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ABSTRACT 

High-quality chest compressions are essential for effective cardiopulmonary 
resuscitation (CPR), yet achieving and maintaining optimal compression depth and 
rate remains challenging. Most standalone CPR feedback devices focus solely on 
monitoring compression depth and rate, and many are rigid and inflexible, which can 
lead to hand discomfort and pain. This study aimed to develop a concept, design a 
prototype, and test a wearable feedback device (the Resuscitation glove) that 
monitors chest-compression quality during cardiopulmonary resuscitation. 

The research was conducted within the medical device development process 
framework, which describes three phases of early-stage development: I) Concept, II) 
Prototype Design, and III) Prototype Testing. Two studies, including a systematic 
review (Paper I) and a qualitative study (Paper II), were conducted in phase I to 
identify existing gaps and define user requirements, guiding the development of a 
new device. The proof-of-concept study (Study III) in phase II summarised the 
iterative prototype design process. A simulation-based study (Paper IV), followed 
by a usability questionnaire in phase III, evaluated the effectiveness and usability of 
the designed prototype. 

The systematic review (Paper I) revealed that the standalone feedback device 
played a crucial role in improving specific chest compression parameters. However, 
users have reported discomfort and pain in their hands when using rigid feedback 
devices. The qualitative study (Paper II) identified 10 themes describing users’ needs 
and factors influencing the acceptability of the CPR feedback device. The proof-of-
concept study (Paper III) demonstrated that the Resuscitation glove is feasible and 
can provide feedback on specific chest compression parameters. The fourth Study 
(Paper IV) was conducted to test the effectiveness and usability of the resuscitation 
glove. The resuscitation glove improved certain chest compression parameters, but 
its usability score was at the lower end of the acceptable range. 

Based on the preliminary findings, the resuscitation glove may improve certain 
chest compression parameters and potentially reduce rescuers' hand discomfort 
associated with rigid feedback devices. 

KEYWORDS: Cardiac arrest, CPR, feedback devices, medical device, rescuers   
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TIIVISTELMÄ 

Laadukas paineluelvytys on olennaista tehokkaan painelu-puhalluselvytyksen (PPE) 
kannalta, mutta optimaalisen painelusyvyyden ja -taajuuden saavuttaminen ja 
ylläpitäminen on haastavaa. Useimmat itsenäiset PPE-palautelaitteet keskittyvät 
ainoastaan painelusyvyyden ja -taajuuden seurantaan ja monet näistä ovat jäykkiä ja 
taipumattomia, mikä voi aiheuttaa käsien epämukavuutta ja kipua. Tutkimuksen 
tavoitteena oli kehittää konsepti, suunnitella prototyyppi ja testata puettava 
palautelaite (elvytyshanska), joka seuraa paineluelvytyksen laatua PPE:n aikana. 

Tutkimus toteutettiin lääkinnällisten laitteiden kehitysprosessin viitekehyksen 
kolmen vaiheen kautta: I) Konsepti, II) Prototyypin suunnittelu ja III) Prototyypin 
testaus. Vaiheessa I suoritettiin systemaattinen katsaus (Artikkeli I) ja laadullinen 
tutkimus (Artikkeli II), joiden tarkoituksena oli tunnistaa nykyiset puutteet ja 
määritellä käyttäjävaatimukset uuden laitteen kehittämiseksi. Vaiheessa II (Artikkeli 
III) kuvattiin prototyypin iteratiivista suunnitteluprosessia. Suunnitellun prototyypin 
tehokkuutta ja käytettävyyttä arvioitiin simulaatiopohjaisella tutkimuksella 
(Artikkeli IV) ja käytettävyyskyselyllä vaiheessa III. 

Systemaattinen katsaus (Artikkeli I) osoitti, että itsenäisillä PPE-palautelaitteilla 
on keskeinen rooli paineluparametrien parantamisessa. Käyttäjät ovat raportoineet 
käsien epämukavuudesta ja kivusta jäykkärakenteisten palautelaitteiden käytön 
yhteydessä. Laadullisessa tutkimuksessa (Artikkeli II) tunnistettiin 10 teemaa, jotka 
kuvaavat käyttäjien tarpeita ja PPE-palautelaitteiden hyväksyttävyyteen vaikuttavia 
tekijöitä. Konseptin todentamistutkimus (Artikkeli III) osoitti, että elvytyskäsine on 
käyttökelpoinen ja kykenee antamaan palautetta tiettyjen paineluparametrien osalta. 
Neljännessä tutkimuksessa (Artikkeli IV) testattiin elvytyskäsineen tehokkuutta ja 
käytettävyyttä. Elvytyskäsine paransi tiettyjä paineluparametreja, mutta sen 
käytettävyyspisteet olivat hyväksyttävän alueen alapäässä.  

Alustavien tulosten perusteella elvytyskäsine voi parantaa tiettyjä rintakehän 
paineluparametrejä ja mahdollisesti vähentää jäykkiin palautelaitteisiin liittyvää 
pelastajien käsien epämukavuutta. 

AVAINSANAT: Sydänpysähdys, elvytys, palautelaitteet, lääkinnälliset laitteet, 
pelastajat  
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1 Introduction 

The estimated number of deaths due to cardiovascular disease (CVD) increased from 
12.1 million in 1990 to 18.6 million in 2019 (Roth et al., 2020), and the cessation of 
the beating of the heart, with no signs of circulation, called cardiac arrest, is often 
associated with CVD (Patel & Hipskind, 2025). Cardiopulmonary resuscitation 
(CPR) is a life-saving technique that partially restores blood circulation to vital 
organs, such as the heart and brain (Patel & Hipskind, 2025). If high-quality chest 
compression is not started immediately, the heart and the brain cells are deprived of 
oxygen and nutrients, which can lead to rapid and irreversible cell death, leading to 
permanent neurological injury or death (Meaney et al., 2013; Sandroni et al., 2021; 
D. D. Nguyen et al., 2024). Therefore, effective chest compressions are a critical 
component of high-quality CPR and are a widely available means of maintaining 
blood flow to vital organs during cardiac arrest (Olasveengen et al., 2021). 

The components of high-quality chest compressions include placing the hand on 
the lower half of the sternum, compressing the chest to a depth of 5 to 6 cm, 
delivering chest compressions at a rate of 100 to 120 per minute, allowing the chest 
to fully recoil between each compression, and minimising interruptions between 
compressions (Perkins et al., 2021). Immediate and adequate chest compressions are 
strongly associated with favourable survival rates after cardiac arrest (Hasselqvist-
Ax et al., 2015). As a result, the international CPR guidelines recommend regular 
training for all citizens, including schoolchildren, because layperson-initiated CPR 
improves patient outcomes in out-of-hospital cardiac arrests (OHCA) (Naim et al., 
2017; Dainty et al., 2022). One study documented a twofold rise in the survival rates 
of cardiac arrest patients when laypersons initiated CPR before emergency medical 
services (EMS) arrived at the scene (Hasselqvist-Ax et al., 2015). 

Modern CPR was first introduced in the 1960s, with guidelines based on 
consensus and limited scientific evidence (DeBard, 1980; Ristagno et al., 2009). The 
aim was to deliver manual chest compressions and rescue breathing without 
guidance and feedback from technology (DeBard, 1980). Later, studies revealed that 
many rescuers, including skilled healthcare professionals, fail to adhere to CPR 
guideline recommendations (Abella, Alvarado, et al., 2005). As a result, scientists 
developed audiovisual feedback (AVF) devices to monitor rescuers’ chest 
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compressions performance during CPR (González-Otero et al., 2017). Accordingly, 
the 2010 American Heart Association (AHA) and European Resuscitation Council 
(ERC) guidelines recommended using real-time AVF devices to enhance the quality 
of CPR training (Field et al., 2010; Koster et al., 2010). Subsequently, the AHA and 
ERC resuscitation guidelines confirm the benefits of AVF devices in improving CPR 
quality in patients with cardiac arrest (Merchant et al., 2020; Olasveengen et al., 
2021). 

The real-time AVF devices that provide feedback on chest compression quality 
during CPR are broadly classified into two main categories: integrated and 
standalone real-time AVF devices. Most integrated devices are incorporated into 
more complex devices, such as defibrillators and high-fidelity simulation manikins 
(Miller et al., 2020). Generally, they are less portable and tend to be more expensive 
and complex, making them less convenient for use at the community level (Miller et 
al., 2020).  

In contrast, real-time standalone AVF devices are independent units typically 
positioned between the victim's chest and the rescuer's hand (Perkins et al., 2005; 
Smereka et al., 2019). They are generally more affordable, easy to use, and portable, 
making them a better option in areas where more advanced, complex devices are not 
readily available (Miller et al., 2020). Nonetheless, many current standalone real-
time AVF devices are made from stiff and rigid materials, which may cause 
discomfort to the rescuer's hands during CPR (Perkins et al., 2005; Smereka et al., 
2019; Miller et al., 2020). Possible hand discomfort caused by the rigid standalone 
AVF devices may negatively affect the quality of chest compressions during CPR, 
which may compromise the chance of survival. 

Smartwatch-based wearable devices have been developed to overcome the 
limitations posed by the rigid and hard-to-compress devices placed on the chest of 
patients and manikins (Song et al., 2016; Lu et al., 2018). These devices are worn on 
the rescuer's wrist, which is distant from the actual point of compression, which may 
potentially lead to inaccurate feedback (J. Park et al., 2016; S. Lee et al., 2021). 
Furthermore, most of the current wearable standalone AVF devices focus on 
monitoring a narrow range of chest compression metrics, particularly compression 
depth and rate, with insufficient feedback of other chest compression metrics, such 
as chest recoil, hand positioning, and interruptions (Aase & Myklebust, 2002; 
Dellimore et al., 2013; Ahn et al., 2021).  

The study aimed to develop the concept, design a prototype, and test a 
lightweight, soft, user-friendly, real-time, standalone AVF device to monitor chest 
compression quality, suitable for community settings where complex equipment and 
highly trained healthcare professionals may not be readily available. 
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2 Review of the Literature 

2.1 Cardiac Arrest 
Cardiac arrest is often a sudden and potentially fatal cessation of heart activity, 
leading to a loss of blood circulation to vital organs (Patel & Hipskind, 2025). 
Sudden cardiac arrest (SCA) poses a significant health challenge worldwide, and 
most frequently occurs in community settings (D. S. Zimmerman & Tan, 2021), 
known as OHCA. This situation complicates the prompt delivery of essential life-
saving resuscitation treatment. Moreover, SCA often occurs unexpectedly in 
individuals not previously identified as at higher risk (D. S. Zimmerman & Tan, 
2021). Sudden cardiac death (SCD) is defined as death that is believed to be of 
cardiac origin, occurring within one hour of the onset of cardiac symptoms or within 
24 hours of the last documented instance of being healthy and alive (Yow et al., 
2024). 

2.1.1 Incidence of Cardiac Arrest 
Cardiac arrest death continues to pose a significant health challenge globally, 
accounting for nearly 20% of all deaths and up to 50% of cardiovascular deaths in 
Western societies (Paratz et al., 2020; D. S. Zimmerman & Tan, 2021). Evidence 
indicates that the annual incidence of OHCA in Europe ranged from 67 to 170 per 
100,000 inhabitants, while the annual incidence of in-hospital cardiac arrest (IHCA) 
ranged from 1.5 to 2.8 per 1,000 hospital admissions (Gräsner et al., 2021). 
Conversely, in the USA, the overall annual average incidence of OHCA treated by 
EMS was 81.3 per 100,000 inhabitants, and there were 9 to 10 in-hospital cardiac 
arrests per 1000 admissions (Andersen et al., 2019; McBride et al., 2025). In 2015, 
a total of 19,722 cases of OHCA were recorded in Aus-ROC Epistry in Australia and 
New Zealand, with an incidence ranging from 51 to 107.7 per 100,000 population 
(Beck et al., 2018). 

Differences in practices, guidelines, and definitions may lead to discrepancies in 
reported cardiac arrest outcomes across registries and studies (Grasner et al., 2024). 
These discrepancies undermine the validity of direct comparisons of datasets and 
outcomes, which can impede genuine progress in resuscitation science and highlight 
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the need for standardised definitions and reporting guidelines (Perkins, Jacobs, et al., 
2015). As a result, it was essential to provide standardised descriptions of data 
sources and definitions to ensure accurate comparisons of outcomes across regions  
(Otto et al., 2021; Grasner et al., 2024). The Utstein Style was introduced in 1991 to 
standardise the reporting of care processes and outcomes for patients experiencing 
cardiac arrest (Cummins et al., 1991). Despite using the Utstein template, registries 
still exhibit significant differences in inclusion criteria, variable definitions, coding 
practices, and reporting methods (Beck et al., 2018; Grasner et al., 2024). This may 
partially explain the differences in reported annual incidence rates across regions 
with similar health systems and technological advancements.  

2.1.2 Causes of Cardiac Arrest 
Identifying the causes of cardiac arrest is essential, as resuscitation guidelines 
emphasise recognising the potentially reversible causes of cardiac arrest, which are 
classified as the 4 Hs (hypoxia, hypovolemia, hypo-/hyperkalaemia, 
hypo/hyperthermia) and 4 Ts (thrombosis, tension pneumothorax, cardiac 
tamponade, toxins) (Perkins et al., 2021). Additionally, understanding the causes of 
cardiac arrest is crucial for post-resuscitation treatment of patients who regain 
spontaneous circulation, as this treatment also targets the underlying causes 
(Andersen et al., 2019).  

The common causes of cardiac arrest significantly differ between different 
countries and regions (Andersen et al., 2019; Allencherril et al., 2022). Albert et al. 
(20023) conducted an observational study using the Swedish Inpatient Registry. 
They reported myocardial ischemia, pulmonary causes, infections, haemorrhage, and 
other non-cardiac causes as the most prevalent causes of IHCA (Albert et al., 2023). 
In contrast, in their single-centre study in Florida, Riley et al. documented hypoxia 
(20.4%), arrhythmia (6.2%), myocardial infarction (4.0%), hypovolemia (4.0%), and 
pulmonary embolism (2.6%) as the most common causes of IHCA (Riley et al., 
2020). 

Allencherril et al.(2022), in their systematic review that included individual 
studies from multiple countries and continents, identified that the most common 
causes of IHCA were hypoxia (26.46%), acute coronary syndrome (18.23%), 
arrhythmia (14.9%), hypovolemia (14.8%), infection (14.4%), and heart failure 
(12.6%) (Allencherril et al., 2022). Other less frequent causes of IHCA include 
cardiac tamponade, electrolyte disturbances, pulmonary embolism, neurological 
issues, toxins, and pneumothorax (Allencherril et al., 2022). The review also 
indicated that 69.83% of cardiac arrests were initially classified as unshockable, 
while 21.75% were shockable (Allencherril et al., 2022). 
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Another study identified coronary artery disease, hypertension, ischaemic heart 
disease, and left ventricular hypertrophy as the most frequent causes of OHCA in 
Africa (Thibodeau et al., 2022). Gräsner et al. reported medical aetiology as the most 
common cause of OHCA in Europe, without specifying which medical causes were 
most prevalent (Gräsner et al., 2020), confirming the inconsistency in reporting the 
causes of cardiac arrest across different researchers and regions. Overall, these 
findings highlight that the causes of cardiac arrest differ greatly between countries 
and regions, influenced by variations in epidemiology, healthcare systems, and data 
reporting practices. 

2.1.3 Outcomes of Cardiac Arrest 
The outcome of cardiac arrest is a key indicator of the quality of the entire chain of 
survival, which can differ significantly depending on whether it is IHCA or OHCA 
(Høybye et al., 2021; Andersson et al., 2022). For instance, one study compared the 
characteristics and survival rates of patients with IHCA and OHCA in Denmark, and 
the rates of Return of Spontaneous Circulation (ROSC), 30-day survival, and one-
year survival were higher in IHCA cases compared to OHCA cases (Høybye et al., 
2021). Specifically, the ROSC rate was 49% for IHCA versus 27% for OHCA, the 
30-day survival rate was 24% versus 17%, and the one-year survival rate was 18% 
versus 17% (Høybye et al., 2021). Another similar study conducted in Sweden 
reported significantly lower mortality rates 30 days after IHCA than after OHCA 
(49.8% versus 62.2%) (Andersson et al., 2022). The long-term neurological outcome 
was also better after IHCA than after OHCA (40.0% vs. 31.6%). In both studies, the 
difference in outcome between IHCA and OHCA appears to be due to differences in 
the characteristics of the cardiac arrest, such as witnessed arrest, faster initiation of 
CPR, and shockable initial rhythm, rather than the location of the cardiac arrest itself 
(Høybye et al., 2021; Andersson et al., 2022). This finding challenges the assumption 
that the cardiac arrest environment is the primary determinant of outcomes; instead, 
an unfavourable arrest profile and systemic delays appear to be more significant 
drivers of survival. 

Notable differences in outcomes also exist across regions in the IHCA and 
OHCA cases. Variations in access to healthcare systems, training of medical 
professionals, characteristics of cardiac arrest, patient demographics, and 
technologies across different countries and regions may explain these differences 
(Girotra et al., 2016; Beck et al., 2018; Yan et al., 2020). Yan et al. conducted a 
systematic review and meta-analysis to analyse the global survival rates of OHCA 
cases that received CPR (Yan et al., 2020). The hospital discharge survival rate was 
8.8%, and the 1-year survival rate for those discharged from the hospital was 7.7%. 
Survival to hospital discharge was higher for patients whose cardiac arrest was 
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witnessed and those who received bystander CPR (Yan et al., 2020). Similarly, 
subgroup analysis by cardiac arrest location showed significant differences in 
survival rates, ranging from 4.4% to 16.2%. When comparing studies from different 
continents, pooled survival rates were 16.2% in Oceania, 11.7% in Europe, 7.7% in 
North America, and 4.4% in Asia (Yan et al., 2020).  

Disparities in outcomes are not only observed between countries or continents 
but also within regions of the same country. Differences in cardiac arrest outcomes 
can occur across regions within the same country, due to treatment delays caused by 
specific challenges in urban areas (Connolly et al., 2021). A study was conducted in 
the United States to investigate regional disparities in survival rates for OHCA at the 
county level (Girotra et al., 2016). The average survival rate to discharge was 9.6%, 
but significant variation was observed across regions, with rates ranging from 3.4% 
to 22.0%. The presence of bystander CPR and automated external defibrillator 
(AED) accounted for 41% of the differences in survival rates (Girotra et al., 2016). 
Additionally, cardiac arrest characteristics, such as initial rhythm, location of arrest, 
and witnessed arrest, explained 27.7% of the variation, while patient demographics 
accounted for 4.8% of the variation (Girotra et al., 2016). These data collectively 
indicate that differences in survival rates across regions are caused by systemic 
factors such as prehospital response, bystander participation, and post-resuscitation 
care, rather than solely by the patient's clinical characteristics.  

Despite the evidence-based updates of resuscitation guidelines, post-
resuscitation treatment and technological advances, overall cardiac arrest outcomes 
remain relatively low (Andersen et al., 2019; Yan et al., 2020; Gräsner et al., 2021). 
This issue is particularly critical in low-income countries, where outcomes are 
alarmingly poor and necessitate urgent attention (Gowens et al., 2022; Stassen et al., 
2021; Yan et al., 2020). In a study conducted in South Africa, for example, EMS 
attempted resuscitation in only 7.4% of cardiac arrest cases (Stassen et al., 2021). 
The study found that only 1.3% of these cases achieved ROSC, while 97.8% of the 
individuals were declared dead at the scene (Stassen et al., 2021). These findings 
highlight that improving cardiac arrest outcomes requires not only updates to 
resuscitation guidelines but also strategies to enhance the quality, accessibility, and 
consistency of CPR delivery across borders and to support contextually appropriate 
actions in resource-limited settings. 

