [21] but with integrated real time sensor data. 

RQ4 Do these systems include active caregiver-interface interactions, or is the focus only on 

passive information display? 

4 of the 6 articles reviewed not only display patient health information passively, as an overlay 

screen only, but also support active interaction with said overlays. For example, the study by 

Tanbeer e Sykes [20] allows clinicians to interact with holographic displays to zoom, rotate, and 

focus on specific data, while the study by Vock et al. [17] incorporates multimodal interaction 

through three options: head-mounted displays, smartphones, and voice commands. On the 

other hand, the studies by Kimmel et al. [16] and Lorenz et al. [18] do not support direct 

interaction with the AR overlays, focusing primarily on passive health information visualization. 

The majority of studies integrating active caregiver-interface interactions shows how AR 

systems have the potential to be integrated into more complex systems, as more than just an 

alternative display, while not diminishing their usability as passive health information 

visualization devices. 
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RQ5 What is the feedback of caregivers on the usability and feasibility of these systems?  

In general, all 6 studies reported having obtained positive feedback on the usability of AR 

systems in health monitoring. Namely, the participants of the study by Tanbeer e Sykes [20] 

rated an average of 84 on the System Usability Scale (SUS), indicating high usability among 

clinicians, and the domain experts in the study by Vock et al. appreciated the multimodal 

interaction approach and found it effective for monitoring studies [17]. However, 2 studies in 

particular also revealed negative or important aspects to consider when developing these AR 

systems. When the study by Kimmel et al. [16] compared the use of three sizes of AR overlays, 

large, small, and context-dependent, the nurse participants largely preferred the context-

dependent one, and indicated that the large one was the worst option, since it hindered their 

vision and therefore their work capabilities. Meanwhile, the article by Albright et al. [19] studied 

how, although beneficial for caregivers, the use of AR may also instead aggravate their burdens, 

since the caregivers may require time and training to learn how to use the AR systems, and if 

the system gives incorrect information, their tasks will worsen. 

As such, the results to this research question highlight a crucial factor to keep in mind when 

developing AR systems for health monitoring, which is that ultimately the user experience has 

to be the priority, and great care must be used during development so that the systems do not 

overwhelm the end-users. As such, this indicates that there is space in literature for deeper 

studies, following Albright et al.’s [19] model, on how these AR systems may unintentionally 

disrupt caregiver activities instead of helping, and perhaps the creation of AR medical interface 

standards, so that health professionals would not need to learn new technologies every time. 

RQ6 Has artificial intelligence ever been integrated with these systems? 

Of the 6 studies reviewed, only the study by Kim et al. [21] reports having artificial intelligence 

integrated into their AR multipurpose system, being used to for data analysis and supporting 

decisions in cancer care. The third elicitation study in the article by Albright et al. [19] describes 

that the idea is to use AR graphic overlays of the patient’s body position, achievable by body 

tracking artificial intelligence models, but that in their study, for simplicity, they used video 

editing instead to create the overlays. 

This shows that, currently, AR systems are still only being used in simpler use cases, where no 

artificial intelligence is employed, which highlights an opportunity in literature to explore the 

integration of these two knowledge areas. 
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2.2 Existing Technology Assessment 

A literature review is widely recognized as an effective way of researching and extracting 

information from current literature related to a topic, in this case the use of augmented / mixed 

reality for remote health monitoring. However, as an engineering project, more direct insights 

into the currently available hardware and software in the market were required, to allow 

designing and developing an operational and feasible system.  

As such, this section presents the assessment done on existing technologies that could be 

helpful for the development of this dissertation project. At this stage this research focused on 

the possible hardware devices and primary development tools to be used for the development 

of an HMD AR system, as more specific technologies such as libraries or dependencies could 

only be explored after project requirements were identified and a system design was 

established.  

To ground the system in realistic development options, the first step was to survey currently 

available AR HMDs, and identify the software development kits (SDKs) that each one provided 

or supported. The results of this assessment are summarized in Table 7, which lists major HMD 

devices, their operating systems, and their associated SDKs, together with universal tool 

compatibility such as OpenXR or WebXR3. 

Table 7 – AR / MR compatible headset hardware 

Headset Operating 
System 

Primary 
SDK/Platform 

Universal Tools References 

Meta Quest 3 Android-based Meta Spatial SDK WebXR; 
OpenXR 

[22] 

HTC Vive Windows Vive Wave SDK OpenXR [23] 

Microsoft 
HoloLens 

Windows Visual Studio with 
Windows 10 SDK 

WebXR; 
OpenXR 

[24]–[26] 

PICO 4 Android-based PICO Integration 
SDKs 

WebXR; 
OpenXR 

[27] 

Magic Leap 2 Android-based Unity SDK 
Unreal Engine SDK 

WebXR; 
OpenXR 

[28]–[30] 

 

Next, a search for AR development engines and environments was carried out to determine 

existing possibilities, and which SDKs they natively support. This analysis, shown in Table 8, 

includes established VR/AR game engines such as Unity and Unreal, lighter game engines such 

as Godot, as well as web-based environments and Android Studio. 

  

 
3 The acronym present on these tools’ names stands for Extended Reality (XR), an umbrella term for VR, 
AR and MR technologies. 
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Table 8 – Augmented / Mixed Reality Development Platforms 

Platform / Tool Type Supported SDKs References 

Unity Game Engine OpenXR;  
OpenXR: Meta 

[31] 

Unreal Engine Game Engine OpenXR;  
Oculus;  
SteamVR 

[32] 

Godot Game Engine OpenXR [33] 

Web 
Frameworks 

Web 
Frameworks 
(e.g., Angular) 

WebXR [34] 

Android Studio Development 
IDE 

Jetpack XR SDK; 
OpenXR; 
WebXR 

[35] 

 

Finally, the findings from both tables were combined into a compatibility matrix, presented in 

Table 9. This cross-mapping illustrates which platforms can be used with which HMDs, and 

through which SDKs. The resulting overview made it possible to identify the feasible 

development pathways for the AleRa system, balancing portability, functionality, and 

maintainability. 

Table 9 – Compatibility table between AR HMDs and development platforms. 

 Unity  Unreal 
Engine  

Godot  Web 
Frameworks 

Android 
Studio 

Meta  
Quest 3 

OpenXR; 
OpenXR: Meta 

OpenXR OpenXR WebXR OpenXR; 
WebXR 

HTC Vive OpenXR,  OpenXR OpenXR - OpenXR 

Microsoft 
HoloLens 

OpenXR OpenXR OpenXR WebXR OpenXR; 
WebXR 

PICO 4 OpenXR;  
PICO Unity 
Integration 
SDK 

OpenXR;  
PICO Unreal 
Integration 
SDK 

OpenXR WebXR OpenXR; 
WebXR 

Magic Leap OpenXR;  
Unity SDK 

OpenXR; 
Unreal SDK 

OpenXR WebXR OpenXR; 
WebXR 

 

From this assessment it was possible to observe that OpenXR is a well-established SDK, 

supported by all examined AR HMDs and development platforms. OpenXR is an open standard 

that provides a common set of APIs for developing AR / VR applications across a wide range of 

devices [36]. This made it the main candidate for the SDK to use during the system’s 

implementation. 
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Regarding the development platform, while most support OpenXR, Unity and Unreal Engine 

have the additional advantage of also supporting some vendor specific SDKs. An objective of 

this dissertation project was to develop a system compatible with various devices, so OpenXR 

was already predicted to be the chosen SDK at this stage. However, these vendor-specific SDKs 

often provide additional development features, which could boost performance or user 

immersion. As such, it was wise to opt for a development platform that supported these 

additional SDKs so that they would be available, if necessary, in future work extending the 

system developed in this dissertation. Following this reasoning, Unity was slightly favored at 

this stage due to supporting an additional SDK for the Meta Quest 3. 

As for the AR HMD, the ones examined offer similar features, all being compatible with OpenXR, 

so the decision on which to use during development and testing only depended on the available 

equipment at GECAD, where the work for this dissertation was conducted. 

2.3 Summary of Findings 

From the reviewed literature, it was observed that there have been previous studies into the 

use of AR in different patient monitoring contexts, from oncology to intensive care. These 

systems demonstrate the versatility of AR for displaying a variety of information, such as vital 

signs, medical records, or physical activity, and they often include some level of interactive 

functionality. Caregivers generally responded positively to AR systems, but also raised 

important concerns about potential cognitive overload, training requirements, and the risks of 

inaccurate information. Moreover, integration of AI into these systems is still rare, highlighting 

a research opportunity for future AR solutions. 

Meanwhile, the technology assessment showed that the AR ecosystem is currently diverse, 

both in terms of existing HMD hardware and development software, but that it converges 

through intercompatibility. All major headsets and development platforms were found to 

support the OpenXR standard, which, as such, emerges as the most sustainable option for cross-

device development. Unity and Unreal Engine stood out as development platforms for their 

maturity and breadth of support, with Unity being slightly favored due to additional 

compatibility. Since the devices themselves offer similar core capabilities, the final hardware 

choice was determined according to availability within GECAD’s laboratories. 

Together, these findings provided a dual perspective: the literature highlighted the 

opportunities and pitfalls of applying AR to health monitoring, while the technology assessment 

clarified the existing development options. This state of the art synthesis then informed design 

requirements and decisions for the AleRa system during the next development stage, namely 

the adoption of Unity with OpenXR to ensure interoperability, the focus on usability and 

intuitive interface design, and the possibility of prototyping AI functionalities, while trying to 

ensure extensibility for future work. 
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3 Design 

With the main state of the art review completed, the development process of the AleRa system 

could begin. As is common in software engineering, the first stage involved a careful analysis of 

the project’s objectives and current needs of the target fields, namely augmented reality and 

remote health monitoring, to define concrete system requirements that should be reached to 

guarantee a successful implementation. These requirements formed the initial step of the 

design process, serving as the foundation for the system’s architecture and operation logic. This 

design process was then essential not only to explore alternatives, but also to establish the core 

decisions that would guide implementation. 

To try to ensure maintainability and extensibility, well-known software engineering principles 

were considered during this stage, including the General Responsibility Assignment Software 

Patterns (GRASP), the “Single Responsibility, Open/Closed, Liskov Substitution, Interface 

Segregation, and Dependency Inversion” (SOLID) design principles, and broader concepts such 

as modularity.  

The following sections present the requirements defined for the AleRa system, the overall 

system architecture, and the key design considerations taken into account prior to entering the 

implementation stage. 

3.1 Requirements 

The core objectives of this dissertation project were to develop an AR interface system that 

allows health professionals or caregivers to monitor health parameters and receive alerts for 

patients under their care, and to integrate this system with the RM4Health project’s 

architecture (and other similar architectures) for information feeding, which translated into 

obtaining data from an existing HL7 FHIR compliant server. Thus, some essential requirements 

identified were the displaying of patient health parameters (e.g.: vital signs data, medication 
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intake history), the emission of alerts tied to dangerous detected conditions, and the fetching 

of data from a remote backend FHIR server.  

In addition to the ones directly derived from the dissertation objectives, other requirements 

were identified as fundamental or useful for this system.  

One such requirement is user authentication, since appropriate authorization is required for 

the system to access, and display to caregivers, sensible medical data from a FHIR-compliant 

server. The most common approach to authentication is the use of a username and password 

combination, and it is the method used by RM4Health’s authentication server. However, virtual 

keyboard-based text input, with a traditional QWERTY format, is reportedly inaccurate and 

time-consuming in head-mounted AR environments [37]. For this dissertation project, given the 

need to protect sensitive medical records while also reduce, rather than increase, caregiver 

workload, a login solution that was both secure and easy to use had to be implemented. 

Another useful functionality detected was patient context awareness, that is, knowing when to 

present each patient’s information to the caregiver. While a completely passive system was 

feasible, it would force caregivers to navigate through menus to select and visualize a specific 

patient’s data. Since one objective of this AR system is to ease caregivers’ burden when 

monitoring patients, it was deemed useful for the system to recognize which patient is being 

interacted with and show the appropriate information, in other words, a quick patient selection 

feature. 

Finally, again given the novelty of using an AR interface, and considering that the system could 

eventually be deployed in real-world scenarios, a requirement for an interactive tutorial was 

also established. This would allow users to be trained directly within the AR environment, 

without needing to rely on an assisting team. 

These requirements were synthesized in Table 10, organized according to the order in which 

users would first encounter or use them, and their completion status was tracked throughout 

the dissertation project’s development to ensure that the final product aligned with the 

dissertation’s objectives. 
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Table 10 – System requirements identified and respective completion status. 

ID Requirement Status 

REQ1 The system should allow caregivers to authenticate in a secure 
and easy to use way. 

Completed 

REQ2 The system should provide an interactive tutorial to teach 
caregivers about its functionalities. 

Completed 

REQ3 The system should allow to quickly change which patient is 
selected and adapt to show their respective information. 

Completed 

REQ4 The system should be capable of reading patient data from a  
FHIR-compliant backend server. 

Completed 

REQ5 The system should be able to display patient vital sign data. Completed 

REQ6 The system should emit alerts when dangerous conditions are 
detected in the patient’s vital signs. 

