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Zusammenfassung


In den letzten Jahren ist die Zahl der Menschen, die sich für den Pflegeberuf entscheiden, zurückgegangen. Gleichzeitig verlassen immer mehr erfahrene Pflegefachpersonen ihren Beruf, weil sich die Arbeitsbedingungen verschlechtern. Einer der Gründe, insbesondere auf der Intensivstation, ist der allgegenwärtige Stresspegel. Chronischer Stress kann zu gesundheitlichen Problemen bei den Pflegefachpersonen führen, ihre Entscheidungsfindung beeinträchtigen und fatale Folgen für die Patienten haben. Das Stressniveau wird durch verschiedene Stressoren erhöht, wie beispielsweise häufige akustische Alarme, Zeitdruck, oder emotionale Beziehungen zu Patienten und deren Angehörigen. Es gibt jedoch Möglichkeiten, den richtigen Umgang mit Stress zu erlernen, welche bereits in der Pflegeausbildung eingesetzt werden können.. Der Status quo verwendet sowohl Rollenspiele im Klassenzimmer als auch detaillierte Szenarien in so genannten Skills Labs. Da beide Lernformen mit Nachteilen wie beispielsweise Verfügbarkeit oder niedrigem Realismus verbunden sind, soll in dieser Dissertation in einem partizipativen Ansatz erforscht werden, welche Stressoren aus der Intensivstation in die virtuelle Realität (VR) implementiert werden können. Ein weiteres Ziel ist es zu erforschen, welches Potenzial zur Stresssteigerung bei den Teilnehmenden im Hinblick auf ihre Nützlichkeit im Stressimpfungstraining besteht. Ziel ist es, VR als Lehrmittel zu positionieren, das einen Kompromiss zwischen dem Realismus von Skills Labs und den niedrigschwelligen finanziellen Belastungen von Rollenspielen abbildet und mit der hohen Verfügbarkeit und den vielfältigen Einsatzmöglichkeiten der VR-Technologie kombiniert. Auf Basis einer umfassenden Bedarfsanalyse wurde ein Studienapparatus aus vier Komponenten entwickelt, die in verschiedenen Nutzendenstudien zum Einsatz kamen.


Unsere Ergebnisse zeigen, dass die virtuelle Nachbildung von Alarmbelastung, Zeitdruck und moralischer Verletzung einen Einfluss auf das Stressniveau der Teilnehmenden haben. Dies wurde sowohl durch objektive als auch subjektive Messverfahren, d.h. Veränderungen der Vitalfunktionen und Fragebögen, nachgewiesen. Darüber hinaus deuten die Ergebnisse auf eine hohe Präsenz während der Experimentierphasen hin. Durch einen Vergleich der virtuellen Intensivstation mit einer den wahren Gegebenheiten nachempfundenen Laborumgebung (Skills Lab) zwecks ökologischer Validierung konnte auch gezeigt werden, dass zwischen den beiden Realitätsstufen kein signifikanter Unterschied im Bezug auf die verschiedenen Dimensionen des Simulationsrealismus aufweist. Es lässt sich festhalten, dass VR als kostengünstiges Schulungsmittel einsetzbar ist, das die Vorteile aktuell genutzter Lehrtechniken verbindet.


Die in dieser Arbeit durchgeführten Studien zeigen, dass die VR Technologie ein vielseitig einsetzbares Tool mit einer hohen Validität in der Stressinduktion sein kann. Die zahlreichen Möglichkeiten zur Simulation machen VR zu einer sinnvollen, kostengünstigen und als realistisch empfundenen Alternative zu Skills Labs zur Unterstützung der momentanen Pflegeausbildung. Zukünftige Forschungsarbeiten sollen den Einfluss verschiedener Interaktionsmöglichkeiten innerhalb der VR evaluieren und die Effekte von Multi-User Szenarien genauer betrachten. Auch die mögliche Integration in den Pflegeunterricht sowie stresssenkende Effekte und Einfluss auf die Wissensretention bieten weitere Forschungsansätze.