2.2 Cardiopulmonary Resuscitation 

2.2.1 The Physiology of CPR 
Understanding the normal physiology of blood circulation and the changes that occur 
during cardiac arrest is necessary to take informed, appropriate actions to enhance 



Desale Tewelde Kahsay 

 18 

patient survival during CPR. Two competing theories explain the mechanism of 
blood flow to vital organs during CPR: the “Cardiac Pump Theory” and the 
“Thoracic Pump Theory” (Kühn et al., 1991; Redberg et al., 1993). The “Cardiac 
pump theory” proposes that applying pressure to the sternum compresses the heart 
between the sternum and spine, pumping blood out of the heart, while decompression 
allows the heart to refill (Kouwenhoven et al., 1960). Blood flow to the vital organs 
occurs when the ventricles contract, causing the mitral valve to close and the aortic 
valve to open as ventricular pressure exceeds the aortic diastolic pressure (Kühn et 
al., 1991). According to the cardiac pump theory, sternal compression provides some 
ventilation and supports compression-only CPR when only one person is attending 
to the cardiac arrest (Kouwenhoven et al., 1960; Ewy, 2018).  

The thoracic pump theory states that the pressure generated in the chest 
(intrathoracic pressure) during chest compression is transmitted to the intrathoracic 
vasculature, thereby increasing blood flow to the extrathoracic vascular 
compartment (Rudikoff et al., 1980; Babbs et al., 1984; Ewy, 2018). During 
decompression, intrathoracic pressure falls below venous pressure, allowing blood 
to flow from the extrathoracic venous system into the chest (Rudikoff et al., 1980). 
Nevertheless, a single mechanism may not explain the complex hemodynamic of 
blood flow in all patients with cardiac arrest. Depending on the patient's 
characteristics and the specific circumstances of the cardiac arrest, both cardiac and 
thoracic pumping mechanisms may contribute to the delivery of blood to vital organs 
during resuscitation (Cipani et al., 2019). The two most important determinants of 
blood flow to the vital organs during CPR are the compression and decompression 
phases of chest compression. 

Compression Phase 

The forces driving coronary and cerebral perfusion during CPR differ significantly 
from normal cardiac physiology (Meaney et al., 2013). Even with the best manual 
compressions performed according to CPR guidelines, cardiac output to the vital 
organs is 10 to 30% of the pre-arrest value (Meaney et al., 2013). Standard adult 
CPR involves performing chest compressions with both hands to increase 
intrathoracic pressure and squeeze the heart between the sternum and spine 
(Kouwenhoven et al., 1960; Rudikoff et al., 1980; Lurie et al., 2016). The increased 
intrathoracic pressure (thoracic pump theory) and heart compression between the 
sternum and spine (cardiac pump theory) result in forward blood flow (Kühn et al., 
1991; Redberg et al., 1993). Due to the pressure difference between the intrathoracic 
and extrathoracic vasculature and the one-way valves in the heart, blood is pumped 
from the non-beating heart to the vital organs (Lurie et al., 2016). Provided that the 
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valves function normally, blood flows anterograde during the chest compression 
phases of CPR (Kouwenhoven et al., 1960; Lurie et al., 2016). 

Decompression Phase 

Myocardial blood flow and adequate coronary perfusion pressure (CPP) are essential 
for successful coronary resuscitation (Chalkias et al., 2019). Previous studies have 
shown that a CPP of 15 mmHg is required to initiate electrical activity in the 
myocardium (Kern, 2000; Reynolds et al., 2010). However, the CPP is nearly zero 
during the compression phase, which can be explained by the fact that the pressures 
in the aorta and the right atrium increase equally during the compression phase of 
CPR (Lurie et al., 2016). The decompression phase (CPR-diastole) is arguably more 
important than the compression phase during CPR (Harris & Kudenchuk, 2018). 
During this phase, blood flow to the coronary arteries is established, which is 
essential for maintaining cardiac function; without it, ROSC becomes impossible 
(Lurie et al., 2016; Harris & Kudenchuk, 2018; Chalkias et al., 2019). Furthermore, 
intrathoracic pressure decreases during the decompression phases of 
cardiopulmonary resuscitation, allowing the heart to partially refill with blood that 
can be pumped during subsequent compression (Kouwenhoven et al., 1960; Ewy, 
2018). For these two reasons, incomplete decompression impairs myocardial and 
cerebral perfusion during CPR (Lurie et al., 2016; Chalkias et al., 2019). The CPR 
physiological principles of cardiac and thoracic pump mechanisms emphasise that 
successful circulation during CPR relies primarily on the quality of compression and 
decompression, underscoring the significance of high-quality chest compression 
technique, as discussed in the following section.  

2.2.2 Significance of Chest Compression Quality 
The literature does not provide a single universal indicator of CPR quality 
(Kłosiewicz et al., 2020). Performing resuscitation during cardiac arrest in 
accordance with international resuscitation guidelines is referred to as quality CPR 
(Meaney et al., 2013). Many studies were conducted in the 1990s and 2000s to 
evaluate the effect of high-quality CPR on patient outcomes after cardiac arrest (Wik 
et al., 1994; Ko et al., 2005). According to a 1994 Norwegian study, patients who 
received high-quality bystander CPR had better OHCA outcomes (23%) than those 
who received low-quality CPR (1%) (Wik et al., 1994). Another similar study was 
conducted in the USA in 2005 to evaluate the quality of prehospital CPR and its 
impact on the outcomes of witnessed cardiac arrests (Ko et al., 2005). The quality of 
CPR was adequate in 29% of arrests, while it was rated inadequate in 71% of cases 
(Ko et al., 2005). In the same study, hospital discharge survival rates were higher 
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among patients with adequate CPR performance (53%) than among those with 
inadequate CPR performance (8%). Both studies showed that providing high-quality 
CPR, as recommended in resuscitation guidelines, was necessary to improve patient 
outcomes. However, what are the factors that affect the delivery of high-quality 
CPR?  

Previous studies revealed multiple factors affecting CPR quality during actual 
and simulated cardiac arrest (H. J. Park et al., 2020; Junli et al., 2023; Sumera et al., 
2024). Availability of regular training, harmony in the resuscitation team, 
availability of CPR materials, the number of rescuers, the age and weight of the 
rescuers, and the quality of team leaders are some factors that affect the quality of 
CPR during cardiac arrest (Herlitz et al., 2005; Citolino Filho et al., 2015; H. J. Park 
et al., 2020; Junli et al., 2023; Sumera et al., 2024). Park et al. (2020), for instance, 
examined the factors influencing the quality of chest compressions administered by 
laypersons. They identified that the primary factor affecting the quality of chest 
compressions was the laypersons' ages, with younger adults being much more likely 
to perform higher-quality chest compressions during CPR (H. J. Park et al., 2020). 
Junli et al. (2023) conducted a scoping review to identify factors influencing health 
professionals' retention of the skills necessary for effective CPR. Factors that 
affected retention and CPR quality included the frequency of training, the location 
of the facilities, equipment availability, the educational background of healthcare 
providers, and the CPR experience of professionals (Junli et al., 2023). This suggests 
that the factors affecting CPR quality may vary with rescuer capabilities, available 
equipment, and the location of cardiac arrest; therefore, no single prescribed 
procedure or scenario can guarantee high-quality CPR.  

2.2.3 Determinants of Chest Compression Quality 
The main objective of CPR during cardiac arrest is to provide oxygenated blood to 
the vital organs. Chest compressions are a key part of effective CPR as the most 
accessible method of delivering organ perfusion during cardiac arrest (Olasveengen 
et al., 2021). Therefore, high-quality chest compressions must be delivered to 
guarantee sufficient blood flow to the vital organs (Meaney et al., 2013). Based on 
the resuscitation guidelines, chest compression components that determine the 
quality of CPR include correct hand position, compression depth, compression rate, 
the degree of chest wall recoil, and interruption between compressions (Meaney et 
al., 2013; Olasveengen et al., 2021; Wyckoff et al., 2022). Therefore, it is crucial to 
understand how each component of chest compression affects perfusion, as 
discussed in detail below.  
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2.2.3.1 Correct Hand Position during Compression 

Proper hand placement on the chest is one of the key elements that help optimise  
CPR during cardiac arrest (Cha et al., 2013). As a result, the 2020 International 
Liaison Committee on Resuscitation (ILCOR) review evaluated the evidence 
regarding the best hand positioning techniques during CPR (Olasveengen et al., 
2020). The ILCOR review identified three relevant studies that examined the impact 
of hand positioning on physiological outcomes (Orlowski, 1986; Cha et al., 2013; 
Qvigstad et al., 2013). One study reported higher systolic blood pressure and end-
tidal carbon dioxide when compressions were delivered at the lower third of the 
sternum compared with the centre of the chest (Cha et al., 2013). The second study, 
involving 30 adults, observed no significant difference in end-tidal carbon dioxide 
with changes in hand position during CPR (Qvigstad et al., 2013). The third study, 
conducted in children, observed higher systolic and mean arterial pressure when the 
hands were placed on the lower third of the sternum (Orlowski, 1986). Based on the 
above very low-certainty evidence, the ILCOR recommends chest compressions on 
the lower half of the sternum in cardiac arrest patients (Olasveengen et al., 2021; 
Wyckoff et al., 2022) . Therefore, the recommendations from the 2015 resuscitation 
guidelines remained unchanged (Perkins, Travers, et al., 2015; Travers et al., 2015).  

2.2.3.2 Chest Compression Depth 

Chest compression depth was defined as the “posterior depression of the anterior 
chest wall in millimetres”(Stiell et al., 2012). Several studies reported higher post-
cardiac arrest survival rates with a deeper compression (Stiell et al., 2012; 
Vadeboncoeur et al., 2014; Riyapan et al., 2019). For example, two studies found 
that survival rates to hospital discharge significantly increased with each 5 mm 
increase in compression depth (Stiell et al., 2014; Vadeboncoeur et al., 2014), and 
one study found that the same increase in compression depth was associated with 
significant, favourable neurological outcomes (Vadeboncoeur et al., 2014). Another 
study reported twofold shock success rates when cardiac arrest patients received 
compression depth greater than 50 mm compared to those who received compression 
depth less than 50 mm (Babbs et al., 2008). In contrast, one observational study 
reported a higher risk of injuries with chest compression depths exceeding 60 mm 
(49%) compared to depths of 50 to 60 mm (27%) (Hellevuo et al., 2013), which was 
the main reason for introducing an upper-limit compression depth in the resuscitation 
guidelines. 

The international resuscitation guidelines recommend a chest compression depth 
of 50 mm, not more than 60 mm, for an average adult (Olasveengen et al., 2021; 
Perkins et al., 2021; Wyckoff et al., 2022). The recommendation for the lower limit 
is based on strong recommendations and low-certainty evidence, while the 
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recommendation for the upper limit is based on weak recommendations and very 
low-certainty evidence (Olasveengen et al., 2021; Wyckoff et al., 2022). The 2015 
resuscitation guideline and the 2020 ILCOR scoping review served as the foundation 
for the current compression depth recommendation (Perkins, Travers, et al., 2015; 
Considine et al., 2020). In the 2020 scoping review, 12 studies, including 1 
randomised and 11 observational, reported outcomes related to compression depth 
(Considine et al., 2020). The included studies examined cardiac arrest outcomes, 
including shock success, ROSC, survival to hospital admission, favourable 
neurological function, and survival to hospital discharge. The scoping review found 
no new evidence to justify conducting another systematic review or to reconsider the 
2015 resuscitation recommendations (Olasveengen et al., 2020). As a result, the 2015 
ILCOR recommendation on the depth of chest compression remains unchanged.  

2.2.3.3 Chest Compression Rate 

Previous scientific and clinical data suggested that a higher compression rate may 
improve patient survival rates. For instance, in 1992, Kern et al. found that a 
compression rate of 120 per minute was associated with a higher mean end-tidal 
carbon dioxide level (15.0±1.8 mm Hg) compared to 80 compressions per minute 
(13.0±1.8 mm Hg), suggesting improved tissue perfusion (Kern et al., 1992). 
Similarly, another study reported that higher mean compression rates were 
associated with increased ROSC (Abella, Sandbo, et al., 2005). The mean chest 
compression rates for survivors versus non-survivors were 90 ± 17 and 79 ± 18 
compressions per minute, respectively (Abella, Sandbo, et al., 2005). In 2015, Idris 
et al. published a study investigating the association between compression rate and 
survival after OHCA (Idris et al., 2015). After adjusting for cofounders, they found 
that a compression rate of 100 to 120/min was associated with better survival to 
hospital discharge than lower or higher compression rates (Idris et al., 2015).  

Based on the evidence, the compression rate recommendation has been increased 
since the start of modern CPR. In 1960, when the first article on closed-chest 
compression was published, the recommended compression rate was 60 per minute 
(Kouwenhoven et al., 1960). The compression rate was increased to 80-100 
compressions per minute in the 1986 updated resuscitation guideline (Standards for 
CPR and ECC, 1986). Following revisions to the resuscitation guidelines in 2000, 
the compression rate was increased to 100 compressions per minute (Cummins & 
Hazinski, 2000). The 2000 resuscitation guideline was unique in providing the first 
international resuscitation recommendations in which multiple international 
resuscitation councils participated (America Hear Association, 2000). Since 2000, 
the guideline has been updated every 5 years, and the recommended compression 
rate remained unchanged until 2015. In 2015, the guidelines were revised to 
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recommend a minimum compression rate of 100 and a maximum of 120 
compressions per minute. This recommendation remains in effect in the 2020 
resuscitation guideline because a scoping review by the ILCOR did not find evidence 
to change the 2015 recommendation (Considine et al., 2020). 

2.2.3.4 Chest Recoil 

The return of the sternum to a neutral position during the decompression phase of 
CPR is referred to as full chest wall recoil (Kleinman et al., 2015; Considine et al., 
2020). Complete chest recoil is necessary between compressions to allow the chest 
to fully expand and create negative intrathoracic pressure, which draws blood back 
into the chest and heart (Kouwenhoven et al., 1960; Lurie et al., 2016; Eijk et al., 
2024). By drawing blood back into the chest, the heart can accumulate oxygenated 
blood in the ventricles to be pumped in the subsequent compression (Lurie et al., 
2016). The only force that can pull blood back into the right side of the heart during 
CPR is passive chest wall recoil, making this refilling process incredibly inefficient 
(Lurie et al., 2016).  

Full chest wall recoil is prevented when the rescuer does not fully release 
pressure on the chest wall between compressions, a condition known as chest wall 
leaning (Kleinman et al., 2015; Considine et al., 2020). Additionally, the coronary 
blood flow occurs during diastole; therefore, complete chest recoil during the 
decompression phases of the compression is necessary to achieve adequate coronary 
perfusion (Kern, 2000; Souchtchenko et al., 2013; Lurie et al., 2016). As a result, 
resuscitation guidelines recommend complete chest recoil, as incomplete recoil from 
leaning can reduce venous return and cardiac output (Olasveengen et al., 2021; 
Wyckoff et al., 2022).  

2.2.3.5 Interruption (Pause) during CPR 

Resuscitation guidelines recommend high-quality compressions with minimal 
interruption (Olasveengen et al., 2020; Panchal et al., 2020; Olasveengen et al., 
2021). Chest compression interruptions must be minimised to avoid ischemic injury, 
as pauses in chest compression interrupt organ perfusion (Olasveengen et al., 2021). 
When CPR is stopped for any reason, coronary and cerebral perfusion pressures drop 
to zero, decreasing the likelihood of ROSC, which requires a minimum CPP of 15 
mmHg (Paradis, 1990). Several factors, including provider fatigue, compressor 
switch, ventilation, endotracheal intubation, pulse checks, vascular access 
placement, and patient transfer to the ambulance, can interrupt chest wall 
compression (Souchtchenko et al., 2013).  
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According to the ERC resuscitation guidelines, chest wall compression 
interruption should be minimised to 5 seconds to reduce ischemia of vital organs 
(Perkins et al., 2021). However, in one study, 33.3% of chest compression 
interruptions lasted longer than 10 seconds, and 4.3% lasted longer than 60 seconds 
(Dewolf et al., 2021). Pulse check was the most common cause of interruptions in 
chest compressions during CPR (Hanisch et al., 2020; Dewolf et al., 2021). As stated 
by Hanisch et al., 41.6% of the interruption time was devoted to manual 
electrocardiography (ECG) rhythm analysis and pulse checks, 13.7% to AED rhythm 
analysis, and 8.0% to manual rhythm analysis and shock delivery. The findings 
suggest that medical devices that detect the return of the pulse during ongoing chest 
compression are required to minimise the need for manual pulse checks.  

Many scholars examined the relationship between interruption and resuscitation 
outcomes after cardiac arrest. Brouwer et al. (2015) investigated the association 
between compression interruption and patient outcomes after ventricular fibrillation 
in OHCA. They reported that the length of pause had a significant negative 
association with survival to hospital discharge (Brouwer et al., 2015). Other 
researchers examined the relationship between chest compression interruption and 
survival following paediatric IHCA (Lauridsen et al., 2024). The chances of a 
favourable ROSC, survival to hospital discharge, and a good neurological outcome 
decreased with each 5-second increase in chest compression interruption.  

The prevalence of interruptions during CPR has improved over time. The 
duration per individual interruption dropped from 14 seconds in 2007 to 7 seconds 
in 2016, and the median total interruption duration per case dropped from 115 
seconds in 2007 to 72 seconds in 2016 (Hanisch et al., 2020). Several factors may 
have contributed to the decline of interruptions over time, including programming 
initiatives to reduce interruptions, real-time feedback from defibrillators, faster 
endotracheal intubation, and reduced vascular access (Hanisch et al., 2020).  

Despite abundant evidence and clear guidelines defining optimal chest 
compression parameters, achieving consistent, high-quality chest compression 
performance remains challenging, particularly for laypersons and inexperienced 
healthcare professionals, underscoring the need for real-time feedback devices to 
guide rescuers during CPR. 

2.3 Feedback Devices for CPR 
Improvements in outcomes after cardiac arrest have been significantly shaped by 
innovative medical devices and technologies (Cabrini et al., 2008; Crowley et al., 
2020; Gambolò et al., 2024). Novel medical devices and technologies are being 
designed to assist in cardiopulmonary resuscitation, both in and out of hospital 
settings (Levitt et al., 2023). These innovations are expected to continue accelerating 



Review of the Literature 

 25 

in the coming decades, with the widespread adoption of artificial intelligence to 
address existing limitations in the precision and prediction of CPR quality 
(Chikatimalla et al., 2025). One major category of these medical device innovations 
comprises feedback devices that assist rescuers in improving CPR quality, thereby 
enhancing survival rates after cardiac arrest. The different types of feedback devices 
used during CPR will be discussed in the following section, with a particular 
emphasis on standalone audiovisual feedback (AVF) devices, which are the focus of 
this study.  

2.3.1 Types of Feedback Devices 
Several feedback devices have been developed to guide the quality of CPR during 
training and actual patient resuscitation (Gruber et al., 2012; Gugelmin-Almeida et 
al., 2021; Y. Wang et al., 2023) (Figure 1). Based on the source of feedback, CPR 
feedback devices can typically be classified into two groups: physiological 
information data-monitoring feedback (PIMF) devices and AVF devices (R. 
Lyngby, 2022; Y. Wang et al., 2023). The PIMF devices provide feedback on the 
patient's response to the rescuer’s actions by tracking one or more CPR parameters, 
such as cardiac output, mean arterial pressure, ECG amplitude, End-Tidal Carbon 
Dioxide (ETCO2 ), and oxygen saturation waveform (R. Lyngby, 2022; Y. Wang et 
al., 2023). In contrast, AVF devices provide audio, visual or audiovisual feedback 
based on the rescuer’s performance (Levitt et al., 2023; Y. Wang et al., 2023), 
denoting what the provider does to the patient (R. Lyngby, 2022). 

The PIMF devices are typically used in advanced life support (ALS) scenarios 
involving resuscitation experts, which is beyond the scope of this study. In contrast, 
AVF devices can help experienced and inexperienced rescuers perform high-quality 
chest compressions during Basic Life Support (BLS) and ALS scenarios after cardiac 
arrest. Therefore, this study focuses on AVF devices that provide performance-based 
monitoring of chest compression quality. 