Completed 

REQ7 The system should be able to display medication intake data. Completed 

3.2 Development Environment 

An important first step was to decide which development environment and tools to use since 

the AR development tools available depend strongly on both the selected engine and target 

HMD. As this system aims to assist a variety of caregivers in patient monitoring, it was important 

to develop it in a device-independent way. As noted in the assessment of existing technologies 

(see section 2.2), HMDs usually provide their own proprietary SDKs, but many also support open 

standards such as OpenXR and WebXR. As such, to maximize portability across platforms, it was 

decided that development would rely exclusively on OpenXR tools. The trade-off is that OpenXR, 

due to its universal nature, only provides basic, generic functionality, requiring developers to 

assemble more complex features manually. Vendor-specific SDKs often provide enhanced tools, 

but their use would restrict deployment to a single device ecosystem. 

From the engines that support OpenXR, two stand out: Unity and Unreal Engine. Both are 

mature and widely adopted platforms for AR/VR development, and both allow vendor-specific 

SDK features, if needed in future extensions of this system. Since their functionality is largely 

comparable, Unity was chosen for this dissertation project due to existing prior experience with 

the platform, as well as due to the high availability of tutorials, community support, and 

structured AR courses. 
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3.3 Companion Mobile App 

Another very important system design choice arose from limitations imposed by most HMD 

vendors. Although these devices use cameras to detect surrounding structures, obstacles, and, 

in some cases, enable AR passthrough functionality, in most devices developers are denied 

direct access to raw camera footage, for privacy reasons. Given that one of the identified 

requirements was for the system to include some context awareness capability, it was 

determined that a companion mobile application would be developed to complement the main 

HMD application, providing access to camera-based features that the HMD cannot support 

directly, and that the two applications would be capable of communicating with each other to 

ensuring real-time synchronization of information as required. This idea of a companion mobile 

app that communicates with the HMD was also inspired by the work done by Vock et al. [17], 

analysed during the literature review stage. 

3.4 General Architecture 

The development logic in Unity is different to the full-stack structure of a typical frontend–

backend system. In a Unity app, all user interactions happen within one or more Scenes, which 

are somewhat analogous to views in conventional applications, and within each scene, objects 

represent interactive elements, which in the case of the AleRa system are mostly user interface 

(UI) elements. However, each object can carry its own scripts, which define their behavior, and 

can control other objects both from within its own script or by calling the other objects script 

functions. It is also common to include dedicated objects that manage global aspects of the 

scene. This creates a very flexible development environment, which while powerful, can easily 

lead to architectural inconsistencies. 

As such, during this design stage, principles such as Single Responsibility, Modularity, and 

Information Expert were followed to try to ensure maintainability and clarity. Based on these 

principles, a general architecture was outlined, approximating a Component Diagram (third 

level of the C4 Model), as presented in Figure 3. For clarity, Scenes and global scene managers 

were omitted from the diagram, as their implementation is context-dependent and not fixed 

during the design stage. Nevertheless, certain core scene manager components were 

anticipated from the start, including an Audio Component, an AR Environment Manager, and a 

Tutorial Component. 
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Figure 3 – General architecture of the AleRa system. 

3.5 Interface Considerations 

In terms of interface design, it was anticipated that the novelty of using an AR system would 

place users outside their comfort zone and require a learning process. To minimize this burden 

on caregivers and avoid further alienation, it was established that the system’s interfaces 

should be designed to feel familiar, drawing inspiration from technologies caregivers already 

use. As such, a window-based interface was chosen to ease the transition into the AR 

environment. This decision was further solidified by the previous successes with window-based 

interfaces observed in the literature review stage, namely in the works by Kimmel et al. [16], 

Vock et al. [17], Albright et al. [19] and by Tanbeer and Sykes [38], who all employed them for 

different functions, from charts to image viewing 

Taking inspiration from SOLID’s Single Responsibility principle, a guiding principle when 

designing the AleRa system was modularity. All features and windows were developed as 

independent components, allowing them to serve as building blocks for constructing tailored 

interfaces for different scenarios as needed. 

Leveraging the three-dimensional (3D) nature of AR environments, two types of windows were 

envisioned to organize information and intuitively convey possible interactions to the user. In a 

near plane, within arm’s reach, “near” windows were planned for detailed content and direct 

interaction, such as scrolling, tab navigation, or opening sub windows (e.g., for medication 

intake information). On a further plane, “far” windows were planned for information requiring 
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prolonged monitoring, such as real-time vital signs. The envisioned window positioning design 

was represented in Figure 4, from the user’s point of view. Finally, while “anchoring”, that is, 

fixing virtual objects to real-world coordinates, is a common AR feature, it was considered 

unsuitable for the AleRa system. Since caregivers are expected to move freely while monitoring 

patients, fixed windows would likely disrupt usability, even if they could be manually 

repositioned. Instead, the planned solution was for windows to follow the user’s view 

automatically. 

 

Figure 4 – Envisioned window-based interfaces, from the point-of-view of the user. 

3.6 Authentication and Device Pairing 

As noted during the requirements definition (see section 3.1), a username and password 

combination is the most common approach for authentication, and it is the method used by 

RM4Health’s authentication server. However, text input using a traditional keyboard layout is 

rather challenging in HMDs, a limitation widely recognized in the literature [37], [39], [40].  

Various alternative methods have been explored, from gesture-based to voice-driven input, but 

no clear standard has emerged. For instance, Derby et al. [37] reviewed how users have been 

found to type up to 32.5 words per minute (wpm) in a traditional QWERTY cell phone keyboard, 

but only 6.5 wpm in the default virtual keyboard used in HoloLens, a well-established AR HMD, 

and only 6 wpm with their alternative solution. 

Rather than risking alienating users with an unfamiliar method, it was decided that the AleRa 

system would delegate text input, and consequently user authentication, to the companion 

mobile app. This decision was also inspired by the work carried out by Vock et al. [17], analysed 

during the literature review stage, who employed a synchronized smartphone app that adapted 
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its UI based on selections made in their main HMD app, allow different types of user input 

methods such as text, buttons, and voice. 

In RM4Health’s architecture, the FHIR-compliant data storage server delivers medical data in 

JavaScript Object Notation (JSON) format through a REST API. To access this data, the main HMD 

application must present a valid JSON Web Token (JWT) for authorization, generated by an 

authentication server when the user logs in. However, according to the previous decision, the 

mobile app became the one responsible for authentication. As such, a sequence flow had to be 

designed to securely connect both applications and allow the transferring of this token to the 

HMD application. Since the mechanism of synchronization chosen could strongly affect the 

design of this functionality, technology alternatives were explored at this stage, and 

Websockets were chosen due to their security and low latency. 

Since WebSocket communication requires knowledge of the peer device’s internet protocol (IP) 

address, a discovery mechanism was designed: the HMD broadcasts its name and IP address 

over the User Datagram Protocol (UDP), which the mobile app listens for. When the caregiver 

authenticates against the existing authorization server using the mobile app, this app receives 

a JWT bearer token. The app then presents to the caregiver a list of discovered HMDs, allowing 

the user to select the target device and initiate a WebSocket connection. 

Furthermore, for added security, an additional mechanism was planned: After the Websocket 

connection between devices is established, the HMD app generates a confirmation personal 

identification number (PIN) that is displayed to the user. The mobile app prompts the user to 

enter this PIN, and the attempt is verified by the HMD via the WebSocket channel. Only if the 

PINs match does the HMD application confirm pairing, after which the mobile app securely 

transmits the JWT token. At this point, both applications can proceed with their respective 

workflows, and the HMD is now in possession of the necessary JWT bearer token, being 

authorized to access the FHIR server. The overall logic designed for this process was 

documented through a sequence diagram, presented in Figure 5. 
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Figure 5 – Sequence diagram designed for the Authentication and Device Pairing functionalities. 

 

Text input alternatives considered 

The adopted authentication and device pairing solution is admittedly complex, and stems from 

the difficulties involving text input in HMDs. Before committing to this approach, several 

alternatives text input solutions were explored, but were ultimately discarded prior to 

implementation due to identified limitations. Table 11 consolidates these alternative solutions, 

ruled out prior to implementation because their design was anticipated to either be impractical 

for users, difficult to implement effectively, or currently infeasible with available technology. 

Although these attempts did not advance beyond the design stage, they were documented here 

as future research may overcome the present limitations and render these solutions more 

viable. 
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Table 11 – Text input alternatives considered. 

Solution Description Advantage(s) Limiting Factor(s) 

Speech-To-Text 
input 

Leverage the use of 
voice recognition 
and speech-to-text 
technology to input 
spoken words as 
text 

(i) No dependence 
on a mobile app; 
(ii) Handless text 
input; 
(iii) Quickest text 
input capability 

(i) Accuracy of voice 
recognition AI models, 
affected by noisy 
environments; 
(ii) Only dictionary words 
can be recognized (limits 
random letter 
passwords); 
(iii) Sensitive data (such 
as passwords) have to be 
said out loud 

Virtual Writing 
Input 

Allow users to input 
text by writing 
cursive text on the 
air 

(i) No dependence 
on a mobile app; 
(ii) Intuitive text 
input method, 
mimicking real life 
handwriting 

(i) Accuracy of cursive 
character recognition AI 
models, which are 
underexplored compared 
to machine writing 
models; 
(ii) Text recognition 
models usually 
approximate to the 
closest dictionary word, 
which limits random 
letter passwords 

Phone 
companion app 
(Bluetooth 
connection) 

Utilize Bluetooth for 
the connection and 
data transfer with 
the phone 
companion app, 
instead of a 
Websocket 

Higher connection 
security since 
Bluetooth 
operates only on 
nearby devices 

Dependence on a third-
party library to use 
Bluetooth in Unity, which 
could compromise data 
security 

3.7 Patient Selection (Context Awareness) 

According to the requirements identified, the system should allow the caregiver to quickly 

change which patient is selected and adapt to show their respective information, bringing 

context awareness to the main HMD application. 

During this design stage, several alternative mechanisms for this feature were considered, 

namely Facial Recognition, Quick Response (QR) code reading, and Radio-Frequency 

Identification (RFID) tag scanning. Facial recognition using the HMD cameras would provide the 

most seamless experience. However, these approaches have several limitations:  
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1. Due to privacy concerns, direct access to HMD cameras is restricted by most vendors. 

For example, Meta only recently allowed developer access to its devices cameras 

through the Passthrough Camera API [41], a change that occurred after the 

development of the present system had already started. This hindered the potential 

use of facial recognition and QR code reading, which would have to be delegated to the 

companion mobile app. 

2. Because of these privacy and ethical concerns, regulations such as the European Union 

(EU) AI Act strongly scrutinize and restrict the use of AI models. Article 2(6) of 

Regulation (EU) 2024/1689 [42] explicitly exempts the use of AI models and its outputs 

for the sole purpose of scientific research and development activities from strict 

regulation, which made facial recognition prototyping possible (see section 4.2.9), but 

Article 2(8) clarifies that “testing in real world conditions shall not be covered by that 

exclusion”, so testing it in a case study was not allowed. 

3. RFID tags remove the limitations derived from utilizing cameras, and most modern 

phones can read them, they require the closest proximity to the patient of all 

alternatives, which may inconvenience the caregiver, and it may not yet be universally 

supported across devices. 

 

Taking into consideration these restrictions, the final design for this feature consisted in using 

QR code reading through the mobile app’s phone cameras, leveraging the previously designed 

feature that allows both applications to communicate via WebSockets.  
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4 Solution 

With the dissertation project requirements identified and the AleRa system’s base design 

established, the next step, and the longest in duration, was the development of the planned 

solution, comprising a main HMD AR application, and a companion mobile application. This 

section describes the various software and tools used during the full development process, and 

presents the resulting system components, highlighting their final appearance and detailing the 

main decisions and elements used to create each one. 

4.1 Software and Tools 

As designed, the main AleRa application was developed using the Unity game engine (Unity 

Technologies, version 2022.3.38f1) [43], where the main scripting tool is the C Sharp (C#) 

programming language. The implementation of the AR-related features relying exclusively on 

OpenXR packages to try to ensure compatibility with multiple HMDs (e.g., Meta Quest, 

Microsoft HoloLens, Apple Vision Pro). By prioritizing OpenXR over vendor-specific SDKs, AleRa 

was designed to maximize portability and reach a broader user base. 

In addition to the main HMD application, a companion mobile app was also created within the 

same Unity environment. As decided during the design stage, this secondary app provides 

functionalities that were either difficult or impractical to handle directly through the HMD, 

namely user authentication and QR code scanning for patient context switching. 

For development and testing of the main HMD app, the GECAD research group provided access 

to a Meta Quest 3. The Quest 3 weighs 515 grams, is powered by a “Qualcomm Snapdragon 

XR2 Gen 2” chipset, with 8 GB of Random Access Memory (RAM). If features dual color liquid 

crystal display (LCD) panels with a resolution of 2064 × 2208 pixels per eye, supports refresh 

rates up to 120 Hz, and has a field of view of 110° horizontal and 96° vertical [44]. It also includes 
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front-facing color cameras that it utilizes to provide passthrough AR functionality, that is, to 

display the real world with virtual elements superimposed.  

To setup development for the HMD application, the first steps of Unity’s “VR Development 

Pathway” course were followed. Since the Quest 3 runs on Android, the “Android Build Support” 

module was installed, enabling Unity to compile Android Package Kit (APK) files. Developer 

mode was enabled on the device, and it was connected to Windows via the Meta Quest Link 

application, allowing Unity to build and deploy applications directly to the HMD through a link 

cable. 