Abstract


In recent years, the number of people opting for the nursing profession has decreased. At the same time, more and more senior nurses are leaving the profession because of deteriorating working conditions. One reason, particularly in the intensive care unit (ICU), is the ever-present level of stress on a ward. Chronic stress can lead to health problems for nurses, impair decision-making, and have fatal consequences for patients. Stress levels are increased by various stressors, such as frequent audible alarms, time pressure, emotional relationships with patients and their families, and others. Yet, there are ways to learn how to deal with stress more appropriately and these can be applied as early as during the nursing apprenticeship. The status quo uses both role-playing in the classroom and detailed scenarios in socalled skills labs. Since both forms of learning are associated with disadvantages, such as availability or low perceived realism, this dissertation uses a participatory approach to explore which stressors from the ICU can be implemented in virtual reality (VR) and what potential exists for increasing stress in participants concerning their usefulness in stress inoculation training. The aim is to position VR as a teaching tool that combines the realism of skills labs and the low-threshold financial burden of role-playing games with the high availability and diverse application possibilities of VR technology. Based on a comprehensive requirement analysis, we developed a study apparatus comprising four components, which were utilized in different user studies.


The results of our user studies show that the virtual replica of alarm stress, time pressure, and moral distress have an impact on participants' stress levels, as demonstrated by both objective and subjective measures, i.e. changes in vital signs and questionnaires. In addition, the results indicate a high level of presence during the experimental phases. By comparing the virtual ICU with a laboratory environment modeled after real-world conditions (skills lab) for ecological validation, we were also able to show that there is no significant difference between the two reality levels within the different dimensions of simulation realism. It can be concluded that VR can be used as a cost-effective training tool that combines the advantages of currently used teaching techniques.


The studies conducted in this thesis show that VR technology can be a versatile tool with high validity in stress induction. The broad possibilities for simulation make VR a useful, cost-effective support for current nursing training that is perceived as real. Future research should evaluate the influence of different interaction possibilities within VR and take a closer look at the effects of multi-user scenarios. The possible integration into nursing teaching as well as stress-reducing effects and influence on knowledge retention also offer further research approaches.
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"VR creates routine,
 routine creates certainty,
 certainty creates trust."


-P13









1 Introduction


Nurses are a vital pillar of the healthcare system, and their profession belongs to the most stressful professions one can choose as a career path. This is true even more so for the intensive care unit (ICU), a safety critical ward for patients recovering from life-threatening issues. The environment and working conditions for ICU staff are inherently stressful, especially during extraordinary situations (cf. Figure 1.1.1). The primary sources of stress are physical overload, emotional situations involving patients and their families, dealing with dying and death, and little interaction with colleagues or support from supervisor(s). The stress that ICU nurses are exposed to has a great impact on both their professional and private lives. There is an extensive body of research linking occupational stress to reduced job satisfaction and patient care, higher staff turnover, worsening performance on the job, burnout, and absenteeism [RF11, MJM12, KMOO].


Even though short-term stress can improve focus, task efficiency, and cognitive abilities, prolonged stress can have serious consequences [GDM11]. It can negatively affect feelings of self-worth, create feelings of inadequacy, and contribute to intercollegiate conflict. Stress can have negative effects on nurses' health, including heart disease, depression, burnout, and in severe cases, post-traumatic stress disorder (PTSD). In fact, Mealer et al. show that nurses in the ICU are more prone to suffering from PTSD than other subgroups in the profession [MSB+07]. In addition, the stress increases the risk of inattentiveness and involuntary negligence, which in turn puts patients at risk. It is safe to say that the nursing profession is one of the most stressful ones. The percentage of members of the workforce suffering from stress and illness is noticeably higher (between 14% and 18%) when compared to the general population [KPGW16].


Chronic stress in an ICU is one of the major reasons for staff leaving the workforce early. Considering the increasing number of elderly people and thus a growing number of people in need of care puts the health care system under strain. For Germany, it is estimated that the number of patients (in the long-term care sector alone) will grow by 70% by 2050 [RKM+15]. To deal with this increase in patients, more nurses are required. Similarly, the American Association of Colleges for Nursing describes that nursing schools have had problems in the past with low enrollment numbers for nursing college programs, citing staff shortages and insufficient clinical placements [Ros]. These numbers demonstrate that securing care will be increasingly difficult and poses one of the greatest challenges of the future. To support nursing staff, the development and implementation of mental health programs, i.e. reducing stress and thus improving job satisfaction and overall health, could prove beneficial [CBH+06].
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Figure 1.1: Two nurses in full personal protective gear tending to a COVID-19 patient.