AVF devices range from simple metronomes that provide regular beats at a 
preset frequency to more advanced devices that monitor and deliver corrective, real-
time AVF to ensure high chest compression quality during CPR (Yeung et al., 2009; 
Gugelmin-Almeida et al., 2021; Y. Wang et al., 2023). Metronomes produce an 
audible signal at a regular interval and do not vary with performance (Gruber et al., 
2012; Olasveengen et al., 2020). It typically guides rescuers to compress the chest at 
a preprogrammed 100-120 beats per minute during CPR (Botelho et al., 2016). 
Therefore, the metronome can only guide on one compression component: the 
compression rate. In contrast, real-time AVF devices can monitor single or multiple 
CPR parameters, such as compression depth, compression rate, and chest recoil. 
They provide rescuers with real-time feedback to help them make necessary 
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adjustments to their performance (Gruber et al., 2012; Gugelmin-Almeida et al., 
2021), guiding them in adhering to resuscitation guidelines.  

Real-time AVF devices for chest compression during CPR can be further 
categorised into integrated and standalone real-time AVF devices (Gruber et al., 
2012; Levitt et al., 2023). Integrated real-time AVF devices are typically associated 
with more complex, multifunctional devices, such as defibrillators and advanced 
simulation manikins (Gruber et al., 2012; Levitt et al., 2023). Medical devices, such 
as defibrillators with integrated AVF devices, have multiple interfaces with various 
functions. These functions go beyond providing real-time feedback on the quality of 
chest compressions, making them quite complex for inexperienced healthcare 
professionals and laypersons (Gruber et al., 2012; Levitt et al., 2023). Laypersons 
may be unfamiliar with defibrillators themselves and hesitate to use them as was 
reported in many previous studies (Pei-Chuan Huang et al., 2021; Slabe et al., 2024). 
Therefore, the use of defibrillator-integrated AVF devices, which may require 
knowledge of and proper handling of the defibrillator itself, can lead to confusion 
and hesitation to use them during stressful cardiac arrest events. Furthermore, the 
adoption and use of defibrillator-integrated AVF devices require purchasing and 
carrying a defibrillator, because the AVF devices are not functional as separate units, 
which may limit their availability and wider usability at the community level and in 
resource-limited settings.  

In most cases, standalone real-time AVF devices are smaller, lighter, and more 
portable than integrated real-time AVF devices. They are independent units that 
provide feedback solely on the quality of chest compressions (Gruber et al., 2012). 
However, many previously marketed standalone real-time AVF devices placed on 
the patient's chest during CPR are rigid and stiff in structure (Elding et al., 1998; 
Perkins et al., 2005; Buléon et al., 2013). The rigid structure may cause additional 
friction on rescuers’ hands, potentially leading to discomfort and pain (Perkins et al., 
2005; Buléon et al., 2013; Hong et al., 2016). Rescuers with hand discomfort can get 
exhausted quickly, which may compromise the quality of chest compressions, 
resulting in reduced positive outcomes after cardiac arrest. Another potential 
drawback of the standalone AVF devices placed on patients' chests during CPR is 
the presence of a detached object between the rescuer’s hand and the patient’s chest, 
which can lead to inaccurate feedback due to unintentional displacement of the 
device (Gruber et al., 2012; Ma et al., 2025). The classification of feedback devices 
for CPR is shown in Figure 1. 

To minimise pain caused by rigid AVF devices and reduce the risk of a 
detachable device becoming displaced between the chest and the rescuer's hand, 
more comfortable, standalone, wearable, real-time AVF technologies have emerged 
in recent years to help rescuers deliver high-quality chest compressions during CPR. 
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The strengths and limitations of these wearable real-time AVF devices are described 
below.  

 
Figure 1. Types of Feedback devices used in CPR. 

2.3.2 Standalone Wearable Real--Time AVF Devices  
Standalone wearable Real-time AVF devices integrate various types of sensing 
technologies to monitor and provide real-time feedback on the performance of chest 
compressions during CPR (Lu et al., 2018; Ward et al., 2019; S. Lee et al., 2021; 
Musiari et al., 2021; Xie & Wu, 2023). Real-time feedback devices based on 
smartwatches have been developed as a novel wearable feedback device to overcome 
the limitations of the non-wearable devices (Song et al., 2016; J. Lee et al., 2019; 
Ahn et al., 2017; LaPrad et al., 2024), such as those placed on the patient's chest 
(Perkins et al., 2005; Smereka et al., 2019; Miller et al., 2020), and handheld devices 
such as smartphones (J. Park et al., 2016). As a result, some studies reported better 
feedback accuracy with wearable smartwatch-based feedback devices than with non-
wearable, standalone real-time AVF devices (Song et al., 2016; An et al., 2019). 
However, smartwatches are worn on the wrist, which is far from the actual 
compression point (the sternum), making them prone to inaccuracies during CPR (J. 
Park et al., 2016; S. Lee et al., 2021; Ma et al., 2025).  

To address the limitations of smartwatches, several scholars have explored 
alternative wearable devices to monitor the quality of chest compressions during 
CPR (Gruenerbl et al., 2018; Lu et al., 2018; S. Lee et al., 2021; Musiari et al., 2021; 
Xie & Wu, 2023; LaPrad et al., 2024). Musiari et al. demonstrated that feedback 
from a glove’s coaching system placed near the compression site improved 
compression depth and rate during manikin-based CPR (Musiari et al., 2021). Lee et 
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al. (2021) developed a wearable smart ring that used visual (colour) feedback to 
guide rescuers to adjust compression depth during CPR (S. Lee et al., 2021). Their 
proof-of-concept study demonstrated that the prototype smart ring provides accurate 
feedback on the depth of compression during CPR (S. Lee et al., 2021). Recently, 
Ma et al. designed a prototype of a liquid silicone-based material to minimise skin 
injuries associated with rigid AVF services (Ma et al., 2025). In their study, the 
authors concluded that the newly developed wearable feedback device may provide 
more accurate depth and rate measurements during chest compressions and may be 
safer for rescuers. (Ma et al., 2025). 

The most significant advantage of the recently designed standalone wearable 
real-time AVF devices is that they prioritise rescuer comfort while reducing or 
preventing the risk of device displacement during chest compressions (Musiari et al., 
2021; S. Lee et al., 2021; Xie & Wu, 2023; LaPrad et al., 2024). Although they are 
promising for enhancing comfort and reducing errors, most wearable AVF devices 
provide feedback on only a subset of chest compression metrics, particularly 
compression depth and rate (Lu et al., 2018; Musiari et al., 2021; Xie & Wu, 2023; 
LaPrad et al., 2024). Other metrics, including chest recoil, interruption, and hand 
positioning, are not targeted in the development of these newly designed standalone 
wearable real-time AVF devices. Additionally, most wearable real-time AVF 
devices are still in the prototype or proof-of-concept phase, and considerable 
research is needed to assess their effectiveness, usability, acceptability, and the 
extent to which they reduce rescuers' discomfort and sensor displacement during 
CPR. After outlining the different types of AVF devices for CPR, the following 
section synthesises their impact on chest compression quality and patient outcomes. 

2.3.3 Benefits of real-time AVF Devices 

2.3.3.1 Quality of Chest Compression during CPR  

Several systematic reviews investigated the importance of using real-time AVF 
devices to monitor chest compression quality during CPR (Kirkbright et al., 2014; 
An et al., 2019; Gugelmin-Almeida et al., 2021; R. M. Lyngby et al., 2021). All the 
systematic reviews reported improvement in at least one of the evaluated 
compression metrics with the use of the feedback devices, and none indicated a 
decline in performance associated with the devices (Kirkbright et al., 2014; An et al., 
2019; Gugelmin-Almeida et al., 2021; R. M. Lyngby et al., 2021). For example, 
Gugelmin-Almeida et al. conducted a systematic review of randomised controlled 
trials to assess the effectiveness of real-time AVF devices in improving the quality 
of chest compressions during CPR training and in actual patient resuscitation 
(Gugelmin-Almeida et al., 2021). The evaluated outcomes included compression 
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depth, compression rate, and chest recoil, as performed by healthcare professionals. 
They concluded that, in most studies, the use of real-time AVF devices improved 
chest compression performance during CPR training and during actual resuscitation 
compared with standard CPR groups (Gugelmin-Almeida et al., 2021). While ample 
evidence shows that AVF devices improve the quality of chest compressions, their 
true significance depends on their effect on patient survival, as detailed below.  

2.3.3.2 Impact on Patient Survival 

Several systematic reviews have been published recently, investigating the effect of 
real-time AVF devices on patient outcomes (Miller et al., 2020; S.-A. Wang et al., 
2020; R. M. Lyngby et al., 2021; Lv et al., 2022; Sood et al., 2023; Gambolò et al., 
2024). Although variation exists among the reviews, most findings indicated that 
using real-time AVF devices significantly improved at least one of the criteria used 
to measure patient outcomes, such as ROSC, survival to hospital discharge, or a 
favourable neurological outcome (Miller et al., 2020; R. M. Lyngby et al., 2021; 
Sood et al., 2023; Gambolò et al., 2024). Miller et al. conducted systematic reviews 
of randomised controlled trials comparing the effectiveness of stand-alone AVF 
devices with conventional CPR (without AVF) on patient outcomes, including 
ROSC and survival to discharge after IHCA (Miller et al., 2020). In their review, 
they reported improved ROSC and survival to intensive care unit and hospital 
discharge with the use of standalone AVF feedback devices. Similarly, Wang et al. 
(2020) reported a survival benefit with the Cardio First Angel device (a standalone 
AVF device) but not with AED-integrated feedback devices. Although further 
studies are needed to confirm the benefit of standalone real-time AVF over 
defibrillated integrated AVF devices, the initial evidence suggests that standalone 
real-time AVF may improve survival after cardiac arrest (Miller et al., 2020). 

Based on the available evidence, the 2020 ILCOR guidelines recommended the 
use of AVF devices as part of a comprehensive quality improvement programme for 
cardiac arrest in clinical practice, but advised against their use in isolation 
(Olasveengen et al., 2020). Although the recommendations are considered weak due 
to a lack of high-quality evidence, the potential benefit of real-time AVF devices in 
CPR remains promising. This promise motivated us to design a safer, portable, 
wearable AVF device that can be used both in and out of hospitals to improve 
patients’ survival after cardiac arrest.  
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2.4 Methodological Approach 

2.4.1 Medical Devices Development Process 
 The medical device development (MDD) process outlines the stages of 
development, regulation, and implementation for medical devices. The step-by-step 
MDD process may vary because some of the MDD processes focus on the regulatory 
and business aspects of the development process (Marešová et al., 2020; Medina et 
al., 2013), while others concentrate more on the initial stage of development, with a 
greater emphasis on stakeholder involvement (Shah et al., 2009; Money et al., 2011). 
In the literature, the MDD process is typically classified into five stages, though the 
nomenclature and details of each stage vary. For example, according to the USA 
Food and Drug Administration (FDA), the MDD process comprises five steps: 
Device Discovery and Concept, Preclinical Research and Prototype, Pathway to 
Approval, FDA Review, and FDA Post-Market Safety Monitoring. The stage-gate 
process, which also comprises five stages, is arguably the most widely used approach 
in the literature (Pietzsch et al., 2009; Soenksen & Yazdi, 2017; Marešová et al., 
2020). The five phases of the stage-gate process are initiation, formulation, design 
and development, final validation and product launch, and post-launch assessment 
(Pietzsch et al., 2009). The stage-gate process proposed by Pietzsch et al. (2009) has 
been criticised for its linear approach (Goldenberg & Gravagna, 2017; Marešová et 
al., 2020), as medical device technology development is typically cyclical, with 
many iterations expected. The stage-gate process for medical device development 
has also been criticised for focusing primarily on successful regulatory approval 
pathways while overlooking the involvement and potential benefits for most 
stakeholders (Goldenberg & Gravagna, 2017). 

After reviewing the developmental stages of medical devices in the literature, 
Shah & Robinson (2006) classified the life cycle of medical device development into 
five phases: concept phase - idea generation and concept development, design phase 
- design and prototype development, testing and trials phase - prototype testing in-
house and trials in the real field, production phase - device production based on 
business and commercial rational, and deployment phase - device use in the market 
and post-deployment user feedback (Figure 2). This work is guided by the MDD 
process framework proposed by Shah & Robinson (2006), alongside a user-centred 
design (UCD) approach and design research. It outlines the first three phases of 
development, as discussed in the following sections and illustrated in the conceptual 
framework (Figure 5). 
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Figure 2. The phases of the medical device development process as described by Shah & 

Robinson (2006). 
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& Humphreys, 2013; Piaggio et al., 2021).  
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Dorst, 2017; Vaisson et al., 2021; Kip et al., 2025). Based on their review of user 
involvement in the development of medical devices, Shah et al. proposed a 
theoretical framework for engaging users in the developmental lifecycle of medical 
devices (Shah et al., 2009). According to their findings, users can be involved in the 
four stages of the development life cycle: the concept, design, testing, and 
deployment stages (Shah & Robinson, 2006; Shah et al., 2009). User-Centred Design 
(UCD) was achieved through various methods, including brainstorming sessions, 
user discussions, ethnographic, user-expert meetings, focus groups, individual 
interviews, usability testing, and user feedback (Figure 3).  

Figure 3. User’s involvement in the medical device development process as described by Shah 
& Robinson (2009).

In this study, the UCD approach was operationalised and integrated into the 
MDD process by actively involving stakeholder groups, defined as end users, at 
multiple stages of the early development phases (concept, design, and testing) 
(Figure 5). The end users considered and involved in the development of the 
resuscitation glove (ResuGlove) included laypersons without formal medical 
training, first responders (first aiders and paramedics), nurses, nursing students, 
physicians, and CPR educators. Identifying these groups as end users and engaging 
them throughout the development process ensured that the design and evaluation of 
the feedback device were grounded in the needs, experiences, and contextual realities 
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of its users. User considerations and involvement were addressed through multiple 
complementary methods.  A systematic review was conducted to identify gaps in the 
literature on the effectiveness and usability of marketed feedback devices; focus 
groups and individual interviews were used to define user requirements and explore 
factors influencing acceptability; iterative user feedback informed the development 
of a feasible and viable device; and prototype testing was undertaken to evaluate the 
usability and effectiveness of the newly developed device (Figure 5). 

2.4.3 Design Research 
Design and research have historically been seen as separate activities (J. Zimmerman 
& Forlizzi, 2014). The purpose of research is perceived as the production of 
knowledge that can be applied beyond the work of its producers, whereas design is 
typically viewed as the creation of a solution to a specific problem that can be 
implemented in the real world (Stappers & Giaccardi, 2014). The concept of using 
design research to enhance the design process emerged in the 1960s, first noted at a 
conference on design methods held at Imperial College London in 1962 (Jones & 
Thornley, 1963). Despite its growing popularity and promise, a consensus definition 
has yet to be established, as it remains contested, broad, and ambiguous (Green & 
Lindley, 2021).  

Design research is a methodological approach to searching and gathering 
information about design and design-related activities (Bayazit, 2004). Practitioners 
involved in design conduct research for several reasons, including framing existing 
problems, identifying user needs and preferences, brainstorming possible solutions, 
testing the usability of concepts, and assessing the marketability of ideas and 
products (Visocky O’Grady & Visocky O’Grady, 2017). Design research can foster 
interdisciplinary collaboration and UCD by incorporating diverse research 
methodologies and promoting innovative solutions to complex challenges (J. 
Zimmerman & Forlizzi, 2014; Tsekleves et al., 2025). It is a broader concept that 
typically encompasses a wide array of methodologies, including Research for Design 
(RfD) and Research through Design (RtD), two distinct yet closely related 
approaches in design research (Stappers & Giaccardi, 2014; J. Zimmerman & 
Forlizzi, 2014; Jian, 2017) (Figure 4).  
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Figure 4. Design research: Research for design (A) and Research through design (B). 
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In contrast, research through design (RtD) is a research approach in which the 
design process becomes a method of inquiry, and designing is seen as a form of 
generating knowledge (Stappers & Giaccardi, 2014; Prochner & Godin, 2022) 
(Figure 4B). Hence, RtD is seen as an independent method that uses making and 
projection as instruments to learn about people, technology, and the world (J. 
Zimmerman & Forlizzi, 2014). Therefore, RtD is not about the successful 
completion of a marketable product but about building prototypes, testing 
hypotheses and exploring possibilities beyond a successful completion of a particular 
product (Stappers & Giaccardi, 2014). As such, unlike RfD, where the gathered 
information might be used by other designers, in RtD, the designers involved with 
the prototype must navigate the real-world obstacles that hinder building the best 
bridge between the product and its users (Stappers & Giaccardi, 2014). 

 In this study, RtD was used to collect information through an iterative design 
process. This method was employed to explore the potential of sensor-embedded, 
standalone AVF devices to improve CPR quality and to develop knowledge and 
understanding of the technology, multidisciplinary collaboration, and user 
interactions during development. As such, the researchers' and developers' 
experiences in interdisciplinary collaboration, along with the detailed development 
process, have been published in the proof-of-concept study (Paper III) under an 
open-access license. The prototypes will also be available to other researchers and 
designers to further develop the concept across various contexts and populations. 

Therefore, this study employed an integrated framework that combines the MDD 
process, the UCD approach, and design research, all of which are essential to the 
conceptualisation, design and evaluation of useful medical devices. In this context, 
ResuGlove's usefulness is defined by its effectiveness in guiding CPR performance 
(compression depth, compression rate, and chest recoil) and its usability (user needs, 
interaction, and acceptability). These two aspects of the ResuGlove, effectiveness 
and usability, are systematically integrated and assessed across all phases of 
development, from initial evidence synthesis to prototype testing. Figure 5 
(Conceptual Framework) illustrates the relationships among the MDD process, 
UCD, design research, and the studies conducted during the early-stage development 
of the ResuGlove.  
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Figure 5. Conceptual framework of the study. 
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2.5 Existing Gaps and Opportunities 

Research Gaps and Opportunities 

Despite the large volume of published articles on the effectiveness of real-time AVF 
devices in improving chest compression quality and patient outcomes, no systematic 
reviews have exclusively evaluated the effectiveness and usability of standalone 
real-time AVF devices when used by laypersons. Prior systematic reviews have 
either excluded standalone AVF devices and laypersons or combined them with 
integrated AVF devices and healthcare professionals. Additionally, there is a 
significant gap in understanding how these devices diffuse and the factors 
influencing their acceptability across different healthcare settings and user groups. 
For example, limited information exists on how the size, weight, cost, and 
complexity of AVF devices affect their usability and acceptability for both 
healthcare providers and laypersons during CPR training and in actual patient 
resuscitation.  

We conducted a systematic review to address the existing gaps regarding the 
effectiveness and usability of standalone AVF devices. This systematic review 
established a comprehensive understanding of the effectiveness and usability of 
these devices, informing the development of a new standalone real-time wearable 
AVF device. A qualitative study was required to thoroughly explore users' 
experiences with AVF devices, identify their needs, and understand the factors 
influencing their acceptance. This ensures that the development of new real-time 
AVF devices is based on real-world requirements and user preferences, rather than 
relying solely on theoretical assumptions and financial incentives.  

Design Gaps and Opportunities  

Many of the first real-time AVF devices developed for training and clinical use are 
rigid and inflexible, and are placed on patients’ chests (Perkins et al., 2005; Buléon 
et al., 2013; González-Otero et al., 2017). The rigid, inflexible structure of the 
devices may increase friction on the rescuer’s hands during chest compressions, 
potentially leading to hand discomfort (Perkins et al., 2005; Hong et al., 2016; 
González-Otero et al., 2017). This may lead to premature exhaustion of rescuers, 
resulting in ineffective compression during CPR. Another potential drawback of the 
rigid AVF devices placed on chests during CPR is the presence of a detached object 
between the rescuer’s hand and the patient’s chest, which can lead to inaccurate 
feedback due to possible unintentional device displacement, particularly during 
patient transport (Gruber et al., 2012). Real-time feedback devices based on 
smartwatches have been developed and evaluated to overcome the limitations of the 
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rigid standalone real-time AVF devices. However, smartwatches are often worn far 
from the actual compression point (the sternum), which may reduce accuracy and 
make it harder to observe feedback during compression (Ahn et al., 2021). In 
addition to smartwatches, scholars have investigated other wearable devices for 
monitoring the quality of chest compressions during CPR (Dellimore et al., 2013; S. 
Lee et al., 2021; Musiari et al., 2021). However, many wearable, real-time, 
standalone AVF devices are still at the prototype or proof-of-concept stage 
(Dellimore et al., 2013; S. Lee et al., 2021; Musiari et al., 2021). Consequently, 
significant work and research are needed to evaluate their effectiveness, usability, 
acceptability, and the actual benefits of reducing rescuers' discomfort, as well as the 
potential benefits of reducing sensor displacement during CPR (Dellimore et al., 
2013; Gauna et al., 2016; S. Lee et al., 2021; Ward et al., 2019; Musiari et al., 2021). 
Moreover, most wearable devices only monitor and provide feedback on a subset of 
chest compression metrics, particularly compression depth and rate. Other metrics, 
including chest recoil, interruption, and hand positioning, are not targeted in the 
development of these wearable feedback devices (Dellimore et al., 2013; Musiari et 
al., 2021). 