For the application’s Unity project itself, the Universal 3D template, that uses the Universal 

Render Pipeline (URP) was selected. URP was chosen because it offers optimized rendering and 

flexibility across devices, making it useful for AR development. Then, the necessary packages 

were installed using Unity’s Packet Manager, namely AR Foundation, OpenXR, and XR 

Interaction Toolkit. The latter provides a ready-made XR Rig object, that maps real-world head 

and body movement to the virtual scene, along with providing hand-tracking interaction 

methods integrated through the Unity’s Input System. 

From the interaction methods provided by the XR Interaction Toolkit, two were adopted for the 

AleRa system: 

• Direct touch, where the user selects UI elements by tapping directly with the index 

finger. 

• Ray-based pointing, where a ray is projected between the thumb and index finger 

toward the desired window, with selection confirmed via a pinch gesture.  

 

With these essential capabilities provided by Unity and its relevant packages, this dissertation’s 

development could focus on AleRa’s interfaces and caregiver-centered functionalities, rather 

than low-level AR feature implementation. 

To maximize compatibility, the companion mobile app was developed using the same Unity 

version and again starting from the Universal 3D template with URP. Since no AR features were 

required for this application, such packages were not included in this secondary app. During this 

dissertation project, only an Android build was produced and tested, as iOS builds in Unity 

require a MacOS environment [45]. Nonetheless, the project structure should be compatible 

with future iOS builds. 

4.2 System Components 

With the base Unity project configured, development proceeded to the implementation of the 

individual system components. Each component underwent several refinement iterations, 

exploring different information presentation approaches and interaction mechanisms. These 

feature implementations relied on functionality already provided by Unity’s built-in UI system 

(e.g.: buttons, scrollbars, and text), base AR and interaction mechanisms provided by OpenXR 
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and XR Interaction Toolkit, and a few other selected external packages for additional 

functionality. 

The following subsections describe in detail the technical design and implementation of 

individual components of both the HMD and mobile applications. Most of these features were 

later tested through a case study, but this section also documents a few prototype components 

that were not finalized for testing due to different reasons, such as ethical concerns or time 

constraints, but still represent valuable feature exploration which could be further refined in 

future work.  

As a note, since all expected participants in the case study were native Portuguese speakers, 

the interfaces were developed in Portuguese. This is reflected in the screenshot figures 

presented throughout this section. 

4.2.1 Window-based Interfaces 

As designed, to maintain familiarity for caregivers, the AleRa system was developed with a 

window-based UI, composed of three-dimensionally placed panels within the augmented 

reality environment. Each window was implemented as an independent object, managing its 

own content, following the information expert and single responsibility principles, contributing 

to a modular and extensible architecture suitable for future enhancements.  

Windows 

The windows themselves were created using Unity’s base UI components, each being primarily 

composed of a Canvas in “World Space” render mode, to behave as a 3D placed object in the 

real world, with various child elements such as buttons, text, and layout defining components. 

Transparency was applied to avoid obstructing the user’s view of the real world, and a black 

background color was selected to maintain sufficient contrast and readability under different 

lighting settings. Furthermore, by joining the capabilities of the Canvas Group component, 

which allows to control the transparency of all its child objects, with the external library 

LeanTween, which simplifies the linear interpolation of this property’s value, a window state 

system was implemented, allowing each window to alternate between multiple sets of content 

with a fading animation. An example of the general appearance of an AleRa window, placed in 

AR space, is shown in Figure 6.  
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Figure 6 – General appearance of a window in the AleRa system. 

Window Positioning 

Once a window base was defined, a mechanism to position them relative to the user was 

required. Taking inspiration from the Quest 3’s operating system UI and from the 

XRSocketInteractor functionality provided by XR Interaction Toolkit, both of which allow to snap 

different objects to the same predefined place, named a socket by the latter, a flexible 

positioning method for the AleRa’s windows were developed. Instead of binding specific 

windows to fixed coordinates directly, a grid of socket positions was implemented, to which any 

window could be dynamically parented or unparented at runtime through scripts (similar to 

manipulating elements in a HyperText Markup Language (HTML) document via JavaScript). This 

separation of concerns made it possible to manage layout logic independently from window 

content in the Unity object hierarchy (see Figure 7.a). 

Since some windows were intended to show constant information to the user, it was necessary 

for them to accompany the caregiver as they moved around. During early prototyping, two 

approaches were explored:  

• Spatially fixed windows, anchored in world space, only manually repositionable by the 

user. In Unity this translated to the socket grid being a different object in the scene, not 

parented to the XR Rig camera. 

• Head-locked windows, directly following the user’s movements without delay. This was 

achieved by parenting the socket grid object to the XR camera in the scene hierarchy, 

which made the grid automatically copy all camera rotations and translations, which in 

turn mirrored the caregivers head movements. 

 

The first approach proved cumbersome for prolonged use, particularly when moving between 

different locations, while the second resulted in an unnatural and distracting experience. As a 

better solution, a smooth follow mechanism was implemented: the socket grid was not 



System Components 

35 
 

 

parented to the XR camera, but instead controlled by a script (see Figure 7.b) that linearly 

interpolated (LERP) between the window’s current position and the camera position, creating 

a delayed following effect. Since during the design stage a distinction was planned between 

windows near the user for active interaction and windows further away for more passive 

visualization, this socket grid logic was split into two instances, each with its own “smooth 

follow” script, which resulted in a subtle parallax-effect where the distant windows moved 

slower than the near ones, contributing to a more natural experience. 

  

Figure 7 – (a) Socket Grids and Windows hierarchy; (b) Window following script. 

Hand Menu Window 

During development of this window interface logic, a need was identified for caregivers to have 

quick access to certain functions, such as viewing patient alerts or adjusting interface settings. 

Exploring XR Interaction Toolkit, an example of a Hand Menu functionality was found and 

adapted for this use. This menu is attached to the user’s hand and appears only when the arm 

is raised vertically with the palm facing themselves, providing a portable quick access menu. In 

AleRa, this hand menu was redesigned as a tabbed interface, to provide: 

• A notification list of patient-related alerts. 

• Controls to open or close different windows as necessary. 

 

Additionally, the default hand menu position and the threshold values for its activation were 

adjusted to be more lenient, to reduce strain and fatigue when performing the gesture 

repeatedly. The final hand menu layout and its configurations are presented in Figure 8. 
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Figure 8 – Hand Menu layout (left) and hand following configurations (right). 

4.2.2 Authentication and Device Pairing 

The AleRa system was designed to retrieve medical information from a FHIR-compliant server, 

with authentication and authorization managed by issued JWTs. Given the current limitations 

of text input in AR environments, identified during the design stage, the authentication process 

was delegated to the companion mobile application. According to the designed flow, both 

applications required implementation of UDP and Websocket communication functionalities. 

Unity primarily supports scripting in C#, this Unity project specifically using Net Standard 2.1, so 

many of its standard libraries were directly usable. For UDP implementation, the default 

System.Net and System.Net.Sockets namespaces were sufficient. For Websocket 

communication, the external library WebSocketSharp was adopted due to its simpler API. 

Following the Single Responsibility principle, different functionalities requiring Websocket 

communication were handled through different services, with different paths, on the same 

socket: user authentication used the path “ws://<ip>:8888/login” while QR code reading for 

patient selection (see section 3.7) used the path “ws://<ip>:8888/qr-code”. 

A key concept that had to be considered is that, in Unity, only the main thread can safely 

interact with scene objects and update visual interface elements. Since WebSocketSharp 

handles sockets on a separate thread, the main thread’s context needed to be stored and 

invoked whenever messages were received that required UI updates. Following the Information 

Expert principle, each WebSocket was managed by two classes with distinct roles: 

• Behavior classes (e.g., LoginBehavior), responsible for sending and receiving 

WebSocket messages, and triggering Manager class functions when needed. 
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• Manager classes (e.g., LoginManager), responsible for controlling the UI flow, such as 

transitioning between window states when triggered by a Behavior class. 

 

Figure 9 demonstrates the steps needed to be taken by a caregiver, using both applications, to 

authenticate in the AleRa system, namely the selection of the HMD device to connect to (found 

via UDP broadcasting), and the inputting of the confirmation PIN generated by the main HMD 

app. 

 

Figure 9 – Steps taken by the caregiver to authenticate in the AleRa system. 

4.2.3 Text Input Prototyping 

Taking advantage of this modular WebSocket setup, an additional feature was prototyped to 

try to address the broader challenge of text input in HMDs. An additional socket service, with 

the path “ws://<ip>:8888/text-input” was used to synchronize both applications: when a Input 

Field UI object was selected in the HMD app, a message was sent to the mobile app, making it 

display its own Input Field object. As the user typed in the mobile app, the text was mirrored 

back to the HMD in real-time. 

Although the prototype yielded promising results, it ended up not being further refined or 

integrated into the case study, as it created an even heavier dependency on the mobile 

companion app, which was assumed to not be ideal for the caregivers. Figure 10 shows a 

prototype version of this text input feature, being used as a search bar for a medication usage 

instructions window, another prototype feature that also ended up not being integrated in the 

case study (see section 4.2.7). 
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Figure 10 – Prototype window featuring both the synchronized text input and medication 

administration instructions features. 

4.2.4 FHIR Service Integration  

The RM4Health system relies on HAPI FHIR, a Java Spring implementation of a FHIR compliant 

storage server, which exposes its “Create, Read, Update, and Delete” (CRUD) functionalities 

through an extensive REST API. To enable AleRa to fetch and display its medical information in 

the main HMD app, a communication layer was required.  

Unity provides its own optimized web request package, UnityEngine.Networking, centered 

around the UnityWebRequest class. However, this is a low-level package, designed for generic 

requests, and Unity does not include a ready-to-use REST API client tool. As such, a dedicated 

RESTService wrapper class was implemented for this dissertation project, utilizing C# generics 

(T) and asyhnchronous Task operations to create a simple and generic communication service. 

For serialization and deserialization between JSON and Unity objects, the Newtonsoft.Json 

external package was used. The RESTService class was implemented to provide high-level 

methods for the most common CRUD operations: GET, POST, PUT and DELETE. Although only 

GET and POST were required for this version of the AleRa system, this generalized design aimed 

to maximize reusability in future Unity projects where integration with REST APIs is a 

requirement. 

4.2.5 Context-Aware Patient Selection 

To facilitate rapid access to patient information without requiring navigation through multiple 

menus, the AleRa system was designed to incorporate QR code scanning as a method for patient 

selection (see section 3.7), with the scanning functionality itself being delegated to the 
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companion mobile app, and the resulting information regarding the selected patient being then 

transmitted to the main HMD app using the previously established WebSocket system.  

To implement QR code scanning in the mobile app, the external C# library ZXing was utilized, 

and a dedicated interface in the mobile app was created, as shown in Figure 11.a. Once a QR 

code is detected, the embedded JSON data is read and sent to the main HMD app via a 

dedicated WebSocket channel, “ws://<ip>:8888/qr-code”. The JSON data consists only of two 

fields: a property identifying the type of data being read from the QR code, and the patient’s 

FHIR ID, generated automatically by the existing FHIR server, when first registering a patient in 

the system. Currently, the first property only ever has a value of “patientId”, but this field was 

designed with future expansibility of the QR code reading feature in mind. 

The HMD app then follows an event-driven approach, implemented through C# Action 

delegates. Once it receives the JSON data, it updates the CurrentPatientId property in a 

PatientContextManager class and invokes the OnPatientChanged() Action. At this point, any 

window component registered to listen for changes in this Action is automatically notified, 

retrieves the new CurrentPatientId, and updates itself to display the new selected patient’s 

information. This approach was used, following the Low Coupling practice, to decouple the 

patient management logic from the individual window’s content management, improving 

modularity and maintainability.  

Additionally, to signal to the caregiver that the QR code reading and patient changing was 

successful, a small window was implemented that temporarily fades in displaying the selected 

patient’s name and profile picture, visible in Figure 11.b. 

  

Figure 11 – (a) Mobile app QR code scanning; (b) “Patient changed” confirmation window. 
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4.2.6 Vital Signs and Alerts 

As per the requirements, the AleRa system should be able to display patient vital signs to the 

caregivers, as well as alerts when abnormal values are detected. Both types of information were 

stored in the FHIR server, so during implementation they were retrieved using the previously 

developed RESTService class (see Section 4.2.4). 

Vital sign monitoring in AleRa was separated and implemented according to two commonly 

seen perspectives: 

• Real-time monitoring, where variables are continuously updated to reflect the patient’s 

current state, and alerts are generated when abnormal values are detected. The aim 

here was to mirror a conventional hospital patient monitor. 

• Historical visualization, where 24-hour data is displayed to allow caregivers to identify 

trends in the vital signs, as well as frequencies and timings of abnormal events. This 

corresponded to the health dashboards commonly seen in clinical applications. 

   

In both cases, this data is usually displayed using charts, often accompanied by numerical 

aggregates such as averages, maxima, minima, or alert counts. In AleRa, the vital signs were 

displayed using the XCharts package for Unity, which provides several types of charts including 

line, bar, pie, and scatter plots, while accompanying numerical values and alerts were 

implemented through Unity’s built-in UI components. Following the modularity principle 

designed for the window-based interface, each of these perspectives was created in a dedicated 

window. 

Real-time Window 

For the real-time window, line charts were vertically stacked to replicate conventional real-time 

vital sign monitors, similarly to prior work published by Kimmel et al. [16], analyzed during the 

literature review stage. Four key variables were shown, based on common ones seen in hospital 

monitors: heart rate (bpm), body temperature (°C), respiration rate (rpm), and blood pressure 

(mmHg).  