Policymakers on both governmental and institutional levels need to implement a range of approaches that include both short- and long-term solutions to counter a pending nursing shortage. This includes improvements on the management level to increase job satisfaction, such as flexible schedules, or the utilization of modern technologies to help relieve some of the burden, both physical and mental. For nurses to respond more effectively to occupational stressors, i.e. to boost resilience, both professional and mental resources need to be increased. In the organizational context, resilience means the ability to respond to stressors in an appropriate and timely fashion [VR21]. Fortunately, dealing with stress can be learned and trained, so the investment in mental health can start as early as during the apprenticeship.


Over the years, several individual interventions to decrease occupational stress as well as coping mechanisms have been used and taught in nursing. In a review of these techniques, Velana and Rinkenauer found and investigated 27 publications working on this topic. The research presented in their review most commonly applied technology-delivered interventions for stress management, using websites or mobile phone apps. Other forms can be classified into mindfulness and spirituality interventions, cognitive-behavioral approaches, and physical approaches [VR21]. Most of them, however, do not fit into the educational context or have to be repeated at regular intervals (physical approaches like massages or acupuncture). Approaches that employ mindfulness and spirituality require nurses to dedicate some time during the day (mantras, breathing exercises). A sensible approach would thus be to teach nurses the necessary skills to cope with stressors before the stress becomes overwhelming. Velana and Rinkenauer include one study in their review that uses a smartphone-based approach for self-help stress management called stress inoculation training (SIT) [VGC+13]. SIT is a general, framework-like approach in which stressors are simulated so one can learn to cope with them before handling the non-simulated stress. As simulations, i.e. mimicked versions of real environments or entities [EAHB15], they can be implemented into the education of nursing apprentices, as teaching in the classroom is not only carried out in the form of traditional frontal teaching. Other forms of simulation, such as role-playing, are also employed.


Role-plays are called experiential learning that can be delivered in different degrees of reality. They can be used with students individually (one-to-one) or as group role-plays [RS10]. Participants take on a role and follow a designated script. Role-plays can range in realism from scenarios in which only roles are taken on, to classrooms that are partially rearranged and equipped with medical equipment for greater realism, to so-called skills labs, specially equipped laboratories in which sometimes professional actors play a role. Role-playing can immerse learners in a simulated real-life situation that is experienced in an implicitly safe environment. They are highly adaptable and cost-effective, in contrast to simulations or standardized patients which can be expensive and require training to be used correctly [BC23]. Simulations focus more on the general situation as well as problem-solving and aid in the development of awareness for the environment students will work in. While in the late stages of the apprenticeship, students learn in the field, this is not the case for first or second-year students, where simulation techniques are most commonly implemented. As role plays are often conducted during classes, they happen mostly in classrooms, at times temporarily rearranged as makeshift patient rooms.


In some cases, educational facilities have set up a clinical skills laboratory (CSL), or at least have access to one. CSLs are rooms modeled after real clinical environments. In the early 2000s, they became an educational tool wherein students could learn and try their newly acquired skills in an implicitly safe simulation environment. Safety is one of the best arguments for CSLs, as it helps to remove pressure from students as well as protect patients [EAHB15]. The acquisition of practical skills in the CSL is organized in various ways, using different educational approaches and simulation levels. The simulation fidelity may vary, ranging from low- and medium-fidelity simulation, to high-fidelity simulation where different healthcare scenarios are built with computerized models [HarlO], see Figure 1.2. Using simulations, one can create replicas of certain aspects in varying degrees of fidelity and provide students with learning opportunities in a safe environment until competency in a particular skill is achieved [SN21].


These approaches all have their benefits and drawbacks. Schools, in many cases, have to fall back to using training based on role-play in re-purposed classrooms for financial reasons, which may lack the necessary realism for safety critical or stressful situations [HRP13]. Furthermore, the CSL would only operate during the opening hours of the school, thus students are limited in their ability to learn in their spare time. Using virtual reality, one could not only combine the advantages of both of these teaching methods but at the same remove the disadvantages.
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Figure 1.2: Provisionary patient rooms in a classroom (left) and a highly realistic skills labs are at opposing ends of possible realism for educational environments.