In conclusion, although there is sufficient evidence to support the claim that real-
time AVF devices improve specific metrics of chest compression, there are still 
design-related limitations that need to be addressed to maximise the effectiveness, 
usability and acceptance of real-time AVF devices. Rigid devices should be replaced 
by soft and flexible, user-friendly devices to minimise the discomfort of the rescuer's 
hands (Cho, 2009; Gruber et al., 2012). Potential errors in feedback caused by sensor 
displacement or remote placement can be mitigated by developing a wearable device 
with sensors securely mounted on the rescuer’s palm or the patient’s chest. 
Moreover, it is essential to develop wearable, standalone, real-time AVF devices 
with interfaces that can monitor, provide reliable feedback on correct hand 
positioning, complete chest recoil, and interruptions during real patient resuscitation. 
These metrics are either absent or not reliably monitored in the previously designed 
wearable, standalone, real-time AVF devices, as no conclusive evidence was found 
on the advantage of the real-time AVF device in improving these metrics (Dellimore 
et al., 2013; S. Lee et al., 2021; Musiari et al., 2021).  
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3 Aims 

The overall aim of this study was to develop a concept for a wearable CPR feedback 
device, design an early-stage prototype, and test it in a controlled simulation 
environment. The research was conducted within the framework of the MDD process, 
which describes the three phases of early-stage development: Concept – idea generation 
and concept development (Phase I); Design – design and prototype development (Phase 
II); and Testing – in-house prototype testing (Phase III). Emphasising the research 
process helps keep the reader engaged by showing the structured development within 
the MDD framework. This work included two published papers in the first phase and 
one in each of the second and third phases of the development process. 
The study addressed the following specific objectives and research questions. 

Phase I: Concept - idea generation and concept development 

The first objective (Paper I) in Phase I was to examine the existing evidence and 
gaps in the literature, focusing on the effectiveness and usability of AVF devices for 
improving chest compression quality during CPR. 

Specific research questions 

• Do standalone AVF devices improve chest compression quality metrics 
(rate, depth, recoil, and hand positioning) during simulated layperson CPR 
on manikins? (Paper I) 

• Do standalone AVF devices used during layperson CPR on manikins 
enhance trainees’ confidence and satisfaction? (Paper II) 

The second objective in Phase I was to gather qualitative insights to inform a UCD by 
identifying user requirements and factors influencing the acceptability of AVF devices. 

Specific research question: 

• What are the user needs and factors associated with the acceptability of 
AVF devices that monitor chest compression performance during CPR? 
(Paper II) 
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Phase II: Design- design and prototype development 

The objective of Phase II was to design and evaluate the feasibility and viability of 
newly designed sensor-embedded, soft, and flexible textile-based wearable gloves 
for monitoring chest compression performance during CPR. 

Specific research questions: 

• Is a sensor-embedded, flexible, textile-based ResuGlove feasible and 
viable for monitoring chest compression performance during CPR? (Paper 
III) 

• What ergonomic features may impact the usability of the ResuGlove from 
the perspective of end users? (Paper III) 

Phase III: Testing -prototype testing in simulation 

The objective of Phase III was to evaluate the effectiveness and usability of the newly 
designed ResuGlove, intended to monitor compression quality during CPR.  

Specific research questions: 

• Does the newly designed ResuGlove improve compression quality when 
compared with standard CPR?” (Paper IV) 

• Is the usability of the designed ResuGlove measured by the SUS scale 
acceptable to users? (Paper IV) 
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4 Materials and Methods 

4.1 Overview of the ResuGlove Development 
Process 

This study employed a multi-stage, iterative research approach that combined 
various methods. The overall process adopted a multidisciplinary approach, 
involving clinical researchers, engineers, designers, and end users, ensuring that each 
phase informed the next in a structured, evidence-based manner. The research was 
organised into four interconnected studies (Papers I-VI), each targeting a different 
but complementary objective. Researchers and developers use various assessment 
methods during the first phase of medical device development to ensure 
technological and clinical viability, with literature reviews and stakeholder 
involvement being the most common (Markiewicz et al., 2014). Similarly, in this 
study, a systematic review (Paper I) and user interviews (Paper II) were conducted 
in the first phase of development to identify existing gaps in the literature and define 
user requirements and factors affecting acceptability for initiating UCD (Figure 6).  

Clinical researchers first screened the literature to determine whether a 
systematic review of AVF devices was warranted. The initial literature search 
identified numerous systematic reviews on real-time AVF devices; however, none 
assessed the effects of real-time standalone AVF devices when used by laypeople. 
As a result, clinical researchers conducted a systematic review to evaluate the 
effectiveness and usability of available standalone AVF devices designed to improve 
chest compression quality in controlled, manikin-based scenarios. The systematic 
review conducted by clinical researchers identified key characteristics that affect the 
efficacy and usability of real-time standalone AVF devices. These findings provided 
significant information for the design and development of a novel, portable, real-
time, standalone AVF device. 

After gaining a basic understanding of the AVF device through a preliminary 
literature search, expert consultation, and systematic reviews, the second step in the 
first phase of the MDD process was to define user requirements and identify factors 
that affect acceptability. Therefore, a purposive qualitative study using focus groups, 
dyadic, and individual interviews was conducted to identify user requirements, 
design preferences, and usability factors that affect the acceptability of AVF devices. 
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The qualitative needs assessment study (Paper II) employed a user-centred approach 
to define user requirements and factors affecting acceptability, thereby clarifying the 
design requirements for developing a new, real-time, standalone AVF device. 

Following the synthesis of the systematic review and interview data, several 
brainstorming sessions were organised among clinical researchers, engineers, and 
designers to identify and prioritise the most critical needs. These iterative 
brainstorming sessions and interdisciplinary collaboration led to the development of 
concepts and ideas for the early-stage development of a novel, real-time, wearable 
AVF device, the ResuGlove (Figure 6). After four extensive brainstorming sessions, 
the ResuGlove materials, the sensor types to be incorporated into the glove, and the 
chest-compression metrics to be monitored were defined and agreed upon by the 
team.  

The effectiveness and usability gaps (Paper I) and user requirements (Paper II) 
identified in the first two studies, along with the needs prioritised in the iterative 
brainstorming sessions, served as the basis for the ResuGlove prototype design. 
Engineers and designers conducted the iterative prototype design. A small-group test 
conducted by a team of researchers, including a clinical researcher, evaluated 
whether the prototype interface met the specified requirements. This small-group test 
helped the researchers identify unmet requirements, which guided the development 
of the second prototype. In this second phase, the proof-of-concept study (Paper III) 
described and summarised the iterative prototype design process. This published 
study discussed the preliminary feasibility, potential viability, and limitations of the 
newly designed ResuGlove prototype with embedded sensors.  

In the third phase, a manikin-based randomised crossover trial (Paper IV) was 
conducted to assess the usefulness of the ResuGlove, with an explicit focus on 
balancing effectiveness and usability. Effectiveness was measured using chest 
compression parameters, including compression depth, rate, and chest recoil, while 
usability was evaluated using the SUS usability questionnaire. This dual approach 
recognises that improvements in CPR performance are not enough if the device is 
not intuitive and acceptable to users. This study involved close collaboration 
between clinical researchers and engineers to thoroughly assess the performance of 
the designed prototype in terms of technical accuracy and clinical usability. 
ResuGlove was compared with standard manual CPR to evaluate its impact on 
compression quality and user experience. Key strengths and limitations of the 
designed ResuGlove prototype are highlighted, providing valuable insights to guide 
further refinement and the development of future versions of the device. The process 
and main steps of early-stage ResuGlove development are illustrated in Figure 6. 
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Figure 6. Early-Stage ResuGlove Development Process. 
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4.2 Study Design 
This study comprised three phases and four studies, utilising mixed methods designs 
tailored to each phase and its specific objectives. The methods were chosen to 
effectively address the research objective in each phase of the study, as detailed in 
the following paragraphs and Figure 7. Two studies were conducted in the first 
phase, and one each in the second and third phases of the MDD process. 

A systematic review (Paper I) was conducted in the first Phase of development 
to identify limitations and gaps in the literature to establish a scientific basis for 
developing the new device. The primary focus of the systematic review was to 
evaluate the effectiveness and usability of real-time, standalone AVF devices for 
inexperienced rescuers. Following the systematic view, user interviews (Paper II) 
were conducted to gather qualitative data to inform the UCD. In this study, semi-
structured focus groups, dyadic interviews, and individual interviews were used to 
define user requirements and identify factors associated with device acceptability.  

Based on findings from the studies conducted in the first phase of development, 
an iterative prototype design process was implemented in phase II of the MDD. The 
proof-of-concept study (Paper III) described and summarised the brainstorming 
sessions that led to the final idea and the iterative prototype design process. It also 
assessed the preliminary feasibility and potential viability of the newly designed 
wearable sensor-embedded ResuGlove. In this study, researchers employed the RtD 
approach to the development of the wearable AVF device, creating an initial 
functional prototype to monitor chest compression quality. This method was adopted 
because researchers could continuously assess design challenges and refine the 
process by developing a thorough understanding of the design and development 
context (J. Zimmerman & Forlizzi, 2014).  

In Phase III of the development process, a manikin-based randomised crossover 
study (Paper IV) was conducted to evaluate the effectiveness of the designed 
prototype. The quality of chest compressions when rescuers used ResuGlove-
assisted CPR with real-time feedback was compared to that of standard CPR (CPR 
without an AVF device). Participants completed the SUS usability survey 
immediately after performing 2 minutes of chest compressions guided by the 
ResuGlove.  
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Figure 7. Summary of study phases, objectives, design, and expected outcomes. 
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more of the chest compression parameter; the study design was a randomised 
controlled trial. There were no limitations on the settings in which the studies were 
conducted. The systematic review included peer-reviewed studies published 
between January 2010 and January 2022. The time frame for the database search was 
based on the year in which the ERC and AHA guidelines first recommended the use 
of feedback devices during CPR training to improve chest compression performance 
(Bhanji et al., 2010; Soar et al., 2010), and on the last day the database was searched. 
A total of 16 studies were included in the systematic review.  

In the qualitative user interviews study (Paper II), participants were selected 
from departments that actively participated in life-saving missions, including the 
Emergency and Intensive Care Departments of Turku University Hospital, the Ghana 
Red Cross Society-Ashanti Branch, Komfo Anokye Teaching Hospital in Ghana, 
and Southwest Finland Emergency Services. Twenty-two volunteers participated in 
the study, including paramedics, emergency and intensive care nurses, 
anaesthesiologists, and first aid–trained Red Cross personnel. Participants who 
received basic resuscitation training and had at least one year of experience in 
providing life support to patients with cardiac arrest were included in the study. A 
purposive, maximum-variation sampling method was used to recruit respondents 
from diverse backgrounds, experiences, and geographic locations (Kuper et al., 
2008) . This approach enables researchers to purposefully select participants who 
represent a variety of viewpoints, thereby avoiding the overrepresentation of a 
situation by a single group with similar experiences and backgrounds (Mays & Pope, 
2000; Johnson et al., 2020) (Details are provided in Paper II).  

4.3.2 Phase II: Design and Prototype Development 
Wearable smart textiles should incorporate expertise from various disciplines, 
including electronic engineering, data science, and textile and industrial design 
(Townsend et al., 2017). Moreover, engaging healthcare professionals and other 
stakeholders is critical in developing and implementing healthcare technology to 
enhance its effectiveness, safety, and acceptability in real-world situations (Shah et 
al., 2009; Smith et al., 2019). Thus, the prototype design process and the proof-of-
concept study (Paper III) adopted an interdisciplinary approach, integrating 
knowledge and methods from all collaborating disciplines (see Table 1 of Paper III 
for details). 

To foster innovative solutions that meet the identified requirements and address 
existing gaps, the design process for the ResuGlove began with multiple 
brainstorming sessions with a multidisciplinary team, including one data scientist, 
two smart textile experts, five clinical researchers, and three engineers. Refer to 
Table 1 in Paper III to see their roles in the proof-of-concept study. Four 
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brainstorming workshops were held to prioritise solutions to the needs and gaps 
identified through an initial literature search, a systematic review, user interviews, 
and consultations with team members experienced in CPR and AVF device use. 

 Three of the brainstorming workshops were held online to identify and prioritise 
the most critical chest-compression metrics for which this study aimed to develop 
solutions. Compression depth, rate, and chest recoil were among the chest-
compression metrics intended to be addressed by the recently developed ResuGlove. 
Detecting correct hand positioning, compression interruption, and the possibility of 
including features to detect patient pulse were also discussed, but deferred for future 
consideration, as addressing all requirements and needs simultaneously is not always 
feasible due to time and resource constraints (Tse et al., 2017).  

Another focus of the brainstorming sessions was on selecting the most 
appropriate sensors and materials to address usability challenges and other 
deficiencies in existing real-time, standalone AVF devices. The fourth workshop was 
held in person to demonstrate the components of high-quality chest compressions to 
non-medical team members. This enabled non-healthcare professionals with no prior 
CPR training to develop a comprehensive understanding of the requirements for 
high-quality CPR.  

Several design options and materials were discussed in the brainstorming 
sessions, including different types of sensors, smart gloves, smart vests, and a smart 
chest blanket, to address the identified gaps and requirements through an initial 
literature search, systematic review, user interviews, and consultations with research 
team members who have experience in CPR and the use of AVF devices. Finally, 
participants proposed the design of a soft, flexible, lightweight, easy-to-use, and 
hand-adaptable portable ResuGlove made from textiles, featuring embedded sensors 
that monitor the quality of compression performance (details are described in paper 
III).  

4.3.3 Phase III: Effectiveness and Usability Testing 
The effectiveness and usability study (Paper IV) was conducted at the University of 
Turku Simulation Centre. Nursing students in their bachelor’s degree programme at 
Turku University of Applied Sciences who had previously completed basic life 
support training were recruited for the study. Students with any health conditions 
that could affect their performance during chest compressions were excluded from 
the study. An invitation letter outlining the study aim and other details, such as the 
study location, date, and voluntariness, was sent to the nursing students' institutional 
email addresses. Students were asked to express their interest by sending an email or 
a short message via the phone number provided in the invitation letter.  
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Our unpublished pilot study, conducted in 2022 with eight participants, informed 
the sample size calculation. Assuming a 20% dropout rate, the required sample size 
was 30. A total of 29 participants completed the study, after one person left without 
providing a reason (Details are provided in Paper IV). 

4.4 Data collection procedures 

4.4.1 Phase I: Idea Generation and Concept Development 
In the systematic review (Paper I), six electronic databases (Cochrane Central, 
Embase, PubMed, Web of Science, CINAHL, and PsycINFO) were searched on 
October 31, 2020, and updated on January 15, 2022. To find any relevant studies 
missed by the database search, a manual search of the reference lists of the included 
studies was conducted. Search strings using broad terms were developed with 
assistance from information specialists to include laypersons, standalone AVF 
devices, and simulation-based CPR training (see search details in Appendix 1). 

The bibliographic references were imported into Zotero to remove duplicates. 
After duplicate checking, the search results were transferred to Rayyan QCRI, a 
systematic review management software (Ouzzani et al., 2016), where two 
reviewers independently screened the titles, abstracts, and full texts.  

Risk-of-bias assessment and data extraction of the selected full articles were 
performed by the same researchers who conducted the eligibility screening. The 
Cochrane data extraction template for randomised trials, modified to suit our 
purpose, was used during data extraction. The Risk of Bias 2 (RoB 2) tool, a 
standardised Cochrane risk assessment for randomised controlled trials, was used to 
assess the risk of bias in this study (Higgins, 2020).  

The total number of articles identified through electronic database searches and 
hand searches of included bibliographies was 1374. After removing all duplicates, 
screening titles and abstracts, and reviewing full texts, 16 primary sources were 
included in the final meta-analysis and narrative synthesis. Refer to the Prisma flow 
diagram in Figure I of Paper I, which illustrates the screening process. 

In the qualitative needs assessment study (Paper II), data were collected through 
semi-structured focus groups, dyadic interviews, and individual interviews with 
departments that actively participate in life-saving activities in both Finland and 
Ghana. Collecting data from diverse backgrounds enabled the researcher to better 
understand the needs from both the Global South and the Global North perspectives. 
The study was guided by the Unified Theory of Acceptance and Use of Technology 
(UTAUT) Model (Venkatesh et al., 2003). We used the UTAUT model because it is 
the most comprehensive technological acceptance theory, derived from 
consolidating eight commonly used Technology Acceptance theories. The original 
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validation study of the theory found that the UTAUT model explains the variation in 
technology acceptance more effectively than the individual models (Venkatesh et 
al., 2003). Performance expectancy, effort expectancy, social influence, and 
facilitating conditions are the four constructs that underpin the UTAUT model. The 
constructs of the UTAUT model were used to develop interview questions and to 
guide data analysis. 

Two researchers conducted the interview sessions online via Zoom. Multiple 
interviews were scheduled, and participants with similar backgrounds and 
experiences were grouped into the same focus group and assigned to the same dyadic 
interview session. Professionals involved in life-saving patient care often have very 
tight schedules. As a result, finding a time that suited all participants for a focus 
group discussion was proving challenging. As a result, seven dyadic interviews (two 
participants each) and two individual interviews were conducted, in addition to the 
two focus groups with three participants each (see paper II for details).  

In fact, including data from the three types of interviews significantly enhanced 
the rigour of our study. Focus group interviews facilitated the generation of data and 
insights by allowing participants to share and comment with one another (Lobe et 
al., 2022). In contrast, individual interviews offer researchers the opportunity to 
gather in-depth data by allowing interviewees to express their experiences and 
opinions in greater detail (Morgan et al., 2013). Dyadic interviews fill an interesting 
gap between individual interviews and focus groups, offering the depth and detail of 
one-on-one interviews while also maintaining the interaction present in focus groups 
(Morgan et al., 2013; Lobe et al., 2022). The semi-structured questions and probes 
remained consistent throughout all interviews.  

The interview sessions averaged 57 minutes (range: 36-75 minutes). Sampling 
was discontinued once a comprehensive understanding of the phenomenon under 
study was reached, a point often referred to as saturation (Kuper et al., 2008). As 
advised by Elo and Kyngäs (2008), the initial analysis began after a few interviews 
to confirm data saturation (Elo & Kyngäs, 2008). The interviews were recorded via 
Zoom and stored securely in the University of Turku Seafile. The audio data was 
transcribed verbatim to facilitate coding and analysis. 

4.4.2 Phase II: Design and Prototype Development 
The insights from the brainstorming session were translated into product 
characteristics to address the limitations and requirements identified in the first two 
studies. The initial features were designed, and technical viability and functionality 
were tested internally in the proof-of-concept study (Paper III), primarily to obtain 
initial data from textile-embedded sensors connected to a computer via an Arduino 
setup (Figure 9). An Arduino setup is a microcontroller-based system that collects, 
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processes, and transmits sensor data for various applications (Goyal et al., 2024; 
Prabowo et al., 2024). 

The first prototype design was to identify the most appropriate sensors for 
monitoring compression quality. Since the critical aspect of CPR is the pressure 
exerted on the chest, capacitive and resistive pressure sensors were selected for the 
prototype due to their flexibility, lightweight, and sensitivity, as well as their 
adaptability when integrated into wearable technology to monitor human motion (Li 
et al., 2020). The two pressure sensors were evaluated to determine which one was 
most suitable for a reliable, effective monitoring system of chest compression 
quality. To assess sensor noise, two sets of square samples (4×4 cm and 6×6 cm) 
were fabricated for the capacitive and resistive pressure sensors, respectively, to 
collect data and determine which type was best suited to the first ResuGlove 
prototype (a more detailed explanation can be found in Paper III). 