Since this window was intended for passive, continuous visualization, it was classified as a “far” 

window (see Figure 4) by default, better positioned in the periphery of the user’s field of view 

so as to not obstruct the real world. Nonetheless, as described in section 4.2.1, the socket grids 

that control window positioning were developed independently of the windows themselves, so 

this window can become a “near” window simply by reparenting it to the near socket grid. 

Figure 12 shows the resulting placement of this window in the user’s view, and a closeup of its 

content. 
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Figure 12 – Positioning and content of the real-time vital signs monitoring window. 

Real-time Alerts 

In AleRa, alerts were designed to be triggered whenever a vital sign crossed its pre-configured 

threshold values. Alerts for caregivers are important for early detection of patient deterioration, 

and several early warning scores (EWS) exist that define such values, including the Modified 

Early Warning Score (MEWS) [46] and the National Early Warning Score (NEWS) 2 [47]. These 

EWS tend to define ranges of thresholds, instead of absolute values, since they are dependent 

on contextual factors such as age, conditions, and medication use.  

Still, for this first version of the system the simpler implementation was adopted: absolute 

threshold values for heart rate, temperature, respiratory rate, and systolic blood pressure were 

chosen based on the ranges defined in MEWS [48] and NEWS 2 [47] (Table 12). These thresholds 

were implemented to be easily reconfigured or even replaced by range-based approaches in 

future iterations of the system. 

Table 12 – Alert thresholds by variable and severity. 

Variable 

Thresholds by Severity 

Warning Danger 

Above Below Above Below 

Heart Rate (bpm) 110 50 130 40 
Temperature (ºC) 38.0 36.0 39.0 35.0 
Respiratory Rate (rpm) 21 11 30 8 
Systolic Blood Pressure (mmHg) 200 90 220 80 

 

Alerts were accessible via the hand-attached menu (see “Hand Menu Window” in section 4.2.1), 

which listed all emitted notifications. Each notification included its respective patient name, a 

brief message expressing the abnormality detected, and was colored coded as either yellow or 

red, depending on if its severity was “warning” or “danger” respectively. Each alert was also 

accompanied by an audio cue when emitted, different for each severity. 
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Additionally, a feature was added so that selecting an entry in the alert list redirected the 

interface to the affected patient, serving as an alternative to QR code scanning for immediate 

monitoring in cases where the caregiver may be far away from the patient. Figure 13 shows the 

hand menu listing the alerts, and the user changing patients by selecting one of the notifications. 

 

Figure 13 – Alert notifications listed in the Hand Menu. 

Historical Window 

For the historical vital sign visualization, the dedicated window was implemented as a tabbed 

interface, showing 24-hour information on each of the four variables listed previously. Each tab 

contained a line chart of the respective variable, overlaid with two scatter plots used to mark 

the time of occurrence of “warning” and “danger” alerts. With the three plots superimposed, 

XCharts configurations were adjusted to allow the caregiver to hover their hand over the chart 

to visualize detailed information in a tooltip. 

Additionally, next to the chart, numerical indicators were implemented to be dynamically 

calculated, showing the maximum and minimum values of that variable over the last 24 hours, 

as well as counting the occurrences of each alert severity type over the same period. 

Since this window allowed for more active interaction, it was classified as a “near” window by 

default, being positioned in the bottom center of the user’s view (see Figure 4), but again this 

could be easily altered if needed, since the window component itself is independent from its 

positioning. Figure 14 shows the resulting historical vital signs window, and the details tooltip 

when hovering the chart. 
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Figure 14 – Historical vital signs window appearance (left) and details tooltip (right). 

4.2.7 Medication Intake 

The final functional requirement for the AleRa system stated that it should be able to display 

medication intake information, allowing caregivers to track whether prescriptions are being 

correctly followed. 

The implementation of this feature was inspired by RM4Health, where caregivers from a 

partner elderly home described that they use weekly blister packs provided by pharmacies. 

Each blister is filled with medication for seven days, with four daily slots: breakfast, lunch, 

dinner and before bed. RM4Health integrated a medication device with a top-down camera and 

an AI model to detect whether each slot was empty or filled, which is then compared against 

the patient’s active prescriptions stored in the FHIR server. This enabled automatic classification 

of each dose as having been correctly or incorrectly taken (the latter including missed 

medication). 

Based on this mechanism, the interface shown in Figure 15 was implemented in the AleRa 

system within a dedicated window. The caregiver is presented with a weekly grid where 

columns represent days, rows represent the four daily times, and each cell is labelled with the 

medications to be taken in that time slot. Due to each cells reduced size, when there is more 

than one distinct medication in the same cell, the name of the first one is presented, followed 

by a “(+X)” notation, where X is the remaining quantity of distinct medications. For example, if 

a patient was prescribed Zyrtec, Telfast, and Ben-u-ron to the same time slot, the cell presents 

it as “Zyrtec (+2)”.  

Additionally, each cell includes a status indicator, color-coded as: 

• Green – correct intake. 

• Red – incorrect (e.g. medication taken at wrong time) or missed intake. 

• White – pending intake, in the future 
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Figure 15 – Weekly medication intake tracking window. 

To provide additional details, a secondary window within this window component was 

developed, shown in Figure 16. When the caregiver selects a time slot, this new window appears, 

listing:  

• All prescribed medications and quantities for that slot. 

• The detected intake status (global to that time slot). 

• The image captured by the medication device, allowing caregivers to manually confirm 

the AI model’s analysis, and detect anomalies, for example, objects obstructing the 

medication blister. 

 

For added usability and immersion, the transition between the two windows was animated 

using LeanTween. The secondary window appears with a quick popup effect,  while the main 

window fades out to improve readability. In an initial implementation the main grid window 

only became semi-transparent, but this was discarded as it reduced the legibility window on 

top, due to the inherent transparency already present in all AleRa windows. 

 

Figure 16 – Time slot intake details window. 
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Finally, a prototype for an additional window that would display other details about a selected 

medication, namely its leaflet and administration instructions, was implemented using the 

information available on the Infarmed web portal [49]. However, this web portal does not 

provide a direct API for fetching information. As such, for feasibility testing purposes, the 

information was extracted by parsing the HTML returned when querying the platform. It 

showed promising results, as shown previously in Figure 10, but this feature was ultimately 

suspended due to this not being a very viable or scalable way of obtaining information. Still, this 

showed the potential for integrating this type of information into the system, in future work, if 

access to a dedicated API is ever available. 

4.2.8 Voice Recognition Prototyping 

During this dissertation, voice recognition was studied as a possible alternative to text input 

and its associated difficulties in HMD applications. However, due to privacy and ethical concerns, 

voice recognition was only explored as a proof of concept rather than as a realistic or 

production-ready feature. The EU AI Act, more specifically Article 2(6) of Regulation (EU) 

2024/1689 [42], explicitly exempts the use of AI models and its outputs for the sole purpose of 

scientific research and development activities from strict regulation obligations. This made it 

possible to prototype voice input in a controlled research setting without aiming for 

deployment. Still, Article 2(8) clarifies that “testing in real world conditions shall not be covered 

by that exclusion”, meaning that this feature, even for research purposes, could not be included 

in the case study. 

For this prototype, the Vosk speech recognition toolkit was selected. Vosk is an open-source, 

offline speech recognition library with multi-language support and bindings for programming 

languages including C#, making it suitable for Unity integration. The model used was vosk-

model-small-pt-0.3 (≈30 MB), chosen since all expected case study participants were native 

Portuguese speakers. 

It showed promising results in preliminary Portuguese voice recognition tests, under controlled 

conditions. Nonetheless, in addition to the privacy concerns addressed earlier, due to 

uncertainty about microphone availability and quality across HMDs, and due to expected noise 

in real-life conditions where caregivers operate, the feature was not further developed.  Still, it 

remains a potential avenue to reduce dependency on the companion mobile app for general 

text input in future work.  

4.2.9 Facial Recognition Prototyping 

Face recognition methods were studied as an alternative mechanism for implementing context 

awareness for patient selection, avoiding the need for QR code scanning via the companion 

application and for setting up patient specific QR codes in physical locations (e.g. patient’s 

bedside or room).  
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However, similarly to voice recognition, privacy and ethical concerns made it unsuitable to be 

a production-ready feature. Prototyping was nonetheless possible under the scientific research 

exemptions of Article 2(6) and Article 2(8) of Regulation (EU) 2024/1689 [42], but testing was 

not included in the case study.  

It was developed using the Python programming language (version 3.11.9), using a two-step 

pipeline of pretrained models. First, a Multi-task Cascaded Convolutional Network (MTCNN), 

proposed by Zhang et al. [50] was used for face detection, cropping, and alignment. Then, the 

cropped face was processed by an InceptionResNetV1 network, pretrained according to the 

FaceNet methodology of Schroff et al. [51], which mapped the face to a 512-dimensional 

embedding vector. For this implementation, the most important Python libraries were used 

were: PyTorch and Torchvision for general model development, facenet_pytorch [52] for the 

provided pretrained MTCNN and InceptionResnetV1 models, and Pillow for image drawing and 

manipulation. 

Figure 17 was created to illustrate this pipeline process and includes two alternative 

visualizations of the embeddings (a point cloud and a barcode-like representation).  

 

Figure 17 – Prototyped face embedding pipeline.4 

From here, recognition was achieved by comparing the desired face’s embeddings against a 

database of stored patient embeddings using cosine similarity, which measures the angular 

distance between two vectors [53], in this case each with 512 dimensions. The formula for 

calculating cosine similarity is given by: 

 
4 The patient images depicted in the figures relating to this face recognition pipeline are not of real people, 
being instead generated with AI, to mitigate ethical and privacy concerns.  
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𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦(𝐴, 𝐵) =
𝐴 ∙ 𝐵

‖𝐴‖ ∗ ‖𝐵‖
(1) 

where A and B are the embedding vectors.  

For this pipeline, an optimized implementation of cosine similarity was used, provided by the 

“pytorch” library. From this formula, a higher similarity value attained indicated a closer match 

between the two vectors, and as such between the input face and stored patient image. In other 

words, the stored patient image embeddings that, when compared with the target image, 

resulted in the highest cosine similarity value determined that patient as the one recognized by 

the developed pipeline. Figure 18 depicts an example of this face embedding comparison 

process using cosine similarity. 

It showed preliminary promising results, and although it was initially planned to operate using 

the mobile phone camera, after Meta announced developer access to Quest 3 cameras [41] it 

became technically feasible to run the entire pipeline directly on the HMD, by converting the 

models used to the Open Neural Network Exchange (ONNX) format and using them in C#.  

Despite this, the prototype was not further developed since it would not be realistic as a 

production-ready feature due to the privacy and ethical constraints, particularly the risk of 

capturing images of non-consenting patients and caregivers. 

 

Figure 18 – Face recognition results using cosine similarity between embeddings. 
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4.2.10 Tutorial 

To support first-time users, a dynamic interactive tutorial was constructed, using the previously 

developed components, to familiarize caregivers with the system interactions. This tutorial 

combines 3D hand visualizations, interactive windows, and narrated audio instructions, being 

structured into four steps: 

1. Window familiarization: Distant windows appear, and users are instructed to move 

around and observe how the windows follow their field of view with parallax effects. A 

progress bar, made using XCharts’ ring chart, tracks the completion of the movement. 

2. Ray-based interaction: Buttons appear within the windows, and users are asked to 

interact using the ray-based pointing and pinching method. An animated virtual hand 

demonstrates the required motion. 

3. Direct touch interaction: One of the windows is repositioned closer to the user, and 

new buttons are introduced. Users are instructed to activate these buttons by touching 

them directly with their index fingertip. 

4. Hand Menu interaction: Finally, users are guided on how to open the Hand Menu by 

positioning their hand vertically with the palm facing themselves (see section 4.2.1).An 

animated virtual hand demonstrates the required movement, and a button within the 

menu allows users to practice interacting with it. 

 

Throughout the tutorial, short encouraging voice prompts (e.g., "Perfect", "Nice job") are 

provided by the system to maintain user motivation and engagement. Figure 19 illustrates the 

appearance of these four steps, from the perspective of a user following the tutorial. 
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Figure 19 – Tutorial steps. (a) Window following; (b) Ray interactor tool; (c) Fingertip 

interaction; (d) Hand Menu. 
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5 Case Study  

An empirical study was conducted to evaluate the users’ reception and overall experience of 

the developed AleRa system as an assisting tool for patient monitoring, with Figure 20 showing 

an example of a participant’s session. Two use cases were simulated by constructing dedicated 

interfaces using the individual features described in the Solution section (see section 4), to 

assess usability, intuitiveness, and responsiveness of the system, while also validating the 

content choices and respective assumptions made for each use case interface.  

The first use case is aimed at nurses working in the General Ward of a hospital, with potential 

applicability also in the Intermediate Care Unit (IMCU). In these settings, patients’ vital signs 

require constant real-time monitoring, and the main assumption was that nurses are often 

occupied with tasks or carrying equipment, making complex interactions with the system less 

feasible. As such, this uses case's interface was designed to be more passive, prioritizing data 

visualization instead of active interaction.  

Meanwhile, the second use case targeted domiciliary care nurses attending patients in their 

homes. In this scenario it was assumed that nurses may need to consult more detailed 

information on the patient, such as historical vital sign data or medication intake schedules, and 

that, on the other hand, they have more freedom to actively engage with the system. 