Virtual Reality, VR for short, is defined as "a computer-generated digital environment that can be experienced and interacted with as if that environment were real" [Jer15]. For this dissertation, we consider head-worn displays as a means of experiencing VR, even though there are other modalities. Using computer-generated environments, it is possible to create highly realistic depictions of hospital rooms, as well as the acoustic atmosphere. Through the application of virtual characters or multi-user applications, role-play scenarios can be experienced, even at a distance. It further allows creating rare, but critical situations, such as dementia patients or aggressive patient families. These situations can then be experienced in an inherently safe virtual environment (VE). Modern VR systems are mobile, so students can use them at home and continue learning in their spare time. Additionally, consumer devices are affordable and thus available on a low budget. The immersive capabilities of virtual reality make it a viable and powerful tool in nursing education. Another advantage of VR simulations is the high repeatability and reproducibility of training scenarios. In these training scenarios, one can combine simulations and role-play in a game-like experience. Games can be an engaging, highly authentic learning experience. The timely feedback provided in games supports the student's grasp of a subject and supports the application of learned skills in real situations [CG09].


The idea is to create a VR skills lab where students can use SIT within a virtual ICU. This way, they can become familiar with the inherent stress of their profession and the right coping strategies. Research shows that VR as an ecologically valid simulation environment has been successfully used as a tool for SIT simulation in other disciplines [FKD+18a, CJH+19]. Until now, the application of this combination has not been specifically used in the nursing profession. There is a lack of implementation of (intensive) care stressors in VR and evaluation of their ability to generate stress. This dissertation contributes to the implementation and demonstrates the effectiveness of virtual stressors for use in stress training.




1.1 Challenges and Opportunities


The challenges of inducing stress through VR experiences are discussed in this section. As related work has demonstrated, VR has been successfully used as a powerful simulation tool in other safety-critical professions, such as medicine [GBW+16], aviation [VCJ17], as well as police [BMC15] and firefighting [GJ21] operations. There is also existing research that combines VR with SIT as part of pre-deployment training for emergency medical technicians [PWD+19a]. By using SIT in VR, it could be possible to support nurses in acquiring the right coping skills or developing stress resilience through different trainings.


However, the literature in the field shows several factors that need to be considered to make SIT usable for nurse education. To the best of our knowledge, there is no published research specifically combining VR and SIT for nurses. It is therefore not currently known what is required of the virtual ICU environment to be perceived as real, or what stressors can and should be used to apply SIT. Yet, SIT is only an effective anti-stress tool if utilized correctly. This also includes using potent stressors, as otherwise, a stress reaction can not be evoked, rendering the intervention pointless. Furthermore, related work has only in a few cases compared the realism or stress-inducing capabilities with non-HMD results, e.g. [CJH+19]. To position VR as a useful solution, however, it is crucial to compare results to the status quo.


Creating an Immersive Environment


Establishing a robust connection between the simulated situation and how students perceive its fidelity and realism is crucial to creating a truly authentic scenario and poses the first challenge. Immersion and realism are key to drawing students to the technology and committing to learning with it [MMP+18, NBR13]. It has been shown that perceived realism influences both the attainment and retention of knowledge. This methodology allows the creation of fictional environments that replicate real situations. The more realistic the situation presented and perceived, the better the participants can immerse themselves in the simulation and achieve the learning and training objectives [CMPMSI+23].


Stressors Need to be Effective


The second challenge is the design and implementation of the stressors in VR, which must closely resemble their real-life counterparts for SIT to succeed. Further, the stressors used in the training need to increase the stress level of the trainee. To ensure this, the change in stress level during the experience must be measured. On the one hand, this is important to demonstrate that virtual stressors influence stress levels, and on the other, to enable teachers and students to evaluate progress in the development and application of stress-coping skills.


From the Lab to the Classroom


The third challenge is being able to estimate on how closely the stress that has been created in such a VR simulation resembles the stress that is being experienced by trainees in a skills lab. By achieving similar stress levels in both situations, one could argue for the financial benefits of VR simulations without the low realism levels of a classroom role-play, and the bonus of availability and mobility of modern VR systems.


1.2 Research Goals and Contributions


The aforementioned challenges are the starting point for the research presented in this dissertation. This section serves to more closely describe the challenges and formulate the research questions (RQs) we have been contributing to. As presented, it is paramount to help nurses cope with occupational stress not only in their own interest but also in the interest of patients and to relieve the burden on the healthcare system.


Research has shown that while several coping strategies are available and have been used, many of them fall short of delivering long-term effects or require several weeks to take effect. Current VR headsets can cost-effectively deliver highly immersive environments and have shown to be an effective tool for SIT. Nevertheless, related research has tested only the stress-inducing capabilities of their scenarios in isolation. We strive to create a more holistic experience that takes into account both nursing teachers and students, to show that it is an effective tool for stress inoculation and that it could serve as an additional simulation tool to CSL. Following the Human-Centred-Design Process [ISO19], the first research question, therefore, deals with the requirements of prospective end users:


RQ1: What are the requirements for VR software to be used as a stress management tool in nursing training?