The second step of the prototype focused on determining the number and 
placement of pressure sensors to be integrated into the ResuGlove. Following a 
practical demonstration by resuscitation experts on proper hand positioning and CPR 
techniques, the contact points on the chest were clearly marked with paint stains as 
visual reference markers (Figure 5 in Paper III), guiding the team on the number and 
position of the sensors. Ultimately, researchers decided to incorporate three pressure 
sensors into the palm side of the right-hand glove (Figure 8 A). 

The final ResuGlove prototype consists of a pair of gloves, one for each hand, 
made of elastic knitted polyamide and cotton fabrics. This prototype was preferred 
for its simplicity and quick production in a laboratory setting. In addition to the 
pressure sensors, an Inertial Measurement Unit (IMU) was mounted on the dorsal 
side of the left-hand glove to complement them in detecting motion and orientation 
via accelerometers. The sensors were linked to an Arduino board, which collected 
sensor data and transmitted it to a laptop for audio feedback (Figure 8 B). 
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Figure 8. Final right-hand ResuGlove prototype (A) and the setup of the chest compression 

monitoring system during chest compression (B). Modified from Figures 6 and 7, Paper 
III. 

Finally, the designed ResuGlove prototype was tested in-house with 9 
participants (four CPR experts and five laypersons) at the University of Turku 
simulation centre. We informed potential participants about the study, including the 
demonstration's time and location. Only those who agreed received further details. 
Participation was voluntary, and participants were free to withdraw at any time 
without providing a reason. Consent to participate in the study was assumed upon 
entering the University of Turku simulation centre to take part.  

To minimise fatigue during compression, each participant performed 30 
compressions per set (three sets) while wearing the ResuGlove prototype. 
Participants also took a 10-minute break after each set of compressions to allow time 
to recover. Participants were asked to provide their opinions on the ResuGlove after 
completing rounds of chest compressions, enabling the researchers to incorporate 
their feedback into future prototype modifications. To enhance the device's 
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performance and usability, participants were asked to indicate which features or 
interfaces they would like to see improved. The design process for a ResuGlove 
prototype is shown in Figure 9. 

 
Figure 9. Design process of low-cost fast prototyping methods for CPR quality monitoring 

(modified from Figure I in Paper III). 
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In period 1, group 1 performed continuous hand-only CPR while wearing the 
ResuGlove with a running feedback program for 2 minutes, whereas group 2 
performed the same procedure without the ResuGlove. In period 2 (following a half-
hour washout period), group 2 delivered hand-only CPR for 2 minutes while wearing 
ResuGloves, with continuous feedback. Group 1 followed the same procedure as 
group 2, but without the ResuGloves. During data analysis, participants who 
delivered chest compressions guided by the ResuGlove in both periods were 
categorised as the ResuGlove CPR group, and those who delivered chest 
compressions without the ResuGlove in both periods were categorised as the 
standard CPR group. The details are shown in Figure 2 of Paper IV. 

The Resusci Anne QCPR, a Laerdal Medical training manikin linked to the 
android QCPR app, was used to perform chest compression and record chest 
compression parameters. Chest compression data collected from both the standard 
CPR group and the ResuGlove group were recorded in the QCPR app and 
immediately extracted for analysis. In the ResuGlove CPR group, the newly 
developed device, connected to a laptop via an Arduino Uno board, provided real-
time audio feedback on the quality of chest compressions. The feedback mechanism 
provided by the ResuGlove is illustrated in Figure 1 of Paper IV. In addition to 
guiding rescuers on compression quality, the ResuGlove feedback also instructed 
them when to initiate and terminate chest compressions based on the preset 
compression duration of two minutes. 

To evaluate the ResuGlove's usability, participants completed the System 
Usability Scale (SUS) immediately after performing 2 minutes of CPR guided by the 
ResuGlove. The SUS questionnaire has been a reliable tool used for decades to 
evaluate the usability of various technological innovations (Brooke, 1996; Bangor et 
al., 2008, 2009; Weenk et al., 2020; Kim & Xiong, 2022). Better product usability is 
indicated by higher SUS scores, which range from 0 to 100 (Brooke, 1996; Bangor 
et al., 2008). The SUSC questionnaire has a total of ten items, with even-numbered 
statements phrased negatively and odd-numbered statements phrased positively. 
Each item in the SUS questionnaire uses a 5-point rating scale, allowing participants 
to indicate how strongly they agree or disagree with each statement.  

4.5 Data Analysis 

4.5.1 Phase I: Idea Generation and Concept Development 
Two studies were conducted in phase I: a systematic review and a qualitative study. 
The results of the included studies in the systematic review were analysed and 
summarised using a meta-analysis and a narrative synthesis (Paper I). In some 
studies, all the chest compression parameters were analysed and reported. In 
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contrast, others evaluated and reported only a subset of these parameters. As a result, 
the number of eligible studies for the meta-analysis varied considerably across 
compression metrics. For instance, the analysis of the mean difference in 
compression depth was applicable to twelve studies. Conversely, only eight articles 
qualified for analysis of the mean difference in chest recoil, and just two for analysis 
of the mean difference in hand positioning. Because of substantial heterogeneity 
among the included studies, it was not possible to estimate the mean difference in 
compression rate. 

We used the random effects model for the meta-analysis because we expected 
variation in the true effect caused by heterogeneity among the studies (Dettori et al., 
2022). Because of its advantage in assessing the heterogeneity among studies of 
various sizes and types, the I2 statistic was used to measure the effect of 
heterogeneity (Higgins et al., 2003). Meta-analysis was avoided when the I² value 
was high (>75%), according to Higgins et al.'s categorisation (Higgins et al., 2003). 
Three subgroups were analysed in the meta-analysis to determine whether the overall 
effect differs among the groups: study design (crossover vs. parallel), risk of bias 
(“some concern” vs. “low risk"), and the duration of the chest compression (2 
minutes vs. > 2 min) (See for details in Paper I).  

The second study (Paper II) in phase I employed thematic analysis to analyse the 
collected qualitative data, following the steps outlined by Braun and Clarke (2006). 
Familiarising oneself with the data, developing initial codes, searching for 
subthemes, assessing those subthemes, and abstracting them into comprehensive 
themes were all part of the analysis process (Braun & Clarke, 2006). Data were 
analysed deductively following the UTAUT model. A structured categorisation 
matrix was developed for the deductive analysis based on the UTAUT model, as 
recommended by Elo and Kyngäs (2008). The developed matrix was used as a lens 
to group codes with comparable meanings. The deductive coding was designed to 
reflect the four constructs of the UTAUT model: performance expectancy, effort 
expectancy, social influence, and facilitating conditions (for details, refer to Table 2 
in Paper II). The first author primarily conducted the analysis, while the other co-
authors, who were experienced in qualitative research, were in constant consultation 
to support concept development and to supplement alternative interpretations, 
ensuring trustworthiness (Elo & Kyngäs, 2008). 

4.5.2 Phase II: Design and Prototype Development 
The proof-of-concept study (Paper III) summarises the developmental steps and the 
initial feasibility and viability of the designed ResuGlove. Standalone chest 
compression monitoring devices typically use accelerometer sensors to detect 
compression depth and rate (Dellimore et al., 2013; Hermann et al., 2021; S. Lee et 
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al., 2021). The simplest way to derive displacement from acceleration is the bandpass 
method, which involves double integration. However, this method is not effective at 
detecting complete chest recoil (Hermann et al., 2021). Consequently, in this work, 
accelerometer sensors are complemented by pressure-based sensors to enable robust 
monitoring of complete chest recoil, which makes our method different from most 
standalone wearable AVF devices that use accelerometer sensors only. 

 The pipeline began with 3-axial acceleration data, which was subjected to 
principal component analysis (PCA). PCA is a dimensionality reduction technique 
that transforms multidimensional data into new axes (principal components) that 
capture the most considerable variations (Jolliffe & Cadima, 2016). The PCA was 
applied to the 3-axis acceleration data to identify the main movement direction, 
corresponding to acceleration along the depth of chest compression (acceleration 
along depth) (Figure 9, Paper III). Then, the depth-aligned acceleration signal was 
segmented into individual compression cycles using a compression-splitting 
algorithm, yielding meaningful units.  

Next, a subset of the classical bandpass method was incorporated. When using 
the double-bandpass integration method, the filter parameters should be reset in 
between compressions because the CPR is cyclical. This will prevent error 
accumulation and ensure that the estimated compression depth signal remains stable 
(Gauna et al., 2016). In the original bandpass method, filters were reset at the zero 
crossings of the velocity estimates (Gauna et al., 2016). The drawback of this 
technique is that it loses track of the chest's actual position after each compression 
(chest recoil), as the initial conditions are always reset to zero, assuming full release 
after every compression (Gauna et al., 2016). The modified method used in this study 
resets the filters based on threshold pressure readings, addressing the limitation of 
the original method.  

In a bandpass method, a high-pass filter is used in conjunction with a low-pass 
filter. In this work, a fourth-order Butterworth high-pass filter with a cutoff 
frequency of 0.6 Hz was used to remove low-frequency noise, and the low-pass step 
was performed using a cumulative trapezoidal rule for integration. The depth-aligned 
acceleration was high-pass filtered to eliminate low-frequency noise, then 
numerically integrated to obtain the velocity profile for each compression. After a 
second high-pass filter and integration stage, the displacement profile for each 
compression was obtained (Figure 9 in Paper III).  

Finally, we reached a point where we can estimate the single displacement during 
a single compression. Prominence-based peak detection (prominence threshold of 
0.2 in a [0, 1] normalised signal) in the SciPy library was then employed to identify 
the highest compression point (Peaks) and lowest (deepest) compression point 
(Troughs) within each compression cycle (Virtanen et al., 2020). Prominence-based 
peak detection was applied, enabling computation of compression rate (peak-to-peak 
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intervals) and compression depth (peak-to-trough displacement). Ultimately, the 
threshold pressure data provided supporting evidence for identifying full chest recoil 
by comparing it with a baseline threshold pressure.  

Three primary errors, including instantaneous depth error, depth estimate error, 
and frequency estimate error, were measured to assess the accuracy of our approach 
in developing a wearable chest compression monitoring device during CPR. The 
error distributions of the three-accuracy metrics were summarised using measures of 
central tendency and dispersion. Instantaneous depth and depth estimate errors were 
presented as mean (μ) and standard deviation (σ), while the frequency estimate error 
was displayed as mean and interquartile range. The median absolute difference was 
also calculated to enable comparison with previously published studies. No 
inferential statistics were employed, as the study's statistical analysis was aimed to 
characterise performance rather than evaluate group differences.  

4.5.3 Phase III: Effectiveness and Usability Testing 
Two outcomes were analysed separately in this phase of the study (Paper IV): 
effectiveness and usability. The data for effectiveness were analysed using both 
descriptive and inferential statistics. The Shapiro-Wilk test and a quantile-quantile 
(QQ) plot were first used to visually evaluate the normality of the data. Mean and 
standard deviation were used to report normally distributed data, such as 
compression depth and rate. The medians and interquartile ranges were used to report 
non-normally distributed data, such as the percentages of adequate compression 
depth and chest recoil. Treatment, period, and residual carryover effects were 
evaluated using linear models specifically designed for crossover studies. No carry-
over or period effects were detected (in all instances, p-values > 0.298). 

The Wilcoxon signed-rank test was used for variables whose studentised 
residuals were not normally distributed. The proportions of participants (paired 
nominal data) who delivered chest compressions within the recommended range 
were compared using McNemar’s test. All Data were analysed using the Statistical 
Analysis System (SAS) software, Version 9.4. The significance threshold for our 
data analysis was set at p < 0.05 (two-tailed).  

The average SUS score was analysed according to the SUS scoring criteria 
described by Brooke (1996). Initially, one is subtracted from the score of the odd 
numbers (positively worded items) (score − 1), and then the score of the even 
numbers (negatively worded items) is subtracted from 5 (5 − score). Finally, the 
resulting scores are added together and multiplied by 2.5 to produce a composite 
score that reflects the product's overall usability (Brooke, 1996) 

Previous studies have shown that the average SUS scale can be analysed in 
various ways. In this study, the usability score of the new device was interpreted 
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using the SUS acceptability categories (Bangor et al., 2008). According to the SUS 
acceptability category, a product's usability is classified as unacceptable (<50), 
marginal (50–70), or acceptable (>70). Furthermore, the mean and standard 
deviation for each item were calculated to quantify the score for each SUS statement. 

4.6 Ethics Considerations 
The study was carried out in accordance with the Declaration of Helsinki 2004 and 
the ethical standards for research involving human subjects established by the 
Finnish National Board on Research Integrity (World Medical Association, 2004; 
FINNISH NATIONAL BOARD ON, 2019). Multiple ethical committee clearances, 
institutional permissions, and informed consents obtained in each phase of the study 
will be discussed below.  

The first study in Phase I (Paper I) was a systematic review that synthesised 
existing published studies without involving direct human subjects. Therefore, there 
was no need to seek ethics committee approval or obtain permission to collect and 
analyse the data. However, the data was handled carefully using sound scientific 
methods to ensure validity and reliability. The Prisma reporting checklist was 
followed to enhance the transparency and completeness of the reported findings 
(Page et al., 2021). 

In the second study, in Phase I (Paper II), ethical approval was received from the 
Ethics Committee for Human Science Research at the University of Turku, Finland 
(number 10/2021), as well as the Human Research, Publications, and Ethics 
Committee in Ghana (dated 5/2021). The Ghana Red Cross (6/2021), Turku 
University Hospital (T158/2021), and Southwest Finland Rescue Department 
(8/2021) all granted permission to carry out the study. Participants were allowed to 
choose whether to participate, and they were informed they could withdraw at any 
time without providing a reason. They had the right to ask questions, refuse to answer 
a specific question, and request clarification. Data minimisation was strictly 
followed, and personal data, such as name, age, salary, address, and location, was 
not collected during the interviews. Robust data protection measures were applied 
through pseudonymisation and the confidential storage of the collected data on a 
secure cloud server maintained by the University of Turku. 

Phase II (Paper III) involved a multiprofessional, iterative prototype design, 
including sensor selection and integration with ResuGlove materials. Small, iterative 
testing of sensors and materials was conducted repeatedly in a laboratory setting, 
culminating in final testing at a simulation centre with four healthcare professionals 
experienced in delivering high-quality CPR and five laypersons who received brief 
training in chest-compression-only CPR. Personal data were not collected, and no 
harm was expected from participation. Participants with any CVD or any acute or 
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chronic hand pain that could compromise chest compression performance were 
excluded from the study. Since the study had no anticipated risk of injury and no 
personal data were collected, ethical approval was not required. Consent to 
participate was assumed when participants voluntarily arrived at the University of 
Turku's simulation centre to attend the study. 

The University of Turku's Ethics Committee for Human Sciences approved the 
study in Phase III (Paper IV) (statement nr 13/2022). Subsequently, Turku University 
of Applied Sciences granted permission to collect data (statement nr 9/2023). 
Participant autonomy was maintained by permitting voluntary participation and the 
right to withdraw at any time without needing to justify their decision. Participants 
did not gain any direct benefits, and no significant risks were expected aside from 
possible mild discomfort from wearing a tight ResGlove during compression. Every 
participant was given a thorough oral explanation of the study on the day of data 
collection. Afterwards, each participant signed a paper-based informed consent form 
before joining the study group.  
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5 Results 

The main findings of the study are summarised in this chapter, while the detailed 
results are presented in the published original Papers (I-IV). The results in this 
chapter are organised sequentially according to the MDD process framework 
presented by Shah & Robinson (2006), which describes the early-stage development 
of medical devices. 

5.1 Phase I: Concept- Idea Generation and 
Concept Development  

In the first phase of ResuGlove development, a systematic review (Paper I) was 
conducted to assess the limitations and gaps in the literature on feedback devices, 
focusing on the effectiveness and usability of standalone AVF devices used by 
laypersons. To ensure user involvement from the early stages of development, a 
qualitative study (Paper II) was conducted to determine user requirements and 
identify factors affecting the acceptability of real-time AVF feedback devices. 

5.1.1 Systematic Review (Paper 1)  

5.1.1.1 Characteristics of the Included Studies  

Sixteen studies were eligible for inclusion in this systematic review and meta-
analysis (Table 1). Two studies assessed as high risk of bias were excluded from the 
meta-analysis of all outcomes. All studies assessed compression depth and rate as 
outcomes. Twelve studies evaluated chest recoil, six evaluated hand positioning, 
only four evaluated skill retention, and five evaluated usability with respect to 
satisfaction and safety (Table 1). Nine of the studies were conducted in Europe, and 
seven in Asia. Six studies had sample sizes greater than 100 participants; five 
recruited 50–100 participants; and the other five recruited ≤ 50 participants (Details 
of the included studies' characteristics are provided in Supplemental Table 1, Paper 
I).  
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Table 1. Included studies, evaluated outcomes, and excluded studies from meta-analysis. 

     Evaluated 
Outcomes 

  

Study ID EMA  Primary 
Outcomes   Secondary 

outcomes  

 Yes CCD  CCR CR HP SR Usability 

Ahn 2017  √ √ √    

Ahn 2021  √ √ √   √ 

Buléon 2013 √HR √ √ √  √  

Dong 2020  √ √ √    

Eaton 2018  √ √     

Lee 2017  √ √ √    

Liu 2018  √ √     

Park 2014 √HR √ √ √ √  √ 

Plata 2019  √ √ √ √   

Plata 2021  √ √ √ √   

Sevil 2021  √ √ √  √  

Smereka 2019  √ √ √ √ √ √ 

Song 2015  √ √ √    

Suet 2020  √ √ √ √ √  

Wutzler 2018  √ √    √ 

Zapletal 2013  √ √  √  √ 

Abbreviations: EMA = Excluded from meta-analysis; HR = high risk of bias; CCD = Chest 
Compression Depth; CCR = Chest Compression Rate; CR = Chest Recoil; SR = Skill Retention.  

In the overall risk of bias assessment, seven studies (43.8%) were classified as 
‘low risk’, seven (43.8%) as ‘some concern’ and two (12.5%) as ‘high risk' (Figure 
10). Based on the Cochrane risk-of-bias tool for randomised trials (RoB 2) (Higgins, 
2020), studies were categorised as having an overall "high risk" of bias if they had 
at least one instance of "high risk" or two instances of "some concern" across the 
five domains (D1-D5) (Figure 10). For more information, refer to Figure 2 in Paper 
I. Two studies were excluded from the meta-analysis of all outcomes because they 
were classified as high risk in the overall risk-of-bias assessment (Buléon et al., 
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2013; S.-S. Park, 2014). Therefore, of the 16 studies, 14 were eligible for meta-
analysis, though the number of studies included in meta-analysis per outcome varied.  

 
Figure 10. Risk of bias assessment summary (Modified from Supplementary Figure 1 in Paper I).  

5.1.1.2 Effect on the Quality of Chest Compressions 

Compression Depth  

All studies assessed chest compression depth; however, only 12 were included in the 
meta-analysis (Table 1). A meta-analysis of the 12 included studies revealed a 
significantly deeper compression [2.22 mm (95% CI: 0.88–3.55; P = 0.001)] when 
standalone AVF devices were used to monitor compression quality during CPR 
(Figure 3 in Paper I). A subgroup analysis was conducted based on risk of bias (low 
risk versus some concern), CPR duration (2 minutes vs. >2 minutes), and study 
design (crossover versus parallel). Participants in the ResuGlove groups still 
delivered deeper compressions than those in the standard CPR groups 
(Supplementary Figure 4 in Paper I).  

Participants in the AVF group delivered significantly deeper compression in two 
of the four studies excluded from the meta-analysis (Buléon et al., 2013; Eaton et al., 
2018). In most studies, the improvement did not reach the level recommended by the 
resuscitation guidelines. Only one study, which was assessed as having a high risk 
of bias, reported a significant negative effect of standalone AVF devices on the 
quality of compression depth during CPR (S.-S. Park, 2014).  