Consequently, this interface was designed to support more complex interactions with menus 

and windows in the AR environment. 
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Figure 20 – Participant interacting with the AleRa system during the case study.5,6 

5.1 Participants 

This study was conducted in a laboratory of the GECAD research center, on ISEP’s campus, with 

a total of 17 participants initially contacted for potential recruitment. Ten participants were 

recruited from the local university, while the remaining 7 were contacted due to their 

experience or education in medical or health-related fields. Of the latter, one was unable to 

participate due to scheduling constraints, leaving a total of 16 participants who completed the 

experiment and evaluated the current version of the system. 

The 10 participants recruited from the university, with the main purpose of testing the system’s 

usability, were evenly divided and randomly assigned to one of two groups: “No Tutorial” and 

“Tutorial” respectively. Both groups carried out the exact same experiment, evaluating both 

use cases. The first group received no instructions on how to operate the system, only 

contextual information about the experiment and each use case's goals, with the intention of 

performing a discoverability test while the second group completed a dynamic interactive 

tutorial before proceeding with the testing. The remaining 6 participants followed the same 

procedure as the “Tutorial” group but were assigned to a third group, “Medical”, based on their 

health-related expertise, to allow their feedback to be more easily isolated and analyzed, 

particularly on the validation of the use cases’ utility for nurses. Since the difference between 

being trained with a tutorial or not had already been tested with the previous two groups, it 

 
5 In the AleRa system, all user interactions are made through the HMD and the companion mobile app. 
The monitor visible in the figure was used exclusively during the case study to observe the participant’s 
experience and provide guidance as necessary. 
6 This image was included with the explicit consent of the participant. 
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was chosen not to split the “Medical” group participants, so that their more informed feedback 

on use case relevance was not skewed by some having not had tutorial training. This 

recruitment and grouping process has been summarized through a diagram in Figure 21. 

 

Figure 21 – Case study recruitment and grouping diagram. 

Nielsen’s well-known work on usability testing suggests that testing with five users is sufficient 

to identify approximately 85% of usability issues in a software’s current version of development 

[54], [55]. However, other studies and researchers find this claim controversial. For instance, 

Faulkner [56] found through empirical testing that, with 10 users, the lowest percentage of 

problems found was 80%. Jeff Sauro [57] adds the important nuance that the “5 users rule” only 

applies to problems that occur more than 31% of the time, and that less common issues need 

higher quantities of users to be properly detected. Applying Jeff Sauro’s calculations to this 

study, this set of 16 participants is capable of finding 100% of the problems that affect 31% of 

users, and approximately 75% of less common problems that only affect 10% of users, as can 

be seen in Figure 22 (authorship of Jeff Sauro [57]). This user sample was, as such, deemed 

sufficient to test the usability of this first version of the AleRa system.  

In terms of the usefulness of the health-related content, although this evaluation featured a 

reduced number of users with health-related expertise, the feedback provided by the 6 

participants in the “Medical” group was nonetheless considered valuable, serving as 

preliminary evidence on the system’s potential utility in healthcare contexts. 

During recruitment, all participants filled out a pre-questionnaire where they gave informed 

consent and answered demographic and characterization questions regarding prior technology 

experience with health applications or with virtual and augmented reality. No names were 

requested, and each participant was instead randomly assigned a sequential code within their 

group to ensure anonymity, and to further preserve it, the users’ ages were collected in bin 

ranges. Table 13 shows a summary of the participant characterization data collected, while the 

characterization questionnaire, as administered to the participants, can be seen in Appendix A 

– Characterization Questionnaire. 
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Figure 22 – Jeff Sauro's data on the number of usability problems found for different numbers 

of users, depending on the percentage of users each problem affects.7  

The majority of participants were in the age range of 18-34 and all held at least a bachelor's 

degree. Participants in the “No Tutorial” and “Tutorial” groups specialized in Engineering and 

Technology, while all in the “Medical” group confirmed their background in Medical and Health 

Sciences. Among the 16 participants, one reported a temporary physical limitation, being 

unable to move one hand. Across all participants, only 6 reported having previous experience 

with virtual reality, and just 3 with augmented reality through an HMD device similar to that 

used in this dissertation. Only one participant, in the “Medical group”, reported prior 

experience with a headset-based AR health application, used by patients to simulate scenarios 

as a therapeutic aid for social phobia (e.g., public speaking simulation). This participant 

described their previous experience as positive and, like all others, demonstrated interest and 

curiosity in testing the AleRa system. 

  

 
7 Source: J. Sauro - “Why you only need to test with five users (explained)” [57]   
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Table 13 – Case study’s participant demographics. 

Property 

Per Participant Group 
Overall 

No Tutorial Tutorial Medical 

(n=5) (n=5) (n=6) (n=16) 

Age Range     
  18–24 3 (60%) 3 (60%) 0 (0%) 6 (38%) 
  25–34 1 (20%) 2 (40%) 5 (83%) 8 (50%) 
  35–44 0 (0%) 0 (0%) 1 (17%) 1 (6%) 
  45–54 1 (20%) 0 (0%) 0 (0%) 1 (6%) 
Gender     
  Female 2 (40%) 1 (20%) 4 (67%) 7 (44%) 
  Male 3 (60%) 4 (80%) 2 (33%) 9 (56%) 
Education Level     
  Bachelor 3 (60%) 2 (40%) 4 (67%) 9 (56%) 
  Master 1 (20%) 3 (60%) 2 (33%) 6 (38%) 
  PhD 1 (20%) 0 (0%) 0 (0%) 1 (6%) 
Expertise Fields8     
  Engineering and Technology 5 (100%) 5 (100%) 2 (33%) 12 (75%) 
  Medical and Health Sciences 1 (20%) 0 (0%) 6 (100%) 7 (44%) 
  Exact Sciences 1 (20%) 0 (0%) 0 (0%) 1 (6%) 
  Management 0 (0%) 0 (0%) 1 (17%) 1 (6%) 
Physical Limitations 0 (0%) 1 (20%) 0 (0%) 1 (6%) 
Prior Technology Experience     
  Health apps for others’ care 1 (20%) 0 (0%) 4 (67%) 5 (31%) 
  Health apps for self care 3 (60%) 3 (60%) 6 (100%) 12 (75%) 
  Virtual Reality 2 (40%) 2 (40%) 2 (33%) 6 (38%) 
  Augmented Reality (Mobile) 3 (60%) 1 (20%) 1 (17%) 5 (31%) 
  Augmented Reality (Headset) 1 (20%) 1 (20%) 1 (17%) 3 (19%) 
  VR/AR health apps 0 (0%) 0 (0%) 1 (17%) 1 (6%) 

5.2 Apparatus 

For this study, the main application of the AleRa system was deployed on a Meta Quest 3 

headset. As previously described (see section 4.1), the Quest 3 weighs 515 grams, features dual 

color LCD panels with a resolution of 2064 × 2208 pixels per eye, supports refresh rates up to 

120 Hz, and a field of view of 110° horizontal and 96° vertical [44]. Additionally, to improve user 

comfort, the standard head-fitting strap was replaced with an “Elite Strap”, an official Meta 

accessory which adds more structured support and better distributes the headset weight 

compared to the default head strap [58]. 

For the companion mobile application, the same Samsung Galaxy S23 smartphone was used 

across all participants to avoid possible variability in performance due to differing device 

characteristics. The Galaxy S23 is equipped with a “Snapdragon 8 Gen 2” processor [59], and 8 

 
8 Participants could select multiple expertise fields, so the total per group may exceed 100%. 
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GB of RAM [60]. The mobile app handled user authentication and patient selection via QR code 

scanning, as detailed in the Solution section (see section 4). To complement the latter, two 

printed QR codes (paired with AI-generated patient photos to preserve privacy) were used to 

simulate patient selection scenarios. All the apparatus described, used during the case study 

sessions, is presented in Figure 23. 

Although not a part of the actual AleRa system, the Meta Quest 3’s “Cast to Web Browser” 

feature was used during the study to mirror the participant’s view over Wi-Fi to a Dell Precision 

5570 laptop, allowing to monitor their experience and provide real-time guidance when needed, 

ensuring study integrity. 

 

Figure 23 – Apparatus used for the case study. From left to right: QR codes and patient 

photos, Samsung Galaxy S23 running the AleRa companion app, and Meta Quest 3 headset 

equipped with the Elite Strap accessory. 

5.3 Prepared Use Cases 

Using the independent features developed and described in the Solution section (see section 

4), two interfaces were constructed, to reflect the use cases chosen for this study. Each 

interface was designed to present information deemed necessary for the corresponding type 

of nurse of that use case, drawing from the kinds of data that would be available on a FHIR 

server. It is important to note that, although the AleRa system can connect to and use 

information from a FHIR server, no real data from RM4Health patients, or any other source, was 

presented to participants during the case study, in order to comply with ethical and privacy 

regulations. Instead, mock data within realistic ranges for each variable was used. 

The first interface, targeting nurses assigned to a hospital’s General Ward unit of a hospital, 

included the following elements: 
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• A permanently open window in the top-right of the user's field of view, showing real-

time vital signs of the currently selected patient (via QR code). 

• A list of notification-style alerts embedded in the Hand Menu, with two levels of 

severity, “warning” and “danger”. To simulate a patient's deteriorating condition during 

the case study experiments, alerts were programmed to appear at random intervals, 

but only after the user had already interacted with the interface for a while and had 

scanned at least two QR codes to switch patients. 

 

Meanwhile, the second interface, aimed at domiciliary care nurses visiting patients in their 

homes, in addition to the features from the previous use case, also included: 

• An enhanced Hand Menu with a tab system, where the first tab contained the alert 

notifications list, while the second tab provided a new window management menu. This 

allowed users to open or close the real-time vital signs window, as well as to access two 

new windows. 

• A vital signs history window, showing the vital signs and alerts of the patient for the last 

24 hours, for all four monitored variables. 

• A medication intake window, displaying a weekly grid of prescribed medications across 

four daily periods (breakfast, lunch, dinner, and before bed). Each slot indicated if that 

medication was correctly taken (green), missed (red), or pending (white). Additionally, 

by selecting a time slot, the nurse could open a subwindow that lists the medications 

scheduled for that period, along with a photograph of the patient's medication blister 

at that time, enabling visual confirmation of the intake. 

5.4 Procedure 

After recruitment, the participants were asked to complete the previously mentioned consent 

and characterization questionnaire. Then, since not all trials could be conducted sequentially, 

the experiment was set up individually for each participant according to their availability. 

During setup, first a section of the laboratory's floor (approximately 1.5m × 4m, or 6m2) was 

mapped as the usable boundary area for the app, as required by the Meta Quest system. Within 

this area, two printed QR codes representing patients were placed at different locations, each 

accompanied by the respective mock patient photograph. 

To avoid exposing participants to the Meta Quest 3 operation system’s windows and interaction 

tools, and thus unintentionally giving them prior experience before using the developed app, 

the application was launched before handing the HMD to the participant, with a delay being 

coded to account for the time to transfer the headset to the participant before showing the 

“welcome” interface animation. This precaution was especially important for the “No Tutorial” 

group, whose role was to test the intuitiveness and discoverability of the system without prior 

guidance. At this stage, the casting feature was also activated to mirror the user experience to 

a laptop, enabling monitoring and guidance during the experiment. 



Case Study 

58 
 

Once ready, the HMD was handed to the participant, who was asked to stand inside the defined 

boundary. The experiment began with authentication and connection of the main app to the 

companion mobile app. Then, participants in the “Tutorial” and “Medical” groups were asked 

to complete the interactive tutorial (see section 4.2.10).  

Afterwards, participants were redirected to an interface menu specifically designed for this 

study, pictured in Figure 24, that allowed them to select which use case to simulate. They were 

asked to begin with the in-hospital use case, which simulates a nurse in a general ward. Before 

starting, a brief contextual explanation of the scenario, the participant’s role, and the existing 

functionalities were given. Apart from scanning QR codes with the mobile app, no instructions 

on how to access the features were provided, unless participants specifically asked. This 

approach allowed the “No Tutorial” group to test the natural intuitiveness of the system, 

particularly the discoverability of the Hand Menu and of the ray interaction tool, which required 

specific gestures, and allowed the “Tutorial” and “Medical” groups to test the effectiveness of 

the prepared tutorial as a single source of information to introduce AR-specific interactions to 

participants with little prior experience. 

 

Figure 24 – Use case selection interface menu, created for the case study. 

From here, participants were then guided to explore both use cases, interacting with the 

functionalities described earlier. The complete Unity scene flow that participants had to follow 

is depicted in Figure 25.  After completing the experiment, all participants were asked to fill out 

a second questionnaire to evaluate the system and providing optional feedback. 



Evaluation Questionnaire 

59 
 

 

 

Figure 25 – System scene flow, of both applications, implemented for the case study. 

5.5 Evaluation Questionnaire 

The evaluation questionnaire was designed to gather the participants’ feedback and 

experiences while using the system. It was equally important to assess both the usability of the 

software and interface and the perceived relevance of the medical information presented in 

the use cases. Additionally, attention also needed to be given to physical and mental aspects, 

such as any discomfort caused by the headset or challenges associated with AR interactions in 

general, such as fatigue or frustration. To address all these aspects, various recognized 

evaluation scales were incorporated, resulting in a questionnaire structured in four parts, 

presented in the following subsections.  

The evaluation questionnaire was hosted through the Microsoft Forms platform. Since all 

participants spoke Portuguese, all scales and questions were translated to their native language 

for better interpretability. The evaluation questionnaire, as administered to the participants, 

can be seen in Appendix B – Evaluation Questionnaire. 