We make the following contributions: First, we collect organizational and technological requirements by synthesizing data from shadowing sessions, focus groups, expert interviews, and an online survey. Second, based on these requirements we develop an apparatus and virtual environment that is suitable for educational institutions. Third, we identify relevant stressors that are named frequently as major contributors to occupational stress: time pressure, task interruption, and moral distress. Finally, we provide a measurement toolbox to measure the change in stress levels both on from an objective and a subjective point of view.


SIT can only develop a positive effect on stress coping when the simulated stressors evoke a stress reaction from the participants. If a stressor is ineffective, the nervous system will not react and there is no need to apply coping mechanisms. Therefore, the major part of this thesis deals with the analysis of the effects of the implemented stressors, covering different stressor categories to address the second research question:


RQ2: How can different occupational stressors from the nursing profession be replicated in VR and what effect do they have on users?


We address this question by researching the effect of three different stressors. Through participatory design, we iteratively conceptualize virtual versions of the stressors and subsequently implement them into the virtual ICU. By exposing study participants to these stressors and collecting information about their stress levels pre- and post-experiment, we demonstrate that the mimicked stressors have a stressinducing ability and can thus be used as part of an SIT. We further present insights on the mental workload of the experiment.


Having investigated the efficacy of the stress-inducing capabilities of the virtual software, the last research question aims at the ecological validity of the experiment, as factors such as novelty and usability of the VR system may influence the stress reaction. This is investigated in RQ3:


RQ3 To what extent are VR stress and real stress comparable when using a full simulation?


To make statements about the ecological validity of the VR environment, we create a new scenario encompassing all three previously measured stressors and implement it in both VR as well as our own skills lab. We contribute the results of objective and subjective stress measures, as well as the comparison in simulator realism of both environments as measured by the ProRealSim questionnaire [CMPMSI+23]. The results of this study thus provide important insights into the perceived realism of our VR scenario when compared to an equal scenario that is presented in a skills lab. We show that VR can mimic the realism of a skills lab.


1.3 Methodology


As we aim to develop for a specific professional group, we need to ensure that our research takes into account the very particular needs and requirements associated with the profession and its training. To achieve results that meet these requirements, we follow the Human-Centred Design (HCD) process described in Chapter 7 of the DIN-ISO 9241-210 standard. The HCD process is an iterative cycle of four interlinked human-centered design activities [ISO19]. However, before we started the implementation, we carried out comprehensive requirements engineering. With this process, we identified stakeholders and their needs. The process also includes analysis, communication, and the subsequent implementation [Sut02]. In short, requirements engineering ensures that we are "designing the right thing" [Boe81].


Because of this, we involve the target group in the processes early on to emphasize that both the development and the evaluation of the experimental scenarios are strongly supported by nurses and nurse educators. Throughout our research, we collected feedback on the studies and adopted the suggestions in the virtual skills lab in an iterative manner.


For this thesis, we used a mixed methods approach with an exploratory sequential design, i.e. we implemented a series of different VR scenarios based on extensive expert knowledge. Subsequently, we evaluated the scenarios with members of the target group to gain insight into the effects the scenarios have on users, which is in line with the concept of "research for design". To contribute to the first research question, we collected requirements and design ideas in the form of multiple semistructured interviews, focus groups, and shadowing in both professional and educational contexts. These approaches provide a deep insight into the professional environment, e.g. how an intensive care unit is structured, what tasks are involved there, and further how students are currently educated, what methods are used, and what problems arise. In doing so, we created an extensive knowledge base from which we built the different building blocks used in these studies, i.e. a laboratory for mixed reality research, the virtual skills lab, and the stressors and scenarios used during the experimental studies. We further combined an established storytelling technique with suggestions gained from expert interviews. The resulting VR scenarios as well as the research artifacts are examined in user studies concerning their stress induction capabilities and various other qualities.


The combination of quantitative and qualitative research methods allowed us not only to investigate the effectiveness of the stressors but also to acquire feedback in the form of questionnaires. These questionnaires were used to gain insight into other relevant factors such as felt presence (IPQ [SFR01], the task load [HS88], and realism [CMPMSI+23]). We executed several experimental studies to investigate the effect of several isolated stressors specifically. In the user studies, we utilized both physiological and subjective parameters to quantify the stress responses of participants thus contributing to the second research question. It should be noted, however, that although laboratory studies make it possible to exclude confounding factors, the results should not be regarded as universally valid. For this reason, the final study aimed to answer the third research question by investigating how participants' responses differed between the virtual ICU environment and a skills lab.