Percentage 

                Low risk                     Some concern                    High risk 
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Compression Rate 

All studies evaluated chest compression rate (Table 1). Studies evaluating the 
compression rate showed considerable heterogeneity (I2 = 89%), precluding an 
overall meta-analysis (Figure 4 in Paper I). Heterogeneity was moderate for 
subgroups with “low risk of bias” and for the “two-minute CPR”, where meta-
analysis was performed (Supplementary Figure 5 in Paper I). Although a slight 
reduction in the compression rate was observed with the use of the AVF device  
[-1.91 min (95% CI: -5.01–1.19; p = 0.25) in studies with low risk, the decrease was 
not statistically significant. In contrast, a statistically significant decrease in the rate 
of compression was observed when rescuers performed CPR for 2 minutes with an 
AVF device [3.11 min (95% CI: -5.34–0.88; p = 0.006)]. 

Narrative synthesis of compression rates revealed that 8 of 16 studies reported 
significant differences between the standard CPR and AVF groups. In five of the 
eight studies, participants guided by the AVF device delivered fewer compressions 
per minute. One study compared three standalone AVF devices (Zoll Pocket-CPR, 
CPRmeter, and smartphone) with standard CPR (Zapletal et al., 2014). Once again, 
participants who performed CPR with Zoll Pocket-CPR and a smartphone delivered 
fewer compressions per minute than those who performed standard CPR. Moreover, 
in 11 studies, rescuers provided compressions within the recommended range 
outlined in resuscitation guidelines when using the AVF device. In contrast, only 
eight studies reported a compression rate within the recommended range of 100 to 
120 compressions per minute when rescuers followed the standard CPR. 

Chest Recoil and Hand Positioning 

Twelve of the sixteen included studies assessed the quality of chest recoil during 
CPR (Table 1). Only eight of these were eligible for inclusion in the meta-analysis. 
There was no significant improvement in the quality of chest recoil when AVF 
devices were used to guide chest compressions during CPR (-0.03% (95% CI: -0.59–
0.52; p = 0.90) (Figure 5A in paper I). The narrative synthesis indicated that only 2 
of 12 studies documented improvements in chest recoil quality when standalone 
AVF devices were used to guide participants during CPR (Plata et al., 2019, 2021). 
Six studies evaluated correct hand positioning on the chest (Table 1). Two studies 
were eligible for meta-analysis, and no significant improvement was found with the 
use of standard AVF devices [1.97% (95% CI: -2.58–6.52; p = 0.40)] (Figure 5B in 
paper I). In the narrative synthesis, only 2 of the 6 studies reported improved hand 
placement on the chest during CPR.  
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5.1.1.3 Effect on Skill Retention 

The impact of AVF device use on skill retention was assessed in four studies (Table 
1). Only one study reported deeper compressions at the second time point when AVF 
devices guided rescuers during CPR (Smereka et al., 2017). Compression rates at the 
second time point differed significantly across the three studies (Smereka et al., 
2019; X. Dong et al., 2020; Sevil et al., 2021). This difference may not be clinically 
significant, as compression rates in both groups were within the recommended range. 
Two studies reported improvement in chest recoil at the second time point when 
AVF devices guided rescuers during CPR (Smereka et al., 2019; Suet et al., 2020). 
Two studies evaluated retention of correct hand-positioning skill, and no 
improvement was observed between the groups (Smereka et al., 2019; Sevil et al., 
2021). Details are provided in Supplementary Table 3 of Paper I. 

5.1.1.4 Usability of the Standalone AVF Device 

In five studies, researchers evaluated usability in terms of participants’ preferences, 
confidence and satisfaction with the use of AVF devices during CPR (S.-S. Park, 
2014; Zapletal et al., 2014; Wutzler et al., 2018; Smereka et al., 2019; Ahn et al., 
2021) (Table 2). They evaluated satisfaction and usability using different scales. 
Participants' satisfaction and confidence in using real-time standalone AVF devices 
varied significantly across studies, with most participants favouring standalone AVF 
devices (Zapletal et al., 2014; Wutzler et al., 2018; Smereka et al., 2019; Ahn et al., 
2021). However, a significant number of participants reported hand discomfort and 
pain when using rigid standalone AVF devices, as detailed in Table 2. 
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Table 2. Usability in terms of confidence and satisfaction with the use of the standalone 
audiovisual feedback device during cardiopulmonary resuscitation  

Included 
Study 

Method of 
Assessment  

Description of the 
Assessment  Result 

Ahn 2021 

SUS Participants 
completed the SUS 
questionnaire to 
evaluate the device's 
learnability and 
usability. 

The mean overall evaluation score 
was 83.9, which was acceptable.  

Park 2014 

“The 
researcher 
developed a 5-
point scale item 
to evaluate 
performance.” 

The 5-Pain Scale 
was administered to 
the smartphone 
group. The 
questionnaires were 
distributed after both 
groups completed 
the final CPR 
performance.  

Many had negative opinions. The 
main reasons for the negativity 
included hand back pain (48.5%), 
unstable posture (21.25%), 
slipping (18.2%), and inaccurate 
compression site (6.1%). 

Smereka 
2019 

“The subjects' 
confidence was 
measured on a 
100-point 
scale.” 

“Self-assessed 
confidence of chest 
compression quality 
was measured with a 
100-point scale (1: 
no confidence; 100: 
full confidence).” 

“The self-assessed confidence in 
chest compression quality had  
a median of 71 (IQR 64–79) in the 
control and 91 (IQR 83–96) in the 
CPR group (P<.001).” 

Wutzler 
2018 

Six-item 
questionnaire 
on self-
estimation  

After performing 
chest compressions 
in both groups, all 
participants 
completed a six-item 
questionnaire on 
self-estimation 

Over half (54.2%) found non-
feedback compressions 
insufficient, and among those who 
performed ineffective trials with the 
feedback device, 92.3% felt more 
secure using it. 

Zapletal 
2014 

“Answers were 
rated on a 10-
point Likert 
scale (most 
difficult = 1 to 
easiest = 10).”  

“After performing 
compressions, 
participants rated the 
AVF device versus 
standard BLS and 
indicated which 
method they would 
prefer in a real-life 
resuscitation.” 

Injuries (blisters) occurred in 8 
participants (13%) using 
PocketCPR, 7 (12%) using 
CPRmeter, and 7 (12%) using a 
smartphone, compared with only 2 
participants (3%) during Standard 
CPR. In a hypothetical real-patient 
resuscitation scenario, 45% of 
participants preferred Standard 
CPR, while 53% preferred using 
an AVF device (p = 0.376). 

Abbreviations: SUS = System Usability Score; CPR = cardiopulmonary resuscitation, AVF = 
Audiovisual feedback; IQR = Interquartile Range; BLS = Basic Life Support 
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5.1.2  Qualitative Study (Paper II)  
Twenty-two participants were interviewed, including four from Ghana and eighteen 
from Finland. Five had over 20 years of work experience, nine had 10-20 years of 
experience, and eight had less than 10 years of experience (Details of participants' 
characteristics are provided in Table 1 of Paper II). Ten themes and twenty-five sub-
themes were identified within the four UTAUT constructs (performance expectancy, 
effort expectancy, social influence, and facilitating conditions) that define user 
needs, requirements, and factors influencing the acceptability of AVF devices 
(Details are in Figure 1, Paper II). A detailed description of these themes and their 
associated sub-themes within each construct is presented below. 

Performance Expectancy 

Three themes emerged within the performance expectancy construct: perceived 
usefulness, outcome expectations, and applicability across various situations. Nine 
sub-themes were identified under these three themes. Table 3 illustrates the themes, 
sub-themes, and examples of participants’ quotes within the performance expectancy 
construct.  

The result indicates that participants of the study would readily accept a newly 
developed AVF if they find convincing scientific evidence that the device monitors 
chest compression performance, provides reliable feedback, and eliminates any 
uncertainty. Furthermore, users would be more likely to accept a device if it offers 
the option to store recorded data for later use, allowing them to examine how 
compression and other factors were managed during CPR. Likewise, participants 
believed that feedback devices can help them achieve their goals more effectively if 
they include a feature that detects pulse during CPR and enhances attention, thereby 
enabling them to deliver high-quality compressions to improve survival after cardiac 
arrest. Participants preferred AVF devices in various sizes and shapes to 
accommodate rescuers with different hand sizes and to fit the chests of patients of 
all ages during cardiac arrest. Moreover, participants would like to adopt and use 
AVF devices that remain reliable even under extreme weather conditions. Lastly, 
they needed devices that could operate in areas without a reliable power supply (see 
Paper II for details).  
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Table 3. Themes, sub-themes, and samples of participants’ quotes under the performance 
expectancy construct. 

Themes Sub-themes Illustrative quotes 

Perceived 
usefulness 

Guidance of task 
performance 
 

“Students like the device because they can 
immediately see on the screen how fast and how 
deeply they are performing during CPR.”  

Perceived device 
reliability 
 

“When introducing new equipment, there is always 
uncertainty about its reliability. The device must be 
efficient and reliable to ensure there is no uncertainty 
about its use.”  

Option to store and 
extract data 

“The devices we have do not produce printed 
documentation of how the resuscitation was 
performed. It would be helpful if the device offered an 
option to print the recorded data so the entire team 
could receive feedback on its performance.”  

Outcome 
Expectation 

Option to detect 
pulse 

“It will be nice if I have something in my pocket that 
will help me detect if the patient's pulse is returned 
right while I am doing the chest compression.” 

Enhance 
concentration and 
attention. 

“I can see that even for an experienced person, it is 
incredibly helpful. When you are sure, your strength 
will start to fade, and your pace will slow. It is nice 
when the machine tells you to concentrate and pay 
attention.”  

Improved patient 
safety and survival 

“The best device should help the rescuer maintain a 
compression level high enough to allow patient 
survival.” 

Application in 
Diverse Situations 

Suitable for all 
people 

“If it is just a big one like that for an average adult, and 
then when there is a need for a younger person to do 
CPR, it is likely that the person using it will not be 
getting the right amount of pressure that the heart may 
require.” 

Tolerance to 
extreme weather 
situations 
 

“Yes, its cover must be rain- or water-resistant so that 
at least the inner part of the most engineering or 
technical mechanical aspect is protected. Sometimes 
you may be in an area where it is raining, and the 
device may be disturbed by the rain. 

Reliable and 
portable power 
supply 

“In Ghana, we have a problem. When it comes to 
power in the city, we have a proven problem. So, if 
you come up with any device that uses a lot of power, 
we will face a problem. It should not consume much 
power and be rechargeable. It would be great if we 
could get a solar aspect on it.” 

Effort Expectancy 

The effort expectancy construct included two themes: user-friendliness and 
perceived complexity. Six sub-themes were identified under these two themes. 
Table 4 illustrates the themes, sub-themes, and samples of participants' quotes under 
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the effort expectancy construct. Participants in this study realised that devices that 
are easy to learn and use are preferable for CPR training and patient resuscitation. 
Most participants stated that it was easier to accomplish their tasks when the AVF 
devices were small and lightweight and provided clear, easy-to-interpret feedback. 
Participants occasionally felt overwhelmed by the complexity of the AVF devices, 
which was associated with difficulties in transport, complex feedback, and 
challenges in device operation. Participants explained that transporting heavy 
equipment, along with other resuscitation equipment, poses challenges that may 
affect the acceptability of large AVF devices. Similarly, audio feedback from AVF 
devices can sometimes be excessive and confusing, particularly for laypersons, 
hindering their acceptance and use. Nonetheless, devices that display graphic or 
digital feedback on small screens were also difficult to read and interpret, particularly 
in stressful situations. Therefore, the level of complexity depends not only on the 
device itself but also on the context in which it is used. 
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Table 4. Themes, sub-themes, and samples of participant quotes under the effort expectancy 
construct. 

Themes Sub-themes Illustrative quotes 

User 
friendliness 

Easy to learn and use “The devices must be easy to use and adopt, so that 
they do not require extensive preparation or numerous 
tasks to remember before use.” 

Clear and easy 
feedback 

“The devices should provide feedback on a limited set of 
precise parameters, such as depth and frequency. It 
should not provide excessive information, as 
understanding complex feedback may reduce the quality 
of CPR.” 

Portable and 
lightweight 

“We had a defibrillator with integrated feedback devices, 
which was significant and challenging to use. We have a 
smaller one, and it does not seem cumbersome to use. 
When we go to resuscitate, it is good that our hands can 
carry all the stuff that we must take there.”  

Perceived 
Complexity 

Difficult to transport “Well, we carry a lot of stuff to the floors or wherever we 
go. Of course, carrying a kilo bundle is more fun than a 
50-kilo bundle. Therefore, the feedback devices should 
be compact and lightweight, with all features integrated. 
Making the devices as light and small as possible makes 
our work much more manageable.”  

Provide complex 
feedback 
 

“If the device says, ‘press harder’ and then suddenly 
‘you are pressing too hard,’ it can confuse and 
discourage the lay rescuer. They may already feel 
unsure in the situation, and constant corrections can 
lead them to believe they are doing everything wrong. A 
layperson might even stop resuscitation, believing they 
cannot do it properly.” 

Challenging to work 
with 

“When first confronted with these devices, users are 
often unsure how to interpret them or what they mean. 
For a layperson, this can be challenging, especially 
without prior guidance. In my view, it is key to 
overcoming the usability challenges of these devices. 
Ideally, the device should be designed so that, whenever 
it is activated or worn, it automatically provides a brief 
and precise summary of the required steps.” 

Social Influence 

The social influence construct consisted of two themes: social factors and 
organisational influences. Four sub-themes were identified under these two themes. 
Table 5 illustrates the themes, sub-themes, and participants’ “quotes” under the 
social influence construct. Although the social influence construct received the least 
attention during the interviews, two interesting themes emerged within it: social and 
organisational factors. Many participants agreed they would be motivated to adopt a 
new AVF device after seeing their colleagues use it correctly. They also tended to 
trust their senior supervisors' skills and competence and were ready to adopt the AVF 
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device based on their supervisors’ advice. According to participants' experiences, the 
organisation directed them to use newly introduced devices and had no say in their 
purchase or implementation. Although they did not participate in introducing the 
new devices, they were happy to accept any device the organisation introduced, as 
most had full confidence in the organisation and a positive experience with its 
previous devices.  

Table 5. Themes, sub-themes and samples of participants’ quotes under social influence. 

Themes Sub-themes Illustrative quotes 

Social factors 

Colleagues' 
influence 

“If a colleague recommends a device, it suggests they 
had a positive experience, so I trust their choice, but I 
would still want some instructions. I also assume my 
seniors are experienced and will follow their example in 
using the device.” 

Senior managers' 
influence 

“I think I should assume that my senior might have 
experience with it. So, whether he is well-trained in the 
use of it or not, I can trust the experience and could also 
use it in the same way after I see my manager using it.” 

Organisational 
factors 

Organisational 
decision 
 

“Decisions are usually made without informing workers. 
They do not discuss them at all with the people who use 
them. We now have a new device. Yesterday, however, 
we were unaware that such a new device was coming. I 
would be prepared to implement my organisation's 
requirements, as I could not do much about them.” 

Organisation 
recommendations 

“Well, of course, as a professional, I like to use it if my 
organisation wants me to use it because it gives a good 
analysis of the quality of the pressure and that it is 
effective, so that we can provide the best possible 
treatment.” 

Facilitating Factors 

Participants discussed several factors that facilitate the acceptance of AVF devices, 
grouped into three main themes: staff competence, perceived cost, and device 
compatibility. Six sub-themes were identified under these three themes. Table 6 
illustrates the themes, sub-themes, and participants’ “quotes” within the facilitating 
factors construct. Participants agreed that regular training enhances users' knowledge 
and skills, increasing the acceptance of AVF devices. For example, Participants from 
Ghana were hesitant to adopt the new technology unless they had access to qualified 
technicians and reliable spare parts. Based on their experience, devices introduced 
without qualified technicians and spare parts become nonfunctional and are 
discarded shortly after implementation.  

Device cost was among the most frequently discussed issues across all 
interviews. The majority viewed the high cost of the devices as a barrier to the 
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diffusion of a new AVF technology. However, it seemed that not only the high cost 
of the devices, which affects adoption, but also the financial situation of adopting 
institutions and countries, was a factor. For instance, most Finnish respondents 
thought that only unreasonably high costs could hinder the adoption and use of these 
devices. Conversely, individuals from Ghana view cost as a significant obstacle to 
adopt these AVF devices (Detailed information in Paper II).  

A few respondents preferred the physical integration of AVF devices with other 
multifunctional devices, such as defibrillators, because it is easier to remember these 
devices. The respondents agreed that new AVF technologies need to be functionally 
compatible with existing devices in various departments. They observed that devices 
with similar functions in hospitals or other community settings, such as shopping 
centres, could be easily adopted (see Paper II for details). 

Table 6. Themes, sub-themes and samples of participants’ quotes under facilitating factors 

Themes Sub-themes Illustrative quotes 

Staff 
competence 

Availability of 
maintenance 
technical skills 

“We need to identify the device brand, ensure 
replacement parts are available, and develop a 
maintenance plan and the skills to keep it running for at 
least five years.” 

Availability of Staff 
training and 
knowledge 

“Indeed, we need training; even if the device itself is 
easy, all devices still require some form of training. In 
general, training is essential for both professionals and 
laypeople.”  

Perceived 
Cost 

Financial capacity 
of the institutions 
 

“If they are of very high quality and priced in a way that 
individuals or organisations cannot easily afford, then 
only a few will have access to them in their lives, 
although every life is precious.” 

Cost of the AVF 
devices 

“The devices should include only the most essential 
components to minimise costs. It should be a critical 
device that supports survival but should not include 
unnecessary components that increase cost.” 

Compatibility 

Functional 
compatibility with 
other devices 

“Feedback devices used in public areas, such as 
shopping centres, should be compatible with those in 
emergency units and assess the same parameters in the 
same way. When the emergency team arrives at the site, 
they should be able to connect it to their own and 
continue working with it.” 

Physical integrity 
with other devices 

“It is beneficial when the feedback device integrates with 
the equipment you use, so that it is always with you in a 
sensible way. It does not need to be remembered 
separately in any way, but it is an integral part of the 
equipment that is used anyway.”  
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5.2 Phase II: Design and Prototype Development 
The proof-of-concept study (Paper III) summarised the iterative design process of a 
sensor-embedded, flexible wearable ResuGlove that monitors and provides feedback 
on the quality of chest compressions during CPR. The findings of the proof-of-
concept study demonstrated that the soft, flexible wearable ResuGlove, embedded 
with resistive pressure sensors and IMU, is promising for accurately detecting 
compression metrics, including compression depth, compression rate, and chest 
recoil. However, much remains to be done in terms of technical development and 
usability to make the devices suitable for CPR training and real patient resuscitation. 
A more detailed account of the sensor setup, accuracy evaluation, and user 
experiences is presented in the following sections. 

5.2.1 Sensor Layout 
 Both the accelerometer and the pressure sensors are used in this ResuGlove design 
to complement each other in monitoring chest-compression parameters. The 
accelerometer sensor (IMU) complemented the resistive pressure sensors to increase 
depth and rate detection accuracy. Conversely, resistive pressure sensors placed on 
the palm proved to be an appropriate complement to the accelerometer for 
monitoring complete chest release. Although three pressure sensors were installed 
on the palm side of the prototype right-hand ResuGlove, the analysed data suggested 
that a single pressure sensor on the outer palm (Sensor 1, Figure 8A) might be 
sufficient to supplement the IMU. The sensor located on the upper palm (Sensor 2 
in Figure 8A), beneath the locking fingers, was suitable only for rescuers who use 
the locking-finger technique during chest compressions in CPR (For more details, 
refer to Figure 11 in Paper III). The third sensor, located near the thumb, appears to 
offer no significant advantage in providing reliable readings (Sensor 3 in Figure 
8A). 

5.2.2 ResuGlove Accuracy 
To evaluate accuracy, results were presented using three different metrics: 
instantaneous depth error, depth estimate error, and frequency estimate error. 
Instantaneous depth error denotes the positional error between the new device 
estimate and the ultrasonic ground truth at each time point. The depth-estimate error 
was the difference between the depth estimates for each compression provided by 
our method and the ultrasonic distance. The researchers observed that focusing on 
individual compression depth improved the accuracy of depth estimation, reducing 
the instantaneous depth error from μ = 0.04049 meters, σ = 0.03487 to μ = −0.00996 
meters, σ = 0.02337. In the case of instantaneous error, it tends to overestimate depth 
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and exhibits high variability; however, when depth is measured at the level of 
individual compressions, the error diminishes significantly and shows less 
variability. Hence, the current method was not suitable for monitoring instantaneous 
hand positioning; however, it was relatively effective in assessing individual 
compression depths (see Figure 12 in Paper III). 