5.5.1 System Usability Scale (SUS) 

The System Usability Scale (SUS) [61] is a widely used instrument, employed in many software 

and interface evaluation studies to assess their perceived usability. For instance, in the context 

of AR, Tasfia et al. [62] recently applied it in a study to evaluate various AR-based learning 

systems for children, and Dutta et al. [63] similarly used it to evaluate an AR app for teaching 
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Karnaugh maps. Additionally, a systematic review of mHealth applications, by Sousa et al. [64], 

observed that SUS remains the most commonly employed instrument in the health domain. 

In this study, the standard SUS scale was used. The SUS is comprised of 10 questions, presented 

in Table 14, rated on a 5-point Likert scale from 1 (“strongly disagree”) to 5 (“strongly agree”), 

with polarity alternating between positive and negative to reduce response bias. 

Table 14 – Standard SUS utilized in the evaluation questionnaire. 

ID Question Strongly 
Disagree 

 Strongly 
Agree 

S1 I think that I would like to use this system frequently. 1 2 3 4 5 

S2 I found the system unnecessarily complex. 1 2 3 4 5 

S3 I thought the system was easy to use. 1 2 3 4 5 

S4 I think that I would need the support of a technical 
person to be able to use this system. 

1 2 3 4 5 

S5 I found the various functions in this system were well 
integrated. 

1 2 3 4 5 

S6 I thought there was too much inconsistency in this 
system. 

1 2 3 4 5 

S7 I would imagine that most people would learn to use 
this system very quickly. 

1 2 3 4 5 

S8 I found the system very cumbersome to use. 1 2 3 4 5 

S9 I felt very confident using the system. 1 2 3 4 5 

S10 I needed to learn a lot of things before I could get 
going with this system.  

1 2 3 4 5 

 

The SUS final score is calculated using a set of instructions, due to the questions’ positive-

negative polarity. For questions 1, 3, 5, 7, and 9 (positively worded), each item contribution is 

(score − 1). For items 2, 4, 6, 8, and 10 (negatively worded), each contribution is (5 − score). The 

sum of contributions is multiplied by 2.5 to yield a score from 0 to 100. This is equivalent to the 

formula presented below. 

𝑆𝑈𝑆 = 2.5 ∗ (20 + ∑(𝑆1, 𝑆3, 𝑆5, 𝑆7, 𝑆9) − ∑(𝑆2, 𝑆4, 𝑆6, 𝑆8, 𝑆10)) (2) 

where 𝑆𝑖 is the (1-5) response score to question 𝑖. 
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5.5.2 NASA Task Load Index (NASA-TLX) 

Given that AleRa is not a conventional desktop or mobile application, but a HMD AR system that 

requires physical movement and the learning of novel interaction gestures and tools, a scale 

developed by the National Aeronautics and Space Administration (NASA), the NASA Task Load 

Index (NASA-TLX) [65], was used to measure perceived workload. Participants rated their 

experience across six dimensions: mental demand, physical demand, temporal demand, 

performance, effort, and frustration, using a 0-100 scale in increments of 5, as presented in 

Table 15. 

This choice is consistent with contemporary usage, as recent studies are applying NASA-TLX to 

AR/VR interfaces and demonstrating its sensitivity in measuring mental and physical workload. 

For example, Xi et al. recently used this index to study the effects of AR and VR interfaces on 

user workload in a shopping-related task, and the challenges that they bring [66]. Similarly, 

Knudsen et al. [67] validated the use of a VR HMD device to assess the emergency medicine 

skills of junior doctors, using NASA-TLX as a way to rate their cognitive workload. In addition, a 

systematic review on AR its cognitive load highlighted that NASA-TLX, by Buchner et al. [68], is 

the most frequently used measuring instrument. 

As such, the standard NASA-TLX dimensions and scales were included as the second step in the 

evaluation questionnaire, with the dimension names and respective questions translated into 

Portuguese for better interpretability by the participant base. 

However, one temporary modification was made to the “performance” item, to reduce 

potential confusion when completing the questionnaire. Most NASA-TLX questions are 

negatively framed, meaning that higher scores indicate a greater workload, and therefore a 

poorer system. For example, for the question “How mentally demanding was the task?”, a 

response closer to 100 reflects a more demanding task and thus worse usability. In contrast, 

the “performance” item (“How successful were you in accomplishing what you were asked to 

do?”), is worded positively. In the standard NASA-TLX, this item’s scale is reversed so that a 

higher score corresponds to lower success. While this ensures consistency in scoring (100 

always reflects a negative point of the system), it could feel counterintuitive for participants, as 

the question wording suggests that higher values should reflect greater success. To minimize 

this issue, in this study the “performance” scale was inverted during the questionnaire 

administration (0 = failure, 100 = perfect). Later, during analysis, these responses were then re-

inverted (100 – response) to align with the standard NASA-TLX scoring method. 
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Table 15 – Modified NASA-TLX utilized in the evaluation questionnaire. 

Dimension Question Scale 

Mental 
Demand 

How mentally demanding was the task? 0 – Very Low 
100 – Very High 

Physical 
Demand 

How physically demanding was the task? 0 – Very Low 
100 – Very High 

Temporal 
Demand 

How hurried or rushed was the pace of the task? 0 – Very Low 
100 – Very High 

Performance How successful were you in accomplishing what 
you were asked to do? 

0 – Failure 
100 – Perfect 

Effort How hard did you have to work to accomplish your 
level of performance? 

0 – Very Low 
100 – Very High 

Frustration How insecure, discouraged, irritated, stressed, and 
annoyed were you? 

0 – Very Low 
100 – Very High 

5.5.3 Custom Likert-scale questions 

Apart from general usability and workload evaluation, it was deemed important to 

quantitatively measure some specific aspects of the developed system, such as each 

participant’s opinion on the usefulness of the tutorial or on the interface’s design and 

interactivity. This would allow for comparisons between groups as well as an overall analysis of 

participant feedback. 

The previously mentioned systematic review on mHealth applications, by Sousa et al. [64], also 

reported that most studies, even when not adopting a standardized scale or index, utilized 

Likert-scale style questions for quantitative measuring. Following this approach, the third step 

of the evaluation questionnaire consisted of a set of seven additional questions rated on a 5-

point Likert scale, as presented in Table 16, designed to capture the participant’s views on these 

specific aspects of the system. 
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Table 16 – Additional Likert-scale style questions utilized in the evaluation questionnaire. 

ID Question Very  
bad 

 Very 
good 

Design How do you rate the interface in terms of its 
design and layout? 

1 2 3 4 5 

Interactivity How do you rate the interface in terms of 
navigation and interactivity? 

1 2 3 4 5 

Tutorial Was the tutorial useful and easy to 
understand? 

1 2 3 4 5 

Health Info 
(Ward) 

Did the health information on the interfaces for 
general ward nurses seem adequate to you? 

1 2 3 4 5 

Health Info 
(Domiciliary) 

Did the health information on the interfaces for 
domiciliary care nurses seem adequate to you? 

1 2 3 4 5 

AR Benefit 
(Nursing) 

Do you think the use of augmented reality 
could be an added value for these areas of 
nursing? 

1 2 3 4 5 

AR Benefit 
(Own Field) 

Do you think the use of augmented reality 
could be an added value for your area of 
training or activity? 

1 2 3 4 5 

5.5.4 Open-ended questions 

Finally, an optional section invited participants to provide free-text feedback, namely on (i) 

features they appreciated the most, (ii) features they liked the least, and (iii) suggestions for 

improvements to enhance usability and practical value of future versions of the system. 

These open-ended questions served as a complement to the quantitative scales, allowing 

participants to highlight aspects that the previous scales might not have captured. This 

qualitative feedback aimed to identify unexpected issues or positive aspects, and opportunities 

for future refinement. The three questions presented were: 

1. “What did you like most about the system you used? You may mention more than one 

aspect.” 

2. “What did you like least about the system you used? You may mention more than one 

aspect.” 

3. “How could the system you used be changed to make it easier to use? You may mention 

more than one aspect.” 
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5.6 Results 

All 16 participants were able to follow the procedure steps and successfully completed the 

experiment, including the participant with the hand mobility limitation. 

The initial study design included measuring each group’s task completion times for important 

procedure steps (e.g., first button interaction, first activation of the Hand Menu), in an attempt 

to observe the differences caused by the existence of a tutorial. However, upon first contact, 

the participants instead engaged in spontaneous exploration of the system, with most quickly 

attempting to touch the interface elements directly. The “No Tutorial” group rapidly 

experimented with hand gesture combinations as well, discovering the Hand Menu before 

being prompted to search for it. When asked, several participants explained that such 

interactions felt intuitive, and that they tried to replicate movements inspired by science-fiction 

media, despite lacking real prior AR experience. 

In contrast, the ray-based interaction was observed to be less intuitive. Participants, particularly 

in the “No Tutorial” group, required explicit instruction on how to aim and perform the pinch 

gesture select interface elements, and even among tutorial-trained participants some required 

additional advice. Nonetheless, once accustomed to it, three participants reported preferring 

the ray-based tool, describing it as more responsive than direct fingertip interaction, and three 

others considered it a potentially useful interaction alternative given further practice. 

Due to the participants’ spontaneous exploration behavior, a more flexible testing approach 

ended up being used, with some freedom being given on the order and duration of feature 

exploration in each use case, while still maintaining the core steps of the designed procedure. 

This approach encouraged users, and for the duration they felt necessary to fully explore or get 

used to that feature. This approach brought the unexpected benefit of encouraging users to 

comment and give feedback on the system and its features during the active experiment. With 

the respective authorization by the participants, this feedback was documented and appended 

to their responses to the open-ended questions in the final section of the system evaluation 

questionnaire. 

Once all participants had tested the system, the responses to the evaluation questionnaire were 

aggregated and analyzed using the Python programming language (version 3.12.4) and some of 

its core libraries, such as NumPy and Pandas for data manipulation, and Matplotlib and Seaborn 

for chart generation. 

The following subsections present the aggregated questionnaire results, analyzed across the 

three scales utilized during the evaluation questionnaire definition (see section 5.5), as well as 

the most common feedback given in the open-ended questions. 



Results 

65 
 

 

5.6.1 System Usability 

Each participant’s SUS score was calculated using the standard equation defined in section 5.5.1. 

These scores were then analyzed for each participant group and overall, the results of which 

are presented in Table 17 and Figure 26. 

Table 17 – SUS scores by participant group, and overall. Scores are presented as mean ± 

standard deviation. 

 Per Participant Group 
Overall 

No Tutorial Tutorial Medical 

(n=5) (n=5) (n=6) (n=16) 

SUS score 82.0 ± 12.2 86.5 ± 8.8 79.6 ± 10.6 82.5 ± 10.3 

 

 

Figure 26 – SUS score plots by participant group. 

System usability was rated positively by all groups and received an overall mean score of 

82.5/100. The “Tutorial” group reported the highest score, reaching an average value of 86.5, 

while the “Medical” group rated a slightly lower value of 79.6. To better interpret these results, 

they were compared against established benchmarks in literature.  

An article by Bangor et al. [69] used empirical evidence from various studies to assign adjective 

ratings along ranges of the SUS score scale. According to this work, the AleRa system obtained 

an overall rating of “Good”, with the “Tutorial” group’s score reaching a rating of “Excellent”, 

defined as being above 85/100. 

Similarly, in a more recent work, Lewis and Sauro [70] report using data from 241 studies to 

create a curved letter-grading scale, in which a SUS score of 68 is at the center of the range, 

corresponding to a “C.” Using this benchmark, the AleRa system obtained an overall grading of 

A, with the “Tutorial” grading reaching A+. 



Case Study 

66 
 

These results suggest that the overall system attained its goal of minding usability, and that 

exposure to a tutorial generally improved perceived usability. Nonetheless, participants in the 

“Medical” group appeared slightly less satisfied with the system, possibly reflecting their higher 

expectations for tool quality and usability when dealing with sensible medical fields. 

5.6.2 Perceived Workload 

Table 18 and Figure 27 show the workload scores across the six NASA-TLX dimensions and the 

overall workload index. As mentioned previously, the performance metric was reinverted to 

become equal to the standard, so a low score near 0 means that the participants felt they had 

a good performance. Aside from the six dimensions, a general workload score was also 

calculated utilizing an established simplified alternative to the default NASA-TLX calculation, 

according to a study by Hart et al. [71], referred to as Raw-TLX. While in the original NASA-TLX 

the General Workload final score calculation requires asking the participants additional 

questions about which dimensions they perceive as being more important, and then doing a 

weighted average, Raw-TLX considers all dimensions equally important to prevent bias, and so 

the General Workload score is calculated using a simple average. Hart et al. [71] observed that 

Raw-TLX seems to be as sensitive as the default NASA-TLX calculation, and Said et al. [72] have 

more recently validated its use to assess perceived workload in patient monitoring tasks. 

Table 18 – Raw-TLX workload scores by participant group, and overall. Scores are presented as 

mean ± standard deviation. 