The combination of these methods makes it possible to draw holistic conclusions about the stress response and perceived realism within the virtual skills lab as opposed to the status quo in education. Based on these findings, we derive recommendations for the design and implementation of similar environments and experiments for practitioners and give an outlook for future research.


1.4 Thesis Outline


In this section, we provide an overview of the contents of each chapter of this dissertation. A graphical representation of the general content structure can be found in Figure 1.3.


Chapter 1 aggregates knowledge about the major topics of this dissertation: stress, nursing care, and virtual reality. We introduce what stress means in nursing and how caretakers receive education. Further, this chapter briefly describes how stress management can be integrated into education and what role VR can play as a part of simulation and role plays. The chapter also deals with the challenges that come with the research goals. Subsequently, we describe our general research approach, summarize the contributions made, and end the chapter with a list of the published research.


Chapter 2 lays the knowledge foundation about stress, its triggers and consequences, and why stress is particularly critical in the nursing context. Furthermore, we describe stress coping mechanisms, specifically SIT. The chapter also describes how stress can be measured. It further provides a basic understanding of VR technology and its underlying concepts. We show the results of an extensive literature review on previous work using VR to induce stress and derive ways how stressors from the nursing context could be transferred into VR. We also outline current applications in nursing education. Ultimately, the chapter highlights how VR is already being used in stress management.


Chapter 3 provides contributions to RQ1, as it discusses the user research we performed to collect the requirements for VR-based SIT training in the educational context. Further, we present the development of the overarching study system we used to create and evaluate the stressful scenarios described in Chapters 4, 5, and 6: a mixed reality laboratory, the virtual environment used in the studies, a scenario control software, and the measurement battery we employed to quantify the stress response in our participants.


Chapter 4 and Chapter 5 contribute to RQ2. Chapter 4 demonstrates the research on the environmental stress present in an ICU ward, what stressors are involved, and how they can be replicated in VR. We describe in detail how we designed and evaluated a user study comparing the effect of both time pressure and task interruption as these are very prevalent stressors in the intensive care unit.


Chapter 5, on the other hand, explores the effects of a mental stressor: moral distress. A moral violation occurs when people are asked to act contrary to their knowledge or their moral compass. We create a storyline along the three-act structure for storytelling, focusing on a moral violation. We employ artificial characters, to demand a specific course of action from trial participants, against their better judgment and measure the effect this has on their stress levels.
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Chapter 6 investigates the ecological validity of the VR situation in a comparative study with a skills lab and therefore contributes to RQ3. We combine the stressors from the previous chapters to create a general test scenario. We present an upgraded storyline for moral distress and outline improvements in the details of the virtual environment. Expert knowledge is used to evaluate the artificial situation with respect to the degree of realism and the stress-inducing qualities in both the virtual and the laboratory simulation. The goal is to gain insight as to whether VR is capable of acting as a mobile, highly available skills lab.


Finally, Chapter 7 aggregates and highlights the contributions of this work and gives recommendations on how to conduct similar studies. Additionally, we discuss the systems' limitations and map out future research directions that have been discovered based on the results of the studies presented herein.


1.5 Contributions


The results of this work make several contributions. First, we present the systematic design and implementation of a specialized system for conducting studies in the context of intensive care with a high degree of realism, from requirements gathering to implementation. Secondly, we show how to design a stress induction and measurement apparatus using commercially available sensor technology and VR hardware. These results are highly relevant to other researchers in the field, as they can rely on the results to set up their study apparatus. The time-consuming process of designing a lab environment and selecting the right hardware can be greatly reduced.


The third contribution of this dissertation is the ecological validation of the results using a real-world scenario. Our results show that the virtual ICU environment is equivalent to a skills lab in terms of simulation quality. This shows that VR is a costeffective, highly available alternative for simulation-based training. These results may be relevant for educators who do not have access to highly specialized skills labs, or for expert training that cannot take place on-site. Many important scenarios can be repeated and practiced by students as needed in a risk-free, self-directed manner.


Parts of this work have been published in scientific, peer-reviewed journals and conferences with a focus on human-computer interaction. The following list iterates over these publications, sorted by date, in ascending order. References will also be given in the respective chapters of these works are referenced in.
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