The frequency-estimation error was the difference between the compression rate 
estimated by the ResuGlove and the reference value from the ultrasonic ground truth. 
Although some outlier estimates appeared, the frequency estimates based on the 
peak-to-peak difference were nearly perfect. An average error of 8.162 Hz with an 
interquartile range (IQR) of 0 was achieved. This finding was anticipated because 
the primary frequency remains unchanged by data filtering, and the frequencies 
derived from both displacement and ultrasonic ground-truth data were calculated 
using the same peak-to-peak estimation method. 

5.2.3 User Experience 
Involving users in the development of medical technologies is crucial because it 
helps account for users’ needs, ideas, and experiences. This can improve device 
designs and user interfaces, thereby increasing usability, functionality, and device 
quality (Shah & Robinson, 2007). For example, during our iterative development of 
the ResuGlove prototype, glove size significantly affected the quality of chest 
compression. Although the sensor-embedded glove fits various hand sizes, wearing 
it on a large palm increases the risk of sensor damage, whereas on smaller hands, it 
increases the risk of sensor displacement and increased friction for rescuers, 
potentially resulting in inadequate compression.  

Additionally, the material used in the ResuGlove prototype was ineffective at 
absorbing sweat, which may compromise rescuers' comfort during prolonged 
compressions and raise hygiene concerns during actual patient resuscitation. Some 
participants reported that excessive sweating during compressions increased friction, 
causing discomfort. Many also expressed concerns about hygiene and the time 
needed to switch from one rescuer to another during real patient resuscitation, which 
could unnecessarily prolong compression interruptions.  

Finally, the pressure sensors were somewhat flexible. However, their size limited 
the glove’s adaptability to palm movements and affected its fit on rescuers' hands 
and palms. Nonetheless, the results suggest that the number and size of sensors can 
be reduced without compromising their ability to monitor chest compression quality.  
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5.3 Phase III: Effectiveness and Usability Testing 
In the third phase of device development (prototype testing), a simulation-based 
randomised crossover trial (Paper IV) was conducted to assess the effectiveness of 
the designed ResuGlove prototype in terms of compression depth, rate and chest 
recoil. To evaluate the usability of the designed ResuGlove prototype, participants 
completed the SUS survey right after performing 2 minutes of chest compressions 
guided by the ResuGlove. This study provided empirical evidence on the device's 
effectiveness and usability in a controlled simulated CPR scenario.  

A total of 29 nursing students from Turku University of Applied Sciences 
participated in this study. All students had basic resuscitation training, and the 
majority (79.3%) were women (details of the participants' demographic 
characteristics are shown in Table 1 of Paper IV). 

5.3.1 ResuGlove Effectiveness 
Data was examined to determine if there was a significant difference in mean 
compression depth and compression rate between the standard CPR group and the 
ResuGlove CPR groups. No statistically significant differences were observed 
between the two groups in terms of mean compression depth in mm (53.69 vs. 53.28, 
p = 0.70) and the mean compression rate per minute (111.48 vs.113.38, p = 0.23) 
(Figure 11A). However, participants using the ResuGlove achieved a significantly 
higher proportion of compressions at adequate depth, with a median of 87% (IQR 
77–98%), compared to those performing CPR without guidance from the 
ResuGlove, median of 59% (IQR 23.4–86%), P = 0.006 (Figure 11B).  

The median percentage of complete chest recoil was the same in the two groups. 
Nevertheless, the finding indicated that the difference between the two average ranks 
was statistically significant, favouring the ResuGlove CPR Group, with a median of 
99% (IQR, 89.5–100%) versus the standard CPR Group, with a median of 99% (IQR, 
53.5–100%), P = 0.008. Although the median remains the same in both groups, the 
lower quartile differs significantly between them (ResuGlove CPR Group: 89.5% vs. 
Standard CPR Group: 53.5%), which explains the significant difference between the 
two groups (Details are provided in Figure 4 of Paper IV). 
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Figure 11. The outcomes of chest compression parameters. Modified from Figure 3, Paper IV. 

The data were also analysed to determine whether there was a significant 
difference between the two groups in the number (proportion) of patients who 
performed adequate chest compressions, as measured by compression depth (50-60 
mm), rate (100-120 per minute), and complete chest release. The McNemar's test 
showed that a significantly larger number (proportion) of participants guided by the 
ResuGlove achieved chest compressions at adequate depth (ResuGlove CPR 82.8% 
vs Standard CPR 41.4%; P = 0.001) and rate (ResuGlove CPR group 96.6% vs 
Standard CPR group 72.4%; P = 0.012) than those in the Standard CPR Group. No 
improvement was observed in the number (proportion) of participants who achieved 
complete chest release with the use of ResuGloves (ResuGlove CPR 48.3% vs 
Standard CPR group 48.3%; P = 1.00) (For details see Table 2 in Paper IV). 
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5.3.2 ResuGlove Usability 
Finally, we evaluated the usability of the ResuGlove using the SUS questionnaire. 
According to Bangor et al., evaluating product acceptability based on the SUS score 
involves classifying usability into three categories: acceptable (above 70), marginal 
(between 50 and 70), and unacceptable (below 50) (Bangor et al., 2008). The 
ResuGlove's usability SUS average score was 70.4 out of 100. 

 
Figure 12. Mean Ratings for System Usability Scale Statements. 

In addition to the average score, the mean and standard deviation for each item 
were calculated to identify the specific aspects of each statement. The maximum 
possible positive and negative scores were 5. All odd items reflecting positive 
usability aspects had scores above 3, and all even items reflecting negative aspects 
had scores below 3. The subjective ratings indicated that the device was “easy to 
learn”, “able to learn quickly”, “comfortable”, and “not too complex”. However, 
some participants rated the device as inconsistent and reported needing technical 
support to learn to use it. Details of the average scores for the 10 SUS usability 
assessment items are presented in Figure 12. 
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5.4 Summary of the Results 

 
Figure 13. Summary of the findings. 

Effectiveness and Usability Testing  

The user requirements and acceptability 
of AVF devices are shaped by a complex 
interaction between functional 
performance, user confidence, design 
factors, and contextual usability. For AVF 
devices to succeed and gain widespread 
acceptance, they must be accurate, easy 
to operate, and adaptable to various 
contexts (Paper II). 

Real-time, standalone audiovisual feedback 
devices significantly improve the quality of 
certain chest compression metrics. Many 
rescuers preferred to use a real-time, 
standalone AVF device during CPR; 
however, a considerable number of 
participants experienced hand discomfort 
with the rigid standalone AVF devices 
(Paper I). 

The ResuGlove prototype reasonably detected chest compression depth and rate. 
Furthermore, it demonstrated promising accuracy in reliably detecting complete chest 
recoil, which remain significant limitation for many accelerometer-only feedback devices. 
Despite the promising results, the prototype still faces significant technical and ergonomic 
limitations, including a lack of uniformity in depth-accuracy detection and usability issues 
such as hygienic concerns, limited convenience for diverse users, and excessive sweating, 
as reported by participants (Paper III). 

Prototype Design and Proof of Concept  

Concept Generation 

Although the early-stage development of the wearable, soft, and portable ResuGlove 
prototype demonstrates promising feasibility, effectiveness, and usability, several technical 
and ergonomic limitations require further refinement, validation, and testing in realistic 
resuscitation scenarios before clinical implementation. 

The ResuGlove prototype demonstrated improvements in certain aspects of chest 
compression metrics compared to standard CPR under controlled conditions. Its 
effectiveness in real-world resuscitation needs to be studied. The average usability score 
was within the acceptable but lower end, indicating the need for further usability 
improvement (Paper IV) 

Conclusion  
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6 Discussion 

This work focused on the development and evaluation of an early-stage, real-time, 
wearable feedback device for monitoring the quality of chest compressions during 
CPR. The results of the four sequential and complementary studies, informed by user 
insights, iterative design, and experimental testing, demonstrated the feasibility and 
potential of the wearable ResuGlove for monitoring and providing real-time 
feedback on chest-compression quality during CPR.  The novel ResuGlove AVF 
device has significant potential to improve CPR quality by minimising rescuers' hand 
discomfort and enhancing secure wearability at the compression site, which reduces 
the risk of errors caused by displacement during CPR. It also has the potential to 
better detect leaning during compressions and improve chest recoil by integrating 
pressure sensors and accelerometers into a single device. At the same time, the 
findings underscore key technical, usability, and contextual challenges that must be 
addressed during the device's future refinement. The following discussion critically 
interprets these results, examines the strengths and limitations of the work, outlines 
directions for future design and research, and considers the broader implications for 
clinical practice and research. 

6.1 Discussion of the Results 
 The first two studies (Papers I and II) informed the design of soft, flexible, and real-
time standalone AVF devices by exploring gaps in the literature (Paper I) and by 
defining user requirements and factors affecting the acceptability of real-time AVF 
devices (Paper II). The systematic review (Paper I) revealed that real-time standalone 
AVF devices can improve specific chest-compression metrics, but not to the level 
recommended by international resuscitation guidelines. Moreover, despite greater 
satisfaction and confidence with the standalone AVF devices, a significant number 
of rescuers reported increased discomfort and hand pain with the rigid standalone 
AVF devices. The interview-based qualitative study (Paper II) revealed that a 
complex interaction among functional performance, accuracy and reliability, design 
factors, and contextual usability shapes user requirements and the acceptability of 
real-time AVF devices. The two studies conducted in the first phase of development, 
therefore, yielded significant findings that informed the iterative design of the 
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ResuGloves prototype. The iterative design of the ResuGlove prototype is 
summarised and reported in the proof-of-concept study.  

The proof-of-concept study (Paper III) demonstrated that a soft, flexible, secure, 
hand-adaptable, standalone AVF device, equipped with pressure and accelerometer 
sensors, could be a feasible and viable alternative to currently available rigid, real-
time AVF devices placed between the rescuers’ hands and the patient’s chest during 
CPR. It has the potential to reduce rescuers’ hand discomfort, reduce chest injury in 
patients, minimise sensor displacement during CPR, and enhance the likelihood of 
full chest release. However, the finding also demonstrates that the device, in its 
current form, has several limitations. These include the need to improve sensor 
accuracy, address potential discomfort caused by glove size and excessive sweating, 
and overcome durability and integration challenges. These issues require careful 
attention during future refinement and development. 

A randomised crossover simulation study revealed that the ResuGlove improved 
some chest compression metrics compared with standard CPR (Paper IV), an 
encouraging finding. Future simulation and clinical studies should compare the 
device with similar standardised real-time AVF devices to determine the specific 
advantages of the ResuGlove over marketed standalone AVF devices, particularly in 
reducing discomfort and minimising errors caused by sensor displacement. The 
usability of the designed device was also encouraging, with the average score falling 
within the acceptable range. However, the usability score was at the lower end of the 
acceptable range, indicating that further work is needed to improve the device's 
usability and user acceptance in real-world settings. 

This work contributes to the growing body of evidence supporting the 
development of technology-assisted CPR. Besides, it deepened our understanding of 
the interdisciplinary UCD processes required to address users’ real needs. The 
development of the ResuGlove is ongoing, as significant work remains on technical 
design and ergonomics to ensure a proper fit between the device's function, its 
intended purpose, and the needs of end users before it can be used for CPR training 
and patient resuscitation.  

The subsequent sections analyse the results from each phase of the study in 
detail, reflecting on the evolution of user needs, design choices, and performance 
evaluation throughout the development process. Discussion of the developmental 
phases provides a comprehensive overview of the ResuGlove's development and 
evaluation, highlighting key insights, challenges, and areas requiring further 
refinement.  
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6.1.1 Phase I: Idea Generation and Concept Development  
This section starts by discussing the results of the first phase of development, which 
includes two initial studies: a systematic review (Paper I) and a qualitative needs 
assessment (Paper II). These studies aimed to identify gaps in the literature and to 
understand user needs and requirements to inform the UCD of the ResuGlove. 

6.1.1.1 Systematic Review 

 In recent years, multiple reviews have assessed the effectiveness and usability of 
AVF feedback devices for CPR (Kirkbright et al., 2014; Miller et al., 2020; 
Gugelmin-Almeida et al., 2021; Lv et al., 2022). However, explicit evidence 
regarding the effectiveness and usability of real-time standalone AVF devices when 
used specifically by laypersons was lacking. This systematic review (Paper I) was 
therefore conducted to explicitly examine the strengths and limitations of these real-
time, standalone AVF devices with respect to their effectiveness and usability for 
laypersons.  

Although there was no consistent improvement across all compression metrics, 
there is substantial evidence that standalone AVF can help laypersons in delivering 
deeper compressions at a rate closer to the recommended range of 100-120 per 
minute. This finding aligns with previous systematic reviews that reported 
significant improvements in one or more of the evaluated chest compression metrics 
when AVF devices were used to guide chest compression quality during CPR 
(Kirkbright et al., 2014; Gugelmin-Almeida et al., 2021).  

Interestingly, compression depth appears to be the parameter most positively 
affected when rescuers use AVF devices during CPR. Both the meta-analysis and 
the narrative synthesis revealed that participants guided by the feedback devices 
achieved significantly deeper compressions than those delivering standard CPR. 
This finding is important because evidence indicates that achieving an appropriate 
compression depth is often more difficult than maintaining the correct compression 
rate when inexperienced rescuers perform CPR (Lund-Kordahl et al., 2019). Lund-
Kordahl et al. (2019) compared three groups of individuals with varying levels of 
training and found that those with advanced CPR training performed significantly 
deeper compressions. In contrast, the compression rate did not differ significantly 
across groups and remained within acceptable limits in all groups (Lund-Kordahl et 
al., 2019). Similarly, in many studies included in this review, participants performed 
compressions within the recommended range of 100–120 per minute in both groups 
(See Figure 4 in paper I). This indicates that, unlike compression depth, it is much 
easier for laypersons to adjust their compression rate to the recommended range, 
with or without guidance from AVF devices.  
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Although compression rate typically remained within the recommended range in 
both groups, participants who performed CPR guided by standalone AVF devices 
delivered fewer compressions per minute. Consistent with our findings, a previous 
meta-analysis of pooled data reported an average reduction of approximately 10 
compressions per minute when participants used feedback devices during CPR on 
simulated manikins (Kirkbright et al., 2014). If the compression rate remains within 
the recommended range, this decrease may indirectly facilitate rescuers' delivery of 
deeper compressions. During standard CPR, learners tend to compress the chest 
more quickly than recommended, and an increase in compression rate was associated 
with premature fatigue, leading to shallow compression depth (Agostinucci et al., 
2021; Zhang et al., 2013). Real-time AVF devices could therefore enhance the 
quality of chest compression depth by assisting rescuers in adjusting compression 
rates to reduce fatigue (Zhang et al., 2013).  

This review found no conclusive evidence that real-time standalone AVF devices 
are superior to standard CPR in achieving complete chest release or improving 
correct hand position. Contrary to our findings, one systematic review reported 
significant improvement in the percentage of complete chest release when feedback 
devices guided rescuers during chest compression (Gugelmin-Almeida et al., 2021). 
One possible reason for the variation in the findings could be differences in the target 
study populations. In their review, Gugelmin-Almeida et al. (2021) included studies 
targeting healthcare professionals skilled in CPR. In contrast, the target population 
in our review were rescuers with no prior experience in actual patient resuscitation. 
Another possible reason could be the difference in AVF device types used in the 
studies included in the two systematic reviews. We included studies that used only 
standalone AVF devices, whereas Gugelmin-Almeida et al. (2021) included studies 
that evaluated both integrated and standalone AVF devices.  

Three of the four studies that evaluated skill retention demonstrated a significant 
improvement in at least one compression metric at the second time point when 
laypersons used standalone AVF devices during simulated CPR (Smereka et al., 
2019; Suet et al., 2020; Sevil et al., 2021). Hence, although no consistent 
improvement was observed across all compression metrics, the evidence indicates 
that standalone AVF devices were, to some extent, beneficial in enhancing skill 
retention. This finding aligns with previous systematic reviews reporting the benefits 
of AVF devices for enhancing skill acquisition and retention in CPR training 
(Kirkbright et al., 2014; Gugelmin-Almeida et al., 2021). It appears that CPR skills 
were better retained when refresher CPR training was provided at shorter intervals 
using standalone AVF devices, as recommended by the resuscitation guidelines 
(Greif et al., 2021). One study evaluated CPR skill retention after one month 
(Smereka et al., 2019), rather than after three months (Suet et al., 2020; Sevil et al., 
2021). Unlike other studies that reported improvements in only subsets of chest 
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compression metrics (Suet et al., 2020; Sevil et al., 2021), Smereka et al. (2019) 
found significant improvements in CPR skill retention across all assessed 
compression parameters when rescuers were retrained at 1-month intervals using 
standalone AVF devices. 

Five studies included in this review evaluated usability in terms of satisfaction, 
confidence and preference using various tools. Although participants' satisfaction, 
confidence, and preferences varied across studies, most favoured standalone AVF 
devices over the standard CPR. In line with our findings, a previous study reported 
that 66% of participants preferred AVF devices over instructor-guided feedback 
during CPR training for health professionals (Wilson et al., 2021). Effective chest 
compressions rely on specific compression metrics, making it challenging for 
teachers to subjectively and precisely identify inadequate compression depth, rate, 
and recoil during CPR (Wilson et al., 2021). This may explain why rescuers 
preferred objective feedback from AVF devices to instructor-based subjective 
feedback during CPR training.  

Despite favouring real-time AVF devices during chest compressions, many 
participants reported negative experiences when using rigid, standalone AVF 
devices during CPR. This may degrade compression quality, leading to adverse 
outcomes during real-patient resuscitation. For example, in one study, approximately 
half (48.5%) of participants reported hand pain, 21.25% reported unstable posture, 
and 18.2% reported their device slipping while in use (S.-S. Park, 2014). In another 
study, there were reports of 8 (13%), 7 (12%), and 7 (12%) injuries (blisters) when 
participants used PocketCPR, CPRmeter, and smartphone, respectively, compared 
to a 2 (3%) injury rate in the case of Standard CPR (Zapletal et al., 2014).  

In line with our findings, several previous studies also reported a high rate of 
hand discomfort when rescuers used the rigid standalone AVF devices during CPR. 
For instance, in a study by Perkins et al., 95% of rescuers experienced hand 
discomfort while using the CPREzy device during CPR (Perkins et al., 2005). 
Similarly, Hong et al., in their letter to the editor, disclosed that 38.9% of students 
sustained hand injuries when the CPRmeter was used as a standalone feedback 
device during CPR training (Hong et al., 2016). These findings suggest that, for 
effective chest compressions and improved outcomes in CPR, standalone AVF 
devices must be comfortable, as CPR itself can be exhausting for rescuers. Hence, 
soft, flexible wearable devices that can be placed securely and as close as possible 
to the compression site may have advantages over currently marketed rigid, 
inflexible standalone AVF devices in minimising discomfort and fatigue during 
CPR.  
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6.1.1.2 Qualitative Study 

Understanding user needs, organisational characteristics, and the intended 
environment for use are the first steps in developing a safe, effective, and acceptable 
medical device (Tsai et al., 2023). Hence, this user-based qualitative study (Paper II) 
aimed to define the requirements and explore the factors affecting the acceptability 
of AVF devices. Ten themes were identified within the four UTAUT constructs that 
define user requirements and acceptability of AVF technologies. Perceived 
usefulness, outcome expectations, and applicability across diverse situations were 
identified within the performance expectancy construct. User-friendliness and 
complexity are two themes included under the effort expectancy construct. 
Organisational and social factors are the two main themes of the social influence 
construct. Lastly, the facilitating factors construct comprised three themes: device 
compatibility, perceived cost, and staff competence.  

Performance expectancy is “the degree to which an individual believes that using 
the system will help him or her attain gains in the job”(Venkatesh et al., 2003). In 
the current study, the perceived usefulness of AVF devices in monitoring and 
guiding the quality of chest compression performance was frequently highlighted as 
the primary factor influencing the acceptability of AVF devices among healthcare 
professionals in CPR. Our results align with earlier studies that characterised 
technology usefulness as a crucial determinant of health device adoption (Asadi et 
al., 2019; Q. Yang et al., 2022).  