Dimension 

Per Participant Group 
Overall 

No Tutorial Tutorial Medical 

(n=5) (n=5) (n=6) (n=16) 

Physical Demand 21.0 ± 27.5 7.0 ± 8.4 2.5 ± 6.1 9.7 ± 17.3 

Mental Demand 12.0 ± 5.7 22.0 ± 22.0 14.2 ± 22.9 15.9 ± 18.2 

Temporal Demand 8.0 ± 17.9 15.0 ± 30.8 4.2 ± 8.0 8.8 ± 19.5 

Performance 8.0 ± 11.0 11.0 ± 11.4 27.5 ± 11.3 16.2 ± 13.8 

Effort  23.0 ± 29.9 19.0 ± 14.7 25.0 ± 32.7 22.5 ± 25.7 

Frustration 21.0 ± 30.1 13.0 ± 26.4 21.7 ± 26.2 18.8 ± 25.9 

General Workload score 15.5 ± 11.5 14.5 ± 10.2 15.8 ± 10.4 15.3 ± 10.0 

 

In general, workload was perceived as low, with all groups remaining below 30 in all six 

dimensions. Differences were nevertheless observed between groups: participants without a 

tutorial reported higher physical demand, effort, and frustration, consistent with the need to 

discover interaction methods through trial and error. Mental demand was slightly higher in the 

tutorial group compared to the no tutorial group, though lower in the medical group despite 

their tutorial exposure. Frustration was also elevated in the medical group, which may reflect 

unmet expectations about clinical features not available in the prototype. Across all groups, the 

overall workload index was low (15–20), indicating that use of the system was not perceived as 

demanding. 
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Figure 27 – Raw-TLX score plots, by dimension and participant group. 

5.6.3 Quantitative Feedback (Likert-scale questions) 

Responses to the seven custom Likert-scale questions, used in addition to the two previously 

described established scales, were also gathered and analyzed in a similar fashion, with Table 

19 and Figure 28 illustrating the score’s distribution, averages and standard deviations, per 

group, and overall. However, in contrast with the established scales, the focus here was not no 

in deriving a final score, but to examine the quantitative feedback for each question. 

Table 19 – Custom Likert-scale questions’ scores by participant group, and overall. Scores are 

presented as mean ± standard deviation. 

Question ID 

Per Participant Group 
Overall 

No Tutorial Tutorial Medical 

(n=5) (n=5) (n=6) (n=16) 

Design & Layout 4.6 ± 0.5 4.6 ± 0.5 4.3 ± 0.5 4.5 ± 0.5 

Interactivity 3.4 ± 0.9 3.2 ± 1.3 4.0 ± 0.6 3.6 ± 1.0 

Tutorial Usefulness - 4.8 ± 0.4 4.8 ± 0.4 4.8 ± 0.4 

Health Info (General Ward) 4.0 ± 1.4 4.6 ± 0.5 4.3 ± 0.8 4.3 ± 0.9 

Health Info (Domiciliary Care) 4.2 ± 1.3 4.6 ± 0.5 4.7 ± 0.5 4.5 ± 0.8 

AR Benefit (Nursing) 4.8 ± 0.4 4.8 ± 0.4 4.7 ± 0.8 4.8 ± 0.6 

AR Benefit (Participant Field) 4.4 ± 0.9 4.4 ± 0.9 4.7 ± 0.8 4.5 ± 0.8 
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Figure 28 – Custom Likert-scale questions’ score plots, by question and participant group. 

The overall score for both the design and layout of the system was 4.5 (in a 1-5 scale), and the 

two groups that were trained with the tutorial rated it a great experience, receiving a 4.8 overall 

average score. 

Focusing on the scores form the “Medical” group, as these participants have a better knowledge 

of health-related domains, both use cases defined received high scores in terms of the 

relevance of information displayed to the nurses. This is especially true for the more complex 

and active-interaction focused use case, the one targeting domiciliary care nurses, which 

received a score of 4.7, while the use case for general ward / IMCU nurses received a slightly 

lower score of 4.3. 

Additionally, all groups recognized the benefits of AR systems for the nursing use cases defined, 

and the participants with a more engineering-centered background, those in the “No Tutorial” 

and “Tutorial” groups, also agreed that it could benefit their own fields of expertise.  

Only the Interactivity aspect of the system received notably less positive feedback, although 

still obtaining an overall average score of 3.6. Surprisingly, here the “Medical” group reported 

the best feedback out of the three groups, in contrast with the usability scores obtained from 

the SUS scale, suggesting that the usability of the AleRa system suffers more from other aspects, 

such as complexity or the amount of knowledge needed to learn before being able to use the 

system confidently. 

5.6.4 Qualitative Feedback (Open-ended questions) 

Qualitative feedback was collected both from the open-ended questions in the evaluation 

questionnaire and from transcribed comments made during the case study session. These 
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responses were then analyzed thematically to identify the AleRa system’s strengths, 

weaknesses, and areas for potential improvement in future work. 

Positive feedback 

Overall, participants reported a good experience with the system. The most frequently 

highlighted aspects were its intuitiveness, simplicity of use, visual quality, and strong potential 

as a helping tool/interface for caregivers. In terms of functionalities, the most valued aspects 

were the ability to easily access real-time patient data, to do so near the patient rather than 

being restricted to a computer, and to receive alerts from multiple patients even when not 

focusing on them directly. The tutorial was regarded as being clear and effective, and the sound 

feedback when hovering over or selecting UI elements was appreciated as a clear form of 

receiving interaction confirmation. 

Negative feedback 

Regarding the HMD device, participants disliked the weight of the HMD, which can become 

uncomfortable after a while, the distortion / blurring of the real-world environment due to the 

passthrough cameras, and the added discomfort for users wearing prescription glasses. These 

issues are device specific and cannot be solved by software alone, but may be addressed by 

more advanced AR devices, such as the recently announced Meta Orion glasses [73]. In terms 

of functionalities and the system itself, the main topic was the fixed position of the windows. 

Some users liked where they were, while others reported preferring that the windows should 

be other specific places or that they wanted to be able to move and customize the the windows’ 

positions manually, either due to personal preference, or functionally, for example to not be in 

front of patients in the real world. Another negative aspect reported was difficulty in interacting 

with a few UI elements, namely scroll bars, and some of the buttons in the “near” windows. 

Finally, the use of the mobile phone for constant QR code reading was also reported as a 

negative aspect of the system, while for one time authentication it was seen as tolerable, but 

better if avoidable, since due to the previously reported distorting of the real world, it was hard 

to operate with the mobile phone. 

Suggestions for improvement. 

Regarding potential improvement points, many mirrored from the negative feedback, such as 

upgrading to a lighter AR HMD, allowing to customize the window layouts (draggable windows) 

and user-following speed, improving the responsiveness of certain UI elements, particularly 

scrollbars and a few buttons, and changing patient selection feature so that it does not require 

the companion mobile app.  

Still, participants also suggested various new or enhanced features for the system, including: 

• Allow to close windows with a hand-swipe gesture, for faster decluttering of the user’s 

vision. 

• Add up and down arrow buttons alongside the existing draggable scrollbars, mimicking 

familiar UIs, for better list navigation. 
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• Introduce a Global Positioning System (GPS), or an alternative, to track patient locations 

inside the hospital. 

• If possible, include haptic feedback (vibrations) when interacting with UI elements. 

 

The alert system was highlighted as one of the most promising features, and so it received 

various suggestions, such as: 

• Change the alert sounds to more closely resemble traditional hospital monitor tones, 

for better familiarity and thus faster recognition and action. 

• Include the image of the patient and a severity symbol to each alert, to improve 

interpretability.  

• Display a brief notification in front of the caregiver when an alert is received, even if 

the hand menu is not open. 

• Organize alerts into collapsible groups per patient. 

 

Similarly, the medication intake window also received considerable attention, with participants 

suggesting the following: 

• Add navigation buttons to switch between different weeks, instead of only displaying 

the most recent one. 

• Allow simple management tasks (e.g. adjusting dosage quantities) directly in the AR 

interface, while still reserving more complex tasks for a traditional computer UI. 

• If possible, change the intake status to be per medication, instead of being global per 

time slot. Otherwise, improve clarity that it is global for that slot. 

• Show the number of items in a time slot, instead of a partial list of names, to summarize 

the window’s content. 

• Add access to additional details of each medication, such as its leaflet and 

administration instructions. 

 

In summary, the detailed feedback obtained from the open-ended questions offered highly 

valuable insights into the system’s current strengths and limitations, providing a roadmap of 

potential future improvements. 

5.7 Summary of Insights Obtained 

This case study showed how the AleRa system achieved its primary goal of delivering a usable 

and low-workload AR interface for remote patient monitoring. With an average SUS score of 

82.5, corresponding to an “A” grade and a “Good” rating in terms of usability benchmarks, and 

Raw-TLX workload indices consistently below 30, the system was perceived by the participants 

as intuitive and suitable for the defined nursing use cases. 
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Intuitiveness, clarity of visualization, and on-site mobility were recognized across groups as 

major advantages, while negative aspects focused primarily on existing technology constraints 

(e.g.: HMD weight, passthrough real-world distortion) and on a few responsiveness difficulties. 

The tutorial improved usability perceptions, in terms of physical demand and effort to use the 

system, yet also slightly raised mental demand, suggesting that training prior to using the 

system is beneficial but should be handled carefully to reduce cognitive workload. 

Participants showed a strong interest in further development of the system in general, and 

particularly of both the alerts and the medication intake features, offering suggestions such as 

patient photos in alerts, draggable windows, per-medication intake status, and support for 

gesture or haptic interactions. 

Overall, this case study validated AleRa’s feasibility as a supporting tool for caregivers, while at 

the same time gathering ideas on features that could be added, or extended upon, in future 

iterations. 
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6 Conclusions 

Advances in sensor technology and IoT have made remote patient monitoring an increasingly 

viable approach to support the evolving needs of healthcare facilities, allowing, for instance, 

the remote monitoring of vital signs, health anomalies, medication intake. Projects such as 

RM4Health build on these possibilities, for instance in its Portuguese use case, which focuses 

on the creation of an intelligent health monitoring ecosystem for seniors who live in residential 

homes or in domiciliary care.   

Still, while such systems can reduce the need for constant in-person supervision, they often 

require caregivers to remain near a computer to track patient data. This creates a challenge, 

since caregiving is fundamentally a hands-on role, and caregivers require freedom to move 

around within their facilities. 

AR technologies present a promising solution to this problem. Current literature shows active 

exploration of AR in diverse fields, such as Industry 4.0 [6], [7] and healthcare [8]. Yet, according 

to the literature review conducted, its potential for use in patient monitoring systems remains 

relatively underexplored. 

In response, this dissertation project proposed and developed the AleRa system, aiming to 

verify that using AR to provide context-sensitive overlays of patient information directly in a 

caregiver’s field of vision could enable continuous unobtrusive monitoring while allowing 

caregivers to remain actively engaged in direct patient care. The system was designed and 

implemented as two applications:  

• An HMD AR application, that translates familiar healthcare interfaces into the real-

world environment, including features such as real-time and historical vital sign 

visualization, alerts for abnormal conditions, and medication intake tracking.  

• A companion mobile application, synchronized with the main app through Websockets, 

that provides a few essential features, namely user authentication and QR code reading 

for patient selection, to compensate for limitations in current HMD technologies. 
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The dissertation focused on the design and development of intuitive AR interfaces for caregivers, 

that could also serve as a foundation for future applications in healthcare and other fields of 

study. For this, the system was implemented while adhering to good architectural and coding 

practices to maximize extensibility. The main features developed that are believed to contribute 

to the field of AR include: 

• A window-based interface with modular windows that follow the user as they move, 

providing a familiar interaction system to new AR users (see section 4.2.1). 

• A window displaying line charts of real-time vital sign data, namely heart rate, 

temperature, respiratory rate, and blood pressure (see section 4.2.6), fetched from a 

HL7 FHIR standardized server (see section 4.2.4). 

• A dedicated hand attached window, that provides the user with quick access to 

necessary functions. In this case, visualization of alerts regarding abnormal status of the 

patient’s vital signs (see section 4.2.6), and control over the currently visible windows 

(see section 4.2.1). 

• A window presenting line charts of historical vital signs data, for the four previously 

mentioned variables, combined with scatterplots for visualization of alerts (see section 

4.2.6). 

• Two windows showing, respectively, a patient’s weekly medication intake schedule, 

and details about the status of the medication in each time slot (see section 4.2.7). 

• A dynamic and interactive tutorial with step-by-step user progress checking, audio 

narrations and motivating cues, and 3D visualizations and animations, that allows to 

train caregivers, and users in general, on the use of an head-mounted AR system (see 

section 4.2.10).  

 

Additional proof-of-concept features were also prototyped, such as a window detailing 

medication administration information (see section 4.2.7 and Figure 10), voice recognition for 

text input (see section 4.2.8), and face recognition for patient selection (see section 4.2.9), 

which, although not tested in the case study due to ethical or privacy constraints, demonstrate 

promising directions for future research. 

In addition to the system development, a case study was conducted to validate its intuitiveness, 

usability, and usefulness in two specified use cases: The first for nurses assigned to the general 

ward or IMCU in a hospital, who require continuous patient information visualization, and the 

second for domiciliary nurses visiting a patient at their home, who need active interaction with 

the interfaces to access more detailed information. Sixteen participants completed the 

experiment and praised the benefits of being able to access patient data without being tied to 

a computer, the intuitiveness of the interface, and the high quality of the layout. The also 

highlighted this system’s potential applicability not only for the prepared health use cases 

tested, but also in their own fields of expertise. 
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Overall, this dissertation project achieved its stated objects, demonstrating that AR can be a 

valuable tool for caregivers joining both the advantages of digital patient monitoring and hands-

on care. The AleRa system addressed all set-out requirements, and contributed relevant insights 

to the specialization area of “Games, Graphics and Interactive Systems” of the Master in 

Informatics Engineering at ISEP. Finally, the development of this dissertation, along with 

collaboration in its related projects, also generated contributions to the academic and scientific 

community, detailed in the next section. 

6.1 Scientific Contributions 

As this dissertation project was carried out at the GECAD research center, one additional project 

objective was that the developed work should contribute to the submission of one or more 

scientific publications to international conferences and journals, indexed in Scopus and Web of 

Science, related to the research areas of health monitoring and/or augmented reality. 

The development of this dissertation project was connected to two international ITEA projects 

in the healthcare sector, namely Inno4Health, and its successor RM4Health. Collaboration 

within these two projects were conducted through research grants at GECAD during the three 

years of the Master in Informatics Engineering, and the resulting artifacts provided the 

foundation for the medical data logic behind this dissertation. 

Inno4Health9 – Contributions made included protecting the medical data stored in a deployed 

HAPI FHIR server instance, by developing an Authentication Server for JWT bearer token 

generation, and management and optimization of the FHIR server itself. Both of these servers 

were later expanded upon in the successor project RM4Health and eventually utilized by the 

AleRa system. 

RM4Health10  – Contributions made included the deployment and management of a more 

recent version of the HAPI FHIR server, as well as the design and implementation, together with 

other colleagues, of the complete system architecture, seen in Figure 1. Work done on 

RM4Health also involved defining the content and structure, according to FHIR resource 

standards, of all patient information needed to be stored. Much of this information model, 

particularly the vital signs, alerts, and medication information, were later the data considered 

available to retrieve and display in the AleRa system.  

The AleRa system then emerged from the ideas explored in these two projects, by adding a 

novel AR-based interface that allows caregivers to visualize medical data by integrating with the 

FHIR-based storage server and the Authentication Server. 

Participation and collaboration within the Inno4Health and RM4Health research projects, 

resulted in the publication of scientific articles that influenced the AleRa system’s logic and 

 
9 The Inno4Health project is presented on the ITEA portal [74] and on its official website [75]. 
10 The RM4Health project is presented on the ITEA portal [2] and on its official website [1]. 
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development process, namely 3 articles published to conferences and 1 article submitted to a 

journal: 

• A Remote Monitoring Platform for the Management of Lower Limb Vascular Diseases 

Julio Souza, Ana Vieira, Luís Conceição, Rafael Martins, Daniel Rodrigues, Gustavo 

Corrente, William Xavier, Sérgio Sampaio, Goreti Marreiros, and Alberto Freitas. 

“A Remote Monitoring Platform for the Management of Lower Limb Vascular Diseases,” 

Stud. Health Technol. Inform., vol. 302, pp. 1013–1014, May 2023, doi: 

10.3233/SHTI230330. 

 

This short conference paper describes fundamental components of Inno4Health’s 

system architecture, focusing on its data storage server, a rule-based coaching system 

for patients,  and an alert system that notifies physicians whenever vital sign threshold 

values are crossed. Although not explicitly stated on this paper, the data storage server 

was FHIR-compliant, and was the first iteration of the data storage server used by AleRa 

to fetch clinical data. Meanwhile, the alert system described in this short paper served 

as direct inspiration to the alert system developed for AleRa (see section 4.2.6). The 

coaching system was not utilized during AleRa’s development in this dissertation 

project, but since its generated recommendations are also stored in the FHIR server, 

they could be easily fetched and displayed in AleRa’s interfaces in future iterations. 

 

• Supporting Elderly Care Through an AI-Driven and FHIR-Based Remote Monitoring 

System 

Rafael Martins, Hugo Pereira, Gustavo Corrente, William Xavier, Luís Conceição, Alberto 

Freitas, and Goreti Marreiros. 

“Supporting Elderly Care Through an AI-Driven and FHIR-Based Remote Monitoring 

System” in Distributed Computing and Artificial Intelligence, Special Sessions II, 21st 

International Conference, G. Marreiros, L. Grande, J. P. Llerena, L. Conceição, H. Ko, M. 

Plaza, and M. Ricca, Eds., Cham: Springer Nature Switzerland, 2025, pp. 233–241. doi: 

10.1007/978-3-031-80946-0_22. 

 

This conference article describes RM4Health’s initially proposed system architecture, 

including both the FHIR-compliant data storage server and authentication server that 

were eventually developed and deployed, and with which AleRa was designed to be 

able to communicate to obtain all necessary clinical data (see sections 3.4 and 4.2.4). 

Furthermore, it defines a third server in RM4Health’s architecture capable of deriving 

additional critical information from sensor data, using internally developed AI models, 

such as medication intake, sleep patterns, and fall detection. Since this newly derived 

information is also stored in the FHIR server, it can be easily integrated into AleRa’s 

interfaces, as was the case with the medication intake (see section 4.2.7). 
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• Enhancing Medication Adherence with Computer Vision: Object Detection Models for 

Pill Detection 

Gabriel Pinto, Rafael Martins, Hugo Pereira, Rita Ribeiro, Luís Conceição, and Goreti 

Marreiros. 

“Enhancing Medication Adherence with Computer Vision: Object Detection Models for 

Pill Detection” in Emerging Trends in Information Systems and Technologies, Á. Rocha, 

H. Adeli, A. Poniszewska-Maranda, F. Moreira, I. Bianchi, Eds., Cham, Springer Nature 

Switzerland, 2025, ch.33, doi: 10.1007/978-3-031-97119-8_33. 

 

This conference paper details work done on training an object detection computer 

vision model capable of detecting if and where pills are present in an image. While the 

version in this paper utilized a public dataset of pills in a person’s hand, this model was 

later refined, during the RM4Health project, to utilize images of a rectangular weekly 

medication blister, taken by a camera mounted on a medication device, which then 

allows to monitor medication intake by comparing pill positions to the patient’s weekly 

prescribed medication. The insights derived from this model were directly integrated 

into AleRa’s interfaces, which show a colored grid interface of prescribed medications 

and their intake status, and even the raw blister images taken by the medication device, 

to allow manual confirmation of the model insights by the caregivers (see section 4.2.7).  

 

• A Systematic Review on Wearable-enabled Remote Health Monitoring 

Rita Ribeiro, Rafael Martins, Hugo Pereira, Vítor Crista, Júlio Souza, Rute Almeida, Diogo 

Martinho, Luís Conceição, Alberto Freitas, and Goreti Marreiros. 

“A Systematic Review on Wearable-enabled Remote Health Monitoring”, submitted to 

Digital Health. 

 

This journal article consists of a systematic review done on the topic of remote health 

monitoring, as part of RM4Health’s project development. Based on the main research 

question “What is the current state-of-the-art regarding the use of wearable 

technologies for remote health monitoring?", articles were identified, screened, and 

included following the PRISMA guidelines, and the resulting papers were reviewed and 

had their main contributions to literature extracted and synthesized. Participation in 

this larger-scale systematic review positively influenced the literature review carried 

out during this dissertation (see section 2.1), as it provided experience on good 

practices to follow and on the operation of the PRISMA guidelines. In turn, the literature 

review done during this dissertation contributed to the design of various AleRa 

components. 

 

Furthermore, collaboration and work done within the Inno4Health and RM4Health research 

projects also resulted in the publication of other scientific articles, which although their topics 

did not directly influence the development of the current AleRa system, have potential for 
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integration in future iterations. These papers are comprised of 2 articles published and 

presented in conferences and 1 article submitted to a journal: 

• Multi-class Model to Predict Pain on Lower Limb Intermittent Claudication Patients 

Rafael Martins, Luís Conceição, Gustavo Corrente, William Xavier, Júlio Souza, Alberto 

Freitas, and Goreti Marreiros. 

“Multi-class Model to Predict Pain on Lower Limb Intermittent Claudication Patients” 

in Good Practices and New Perspectives in Information Systems and Technologies, Á. 

Rocha, H. Adeli, G. Dzemyda, F. Moreira, and A. Poniszewska-Marańda, Eds., Cham: 

Springer Nature Switzerland, 2024, pp. 44–53. doi: 10.1007/978-3-031-60218-4_5. 

 

This conference article describes the development, training, and comparation of four 

multi-class classification machine learning (ML) models capable of detecting the 

existence and, depending on the model, the location of pain in the legs of patients 

diagnosed with intermediate claudication. Alerts generated from the output of these 

models could also be integrated into the AleRa alerts feature, in future iterations. 

 

• Optimizing AI Models for Fall Detection on Resource-Constrained Embedded Systems 

Francisco Loureiro, Gabriel Pinto, Rafael Martins, William Xavier, Gustavo Corrente, Luís 

Conceição, and Goreti Marreiros. 

“Optimizing AI Models for Fall Detection on Resource-Constrained Embedded Systems”, 

in Distributed Computing and Artificial Intelligence, Special Sessions, 22nd International 

Conference, Lecture Notes in Networks and Systems, Cham: Springer Nature 

Switzerland, 2025, in press. 

 

This conference article details work done on the development of artificial neural 

network models for detecting falls using triaxial accelerometer and gyroscope signal 

data, and more importantly, the size optimization of these models to be able to embed 

the final version in a wearable device, allowing fall detection and alerting with low 

latency. Although the final model is expected to be embedded in a wearable device, the 

fall alerts are still planned to be stored in RM4Health’s FHIR-compliant data storage 

server, and as such could be fetched by and integrated into AleRa’s interfaces in future 

iterations. 

 

• Comprehensive Analysis of Machine Learning Models for Five-Class Sleep Stage 

Classification Using PPG Signals 

Rafael Martins, Rita Ribeiro, Hugo Pereira, Vasco Silva, Alberto Freitas, Rute Almeida, 

Goreti Marreiros, and Luís Conceição. 

“Comprehensive Analysis of Machine Learning Models for Five-Class Sleep Stage 

Classification Using PPG Signals”, submitted to Scientific Reports. 

 

This journal article discusses the signal processing of photoplethysmography data and 

model architecture implemented to construct ML models capable of classifying sleep 
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into five stages, well-established in literature: awake, light sleep (stages 1 and 2), deep 

sleep, and rapid-eye movement. The outputs of these models are expected to be stored 

in RM4Health’s data storage server, and as such could easily be integrated into AleRa’s 

interfaces in future work. 

6.2 Limitations and Future Work 

The developed AleRa system achieved its set-out objectives and contributed positively to 

scientific community. Nonetheless, during the system’s design, implementation, and evaluation, 

several limitations were identified, many of which were reiterated by the participants during 

the case study. These limitations suggest important opportunities for future work both In 

research and in technical development. 

6.2.1 Hardware Limitations  

A major limitation found in current HMDs is that most vendors deny or heavily restrict 

developer access to the device’s cameras, which limits the development of context-awareness 

and image-processing features that could significantly enhance AR experiences. More specific 

to the Meta Quest 3 HMD, it was observed that the passthrough AR functionality causes 

distortion and blurring of the real world, which hinders smooth interaction with physical objects. 

This in turn contributes to other limitations, such as the negative experience participants felt 

when having to operate the secondary mobile app for certain functionality. Although only 

observed on the Quest 3, this limitation is assumed to also affect other vendor devices to some 

extent. Additionally, another limitation detected on the Quest 3, but predicted to be a more 

general problem, is the considerable weight of the device, which creates discomfort in users 

after extended use.  

Still, the AR field is rapidly evolving. Meta has recently announced both developer access to the 

Quest 3 cameras [41], and their future product, Meta Orion [73], a new lightweight AR device. 

Future work on AleRa or similar projects could therefore revisit this system with these new tools 

and explore how these new functionalities affect usability and feasibility. 

6.2.2 Existing Software Limitations 

Strong efforts have been made by vendors to provide compatibility with open standards such 

as OpenXR and the XR Interaction Toolkit. However, these standards mainly provide low-level 

development tools, with commonly expected interface elements such as windows or menus 

having to be developed on the spot, which limits the rate at which AR applications for specific 

use cases can be created.  

The AleRa system aimed in part to contribute to this direction by implementing a window-based 

interface with modularity and reusability in mind. Future work could extend this approach into 
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a completely modular and context independent framework, that could be used as the 

foundation for multiple future AR applications in healthcare and other fields. 

6.2.3 Developed System Limitations 

Most negative aspects noted during development and by case study participants were tied to 

the existing hardware and software limitations, as described in the previous sections, and 

cannot be fixed by improvements to AleRa alone. Still, a few negative aspects that could be 

alleviated in future iterations are the responsiveness of some UI elements, and a shift to less 

reliance on the companion mobile app.      

Addressing these issues in future work, in AleRa or similar projects, would further improve AR’s 

viability in caregiving practice. 

6.2.4 Feature Extensions 

Finally, with the case study feedback from the participants, various ideas for future functionality 

were gathered. For instance, a participant with health expertise suggested a patient location 

tracking functionality within hospitals or other healthcare facilities, while others requested an 

additional window to be added to the medication intake component, that would allow 

caregivers to search and visualize detailed medication information such as administration 

instructions. Additionally, other features from the health projects Inno4Health and RM4Health, 

such as coaching system recommendations, sleep pattern displaying and fall detection alerts 

could also be added to the AleRa system in future iterations. 

Incorporating such features in future work would expand the system’s framework applicability 

in different use cases, to further validate AR’s potential in healthcare contexts.  
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Appendix B – Evaluation Questionnaire 
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