Some participants preferred AVF devices that could detect the return of a 
heartbeat (pulse) and provide feedback on the quality of chest compressions. 
Furthermore, respondents state that AVF devices should be accurate, reliable, and 
capable of storing data for various purposes, including debriefing and research. They 
were against devices that present extraneous information, because CPR is inherently 
a stressful and exhausting situation (Vincent et al., 2021), and such unnecessary 
extraneous information may compromise the quality of CPR and potentially 
jeopardise positive patient outcomes.  

Users can recognise medical devices as safe, convenient, and efficient if 
researchers and designers accurately identify user types and the contexts in which 
the devices will be used, thereby facilitating the diffusion of developed health 
technologies (Money et al., 2011; Bitkina et al., 2020). Therefore, AVF device 
design must align with the intended use and context to ensure smoother user 
acceptance (Bitkina et al., 2020), enabling institutions to avoid unnecessary 
investment in multiple devices. Participants from Ghana, for example, reported that 
AVF devices that do not account for frequent power shortages cannot be easily 
adopted and used in their health institutions, as has been previously reported in other 
African countries (Namatovu et al., 2021; Akinnuwesi et al., 2022). Some 
participants from Finland were also concerned about the acceptability of an AVF 
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device, which cannot tolerate extreme weather conditions, such as sauna 
temperatures and freezing temperatures of up to -40 degrees Celsius. Therefore, 
designers and researchers of medical devices need to consider how best to respond 
to the environments and contexts in which they are intended for use (Piaggio et al., 
2021). For the above-mentioned reasons, involving users in the early stages of the 
development process helps researchers and designers to understand the usability and 
acceptability requirements of the medical device in the intended context (Money et 
al., 2011; Bitkina et al., 2020), even though achieving all requirements at one time 
was proven to be impossible. Although expected effectiveness is critical, it is 
insufficient on its own. User-friendliness also plays a key role in the acceptance and 
use of AVV devices. 

In general, user-friendly medical technologies that are easy to operate and 
maintain are more likely to be widely accepted and implemented than those that are 
complicated to learn and challenging to operate (Metelmann et al., 2021; Wingen et 
al., 2024). According to the participants in this study, small, lightweight devices that 
combine all functions in one place would be more readily accepted and adopted than 
large, heavy AVF devices, which are burdensome to carry alongside other 
resuscitation equipment. These findings align with previous research, which has 
shown that users favour lightweight, easy-to-use wearable heart-monitoring 
technologies (Ferguson et al., 2020). The type of feedback provided by the AVF 
device also appears to affect its acceptability and usability. According to the 
participants, excessive audio feedback from an AVF device has occasionally been 
distracting, which could lower the quality of chest compressions during CPR. 
Additionally, users had difficulty reading visual feedback on small screens, which 
might affect CPR quality. This underscores the importance of meticulous design of 
AVF devices, not only to ensure their technical functionality and effectiveness but 
also to account for human factors to enhance usability and acceptability by end users 
(Guthrie et al., 2017; Kong et al., 2019).  

Some participants preferred AVF devices integrated into defibrillators because 
they offer experienced healthcare professionals a range of options. Nevertheless, 
many agreed that operating the various features of more advanced devices can pose 
significant challenges for inexperienced health professionals and laypersons. 
Furthermore, devices that appear easy to use in controlled settings, such as 
simulation scenarios, can be more complex and confusing when used on patients in 
cardiac arrest, owing to the added stress of fearing further harm to the patient (Malta 
Hansen et al., 2017). This implies that AVF devices designed for actual patient 
resuscitation should be even simpler to operate than those intended for training in a 
controlled environment. Therefore, our findings and those of previous researchers 
highlight the strong need to improve the user-friendliness of existing devices to 
support laypeople in performing CPR (Metelmann et al., 2021), a process that 
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requires the involvement of health professionals and other users in the development 
process of health technologies (Guthrie et al., 2017). The acceptance and use of the 
AVF device can also be influenced by other users and by organisational decisions 
and recommendations.  

Participants were ready to adopt and use the AVF device recommended by 
trusted colleagues and senior supervisors, especially after seeing it used safely and 
effectively. This finding aligns with previous studies, which have identified social 
influence as a key factor impacting the acceptance and adoption of new systems or 
technologies (Namatovu et al., 2021; Akinnuwesi et al., 2022). Individuals tend to 
accept and use new medical devices if they observe those around them using the 
devices with utmost safety (Akinnuwesi et al., 2022). Conversely, participants 
reported that insufficient support from colleagues and senior managers may 
negatively affect the acceptability and uptake of new health technologies.  

Organisational benefits, culture, and expectations may positively or negatively 
influence the behavioural intention to adopt and use new technologies (Akinnuwesi 
et al., 2022). Organisational influence is particularly important in hierarchical 
healthcare settings, where decisions on procurement and implementation are often 
made at the management or institutional level (Venkatesh et al., 2003). Watkinson 
et al. observed that in some healthcare organisations, end-users were not directly 
involved in technology implementation, as these processes were primarily managed 
by information technologists and organisational change teams (Watkinson et al., 
2021). Similarly, participants in the current study reported being unaware of when 
new medical devices were introduced, as their opinions were seldom considered in 
decisions to implement or adopt them. As a result, they often followed organisational 
recommendations and decisions rather than making independent choices about 
adopting and using new medical devices. Such top-down decision-making processes 
may encourage compliance, but do not necessarily lead to optimal use, as health 
professionals' perceptions of usefulness and their willingness to adopt new 
technology are key determinants of implementation (Borges do Nascimento et al., 
2023).  

Furthermore, facilitating conditions, defined as the degree to which an individual 
believes that an organisational and technical infrastructure exists to support the use 
of these AVF devices (Venkatesh et al., 2003), also mediate acceptance of these AVF 
devices. In this study, the three main themes identified under the facilitating 
conditions influencing the acceptability and adoption of AVF devices were staff 
competence, perceived cost, and AVF device compatibility.  

Regular training for users is expected to improve the attitudes, skills, and 
knowledge of staff members regarding the safe and proper use of medical devices 
(Doyle et al., 2017; Maamri et al., 2024; Rettinger et al., 2024). In the current study, 
participants with extensive experience with AVF devices reported significantly 
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higher confidence in their knowledge and skills. In contrast, users with little or no 
exposure to AVF devices appeared to have lower confidence in using the device, 
suggesting a need for tailored training and support for users with limited experience, 
as noted in a previous study (Kuek & Hakkennes, 2020). Users with less experience 
should receive appropriate training to increase productivity and help them take full 
advantage of innovation, thereby enabling organisations to reap its full benefits (Han 
et al., 2020). Interestingly, respondents from Ghana viewed the lack of spare parts 
for the devices and the absence of individuals possessing the technical expertise to 
repair faulty devices as significant barriers to adoption. A study conducted in Uganda 
identified similar barriers during the implementation and adoption of e-health for 
women's antenatal care practices (Namatovu et al., 2021), highlighting the impact of 
technical expertise on the adoption of new technologies in resource-limited settings.  

According to a previous systematic review, various evidence-based approaches 
are employed to balance the technical, financial, safety, and clinical requirements of 
device selection, involving a multidisciplinary team (Hinrichs-Krapels et al., 2022). 
According to participants in our study, regardless of the purchasing process, the cost 
of the AVF device and the organisation's financial strength significantly influence 
adoption. As Venkatesh et al. have shown, the price usually has a positive impact on 
the intention of using a technology if the perceived benefits of the technology 
outweigh the monetary cost (Venkatesh et al., 2003). This condition appears to be 
applicable only in Finland, where participants were more concerned with quality 
than with cost. In contrast, respondents in Ghana perceive cost as the primary 
obstacle to adopting new AVF technology. This suggests that high-quality medical 
devices designed for developed countries may never be accepted in countries and 
organisations with limited resources (Malkin, 2007; Piaggio et al., 2021). In fact, 
most participants advocated for devices compatible with existing technology and 
infrastructure, which could substantially reduce implementation and maintenance 
costs. This finding aligns with previous studies that have documented a positive 
association between technology compatibility and user acceptability (H. Yang et al., 
2016; Akinnuwesi et al., 2022). 

In summary, the initial phase, involving a systematic review and user needs 
assessment, revealed important gaps and clarified essential user requirements for 
effective, user-friendly feedback devices. Findings from these studies laid an 
evidence-based, user-focused foundation for designing the ResuGlove. Building on 
this, the following section discusses the design and prototype development process, 
in which these insights were translated into tangible design solutions. 
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6.1.2 Phase II: Design and Prototype Development 
The proof-of-concept study (Paper III) outlined and discussed the iterative design 
and development process for the ResuGlove prototype, based on requirements 
identified through the systematic review (Paper I) and user interviews (Paper II) in 
the initial phase of device development.  

Setting priorities among various options and alternatives is a key step in product 
design and development (Berander & Andrews, 2005). As a result, the second phase 
of the development process commenced after multiple brainstorming sessions to 
define the identified gaps, needs, and requirements. After multiple brainstorming 
sessions, researchers agreed to focus on designing and testing a device prototype to 
address compression depth, compression rate, and chest recoil, as these are the most 
vital elements of chest compression metrics for improving CPR quality 
(Olasveengen et al., 2021). The ResuGlove has a feature to detect compression 
interruptions, but testing of this feature was deferred for future study, as the focus of 
this early-stage device development was on the above-mentioned chest compression 
metrics.  

Sensor-embedded wearable devices have become popular and play a significant 
role in healthcare due to their benefits, including being lightweight, comfortable, 
flexible, and cost-effective (S. M. Ali et al., 2025). Similarly, after discussing various 
design options and materials to address the identified gaps, brainstorming 
participants proposed a textile-based, soft, flexible, hand-adaptable, portable 
wearable resuscitation glove featuring embedded pressure and accelerometer sensors 
that monitor and provide feedback on the quality of chest compressions (details are 
described in paper III). The flexible design is intended to minimise the possible risk 
of rescuers’ hand discomfort associated with rigid standalone real-time AVF devices 
(Elding et al., 1998; Perkins et al., 2005; Buléon et al., 2013). Secure wearability and 
sensor placement on the palm in direct contact with the compression site are expected 
to prevent sensor displacement while maximising the likelihood of obtaining 
accurate data on compression quality. Most previously developed and tested 
wearable, standalone AVF devices have focused on improving compression depth 
and rate using accelerometer sensors (Aase & Myklebust, 2002; Dellimore et al., 
2013; Hermann et al., 2021; S. Lee et al., 2021). In contrast, our design supplemented 
the accelerometer sensor with pressure sensors to effectively monitor chest recoil, 
which is a vital component of high-quality CPR (Kouwenhoven et al., 1960; Eijk et 
al., 2024)  

The device development in this study integrated expertise from clinical research, 
engineering, design, and data science to develop innovative solutions that address 
limitations of existing real-time AVF devices. Multidisciplinary teams have the 
potential to develop innovative solutions that bridge traditional disciplinary 
boundaries, combining the knowledge and skills of multiple disciplines to produce 
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more effective, safe, and user-friendly devices (Mohammadiounotikandi, 2023). 
Multidisciplinary approaches proved to be a significant strength of this study. During 
development, engineers and designers initially found it challenging to grasp the 
clinical importance of chest compression metrics and the impact of this device design 
on user performance and patient outcomes. Meanwhile, clinical researchers lacked 
detailed knowledge of textile properties and sensor technologies. Therefore, 
continuous collaboration among these disciplines from the early stages of 
development was vital to ensure that the design's technical aspects align with clinical 
needs and user requirements. 

The design employed rapid prototyping techniques, enabling the simultaneous 
identification and specification of requirements for materials, technology, 
wearability, and accuracy throughout the development process. The development of 
ResuGlove incorporated RtD framework into the design process to generate new 
knowledge by gathering information from the design itself (Bayazit, 2004). It 
emphasised the importance of using both qualitative and quantitative evaluation 
methods to guide decision-making at different development stages. Modern 
technological innovation depends on transparent knowledge transfer through open-
source collaboration, which breaks traditional organisational boundaries and 
facilitates the free exchange of knowledge (Chen & Zhou, 2025). Once this project 
is complete, all necessary files and algorithms will be made publicly available to 
support ongoing development. Therefore, the iterative design process, guided by the 
principle of RtD, focused not only on creating a market-ready product but also on 
building prototypes and exploring opportunities beyond the immediate device 
(Stappers & Giaccardi, 2014). In this way, RtD is an approach in which the design 
process serves as an investigative method for generating knowledge (Stappers & 
Giaccardi, 2014; Prochner & Godin, 2022).  

The proof-of-concept results showed excellent performance of the ResuGlove in 
monitoring the compression rate, with reasonable depth-tracking accuracy. 
Compared to a previous similar study that employed a bandpass method for a wrist-
worn device (Hermann et al., 2021), the ResuGlove device showed greater errors, 
with a median absolute difference of 8.7 mm (Hermann et al = 4.5 mm) and higher 
variability, with an IQR of −25.0 to 5.6 mm (Hermann et al = 2.3 to 7.8 mm). Three 
main factors negatively affected the depth accuracy of the ResuGlove prototype. The 
first was the use of an ultrasonic sensor in the ground-truth measurements, which 
yielded noisy results despite filtering. The second factor was the placement of the 
IMU sensor on the back of the hand, which was less accurate than the sensor placed 
on the palm side in direct contact with the compression site. Rescuers’ hands 
bouncing due to the spring inside the manikin’s chest was another reason for the 
lower accuracy. Therefore, despite relatively higher reported errors with the 
ResuGlove, it demonstrated reasonable accuracy, which is expected to improve 
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further when actors contributing to these inaccuracies are addressed in future 
refinements of the ResuGlove design.  

The proof-of-concept small-scale user test revealed that the two-hand sensor 
setup increased noise, thereby raising the risk of errors. Future work integrating both 
pressure and IMU sensors into a single glove in direct contact with the compression 
site is expected to reduce errors and enhance CPR quality. Therefore, once fully 
developed, the ResuGlove is expected to address some of the limitations of currently 
available real-time AVF feedback devices. However, readers should note that this 
has not yet been demonstrated clinically, as no simulations or clinical studies have 
compared the ResuGlove prototype with standardised existing wearable or other 
real-time AVF devices. Conducting these comparative studies will be part of the 
researchers' future development plan. Thus, the early-stage development 
summarised in the proof-of-concept study was crucial, providing essential insights 
that guided ongoing prototype refinement and future research and development. 

The prototype design selection focused on low-cost, accessible materials, 
making it suitable for use at the community level and in resource-limited settings 
where advanced, expensive, and complex devices are not readily available (Kalu et 
al., 2022). It is important to remember that resource-limited settings are not always 
confined within national borders, as high-income countries can also have regions and 
communities with limited resources (Schnaubelt et al., 2023). Therefore, the device 
is intended for use in regions, communities, and institutions in any country or region 
where the most expensive and complex devices are not readily available. 
Nevertheless, it is important to recognise that the device is in its early stages of 
development, and participants in the proof-of-concept study have already identified 
multiple usability issues that must be addressed during subsequent refinement and 
development before it becomes available for CPR training and real patient 
resuscitation.  

Participants, for example, reported discomfort associated with device size and 
increased sweating during compressions. Although the sensors retained some of the 
material's elasticity as expected, the multilayer sensor construction limited the 
glove’s adaptability to palm movements. The size of the sensors also affected the 
glove’s fit on rescuers' hands and palms. As this proof of concept suggests, usability 
issues related to sensor size can be addressed by reducing the number and size of 
sensors in future refinements and developments, without compromising their ability 
to monitor chest compression quality. User discomfort and hygiene issues related to 
excessive sweating can be mitigated in future development by selecting materials 
that facilitate easy observation of perspiration, such as moisture-wicking fabrics (Y. 
Dong et al., 2015).  

According to the participants, the ResuGlove could be helpful in monitoring and 
providing feedback during CPR training. However, during team-based real-patient 



Discussion 

 89 

resuscitation, switching or sharing the glove between providers was seen as time-
consuming and impractical, as it takes a significant amount of time to take it off and 
fit it to another rescuer’s hand during CPR. There was also concern that if multiple 
devices are planned, with each user having their own disposable pair of gloves during 
CPR, the devices may become prohibitively expensive, particularly for resource-
limited settings. Therefore, researchers and designers should consider developing a 
fast-donning design (Seim et al., 2022), such as the Palmar strap system, that can be 
easily removed and shared among rescuers without disrupting compressions during 
CPR.  

Another usability concern raised by participants in the proof-of-concept study 
was the use of the device to resuscitate children and infants during CPR. Chest 
compressions in infants, for example, are performed either with both thumbs or with 
two fingers of one hand (Madar et al., 2021). Therefore, placing the pressure sensors 
on the palm of the right-hand glove and the IMU sensor on the dorsal side of the left-
hand glove may not be practical for these age groups. Future research and design 
should consider a new version of the ResuGlove by positioning sensors on the fingers 
to enhance usability in infant resuscitation, as previously reported (Dellimore et al., 
2013). The selected materials and techniques enabled the development of an 
affordable, readily accessible CPR tool that can be replicated without advanced 
textile manufacturing or laboratory facilities. Therefore, although the current 
prototype is designed for adult rescuers and adult cardiac arrest scenarios, it can be 
easily adapted to fit different hand sizes and hand positioning techniques for 
resuscitating children and infants.  

In conclusion, the second phase of development focused on translating identified 
gaps and user needs into the iterative development of a novel ResuGlove to monitor 
chest-compression quality during CPR. In this phase, key functionality and 
ergonomic features were refined iteratively through a UCD approach. While the 
proof-of-concept study confirmed the device's feasibility and viability, its practical 
usefulness ultimately depends on real-world performance. Therefore, the next 
section discusses the effectiveness and usability of the ResuGlove, highlighting how 
well its design achieves its intended goals in a simulated CPR setting.  

6.1.3 Phase III: Effectiveness and Usability Testing 

Effectiveness evaluation 

The quality of chest compressions was assessed from various perspectives (Paper 
IV), including the mean compression rate and depth, the proportion of adequate 
compression depth and chest recoil. Researchers also analysed the number 
(percentage) of participants who attained the recommended compression depth, rate, 
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and chest recoil. The study revealed that using ResuGloves with feedback 
mechanisms improved specific chest compression metrics compared with standard 
manual compressions, a finding consistent with previous reviews (Kirkbright et al., 
2014; Sood et al., 2023) 

Although compression with a minimum depth of 50 mm is recommended to 
improve patient outcomes, rescuers often struggle to achieve the minimum 
compression depth during standard CPR (Stiell et al., 2012; Vadeboncoeur et al., 
2014). ResuGlove was effective in reducing the percentage of rescuers who delivered 
a compression depth less than 50 mm (37.9% in standard CPR vs. 17.2% in 
ResuGlove CPR). This initial finding suggests that, when fully developed, the 
ResuGlove is expected to help rescuers deliver deeper compressions, thereby 
improving patient outcomes. This is because previous studies documented a positive 
correlation between deeper compressions and improved patient outcomes (Stiell et 
al., 2012; Vadeboncoeur et al., 2014). The percentage of rescuers who delivered 
compressions exceeding the upper limit of 60 mm decreased from 20.7% to zero, 
indicating that the newly designed device could also be essential in preventing 
excessive deep compressions and thus reducing the risk of unintended patient 
injuries, such as rib fractures (Hellevuo et al., 2013). A study that investigated the 
possible relationship between compression depth and CPR injuries found a rise in 
the incidence of rib fractures and other organ damage when compression depth 
exceeded 60 mm (Hellevuo et al., 2013), a finding that could be addressed by this 
newly designed device. 

Similarly, our findings aligned with another study that documented a significant 
increase in the number of rescuers who achieved a compression rate of 100-120 per 
minute when using AVF devices (Lin et al., 2020). In the previous study, 
compression rates exceeding the upper limit (120 per minute) were more common 
than those below the lower limit (100 per minute) during standard CPR, a pattern 
corrected by a real-time AVF device (Lin et al., 2020). This was also a key finding 
in our study. For example, 20.7% of the standard CPR group delivered an average 
compression rate above the upper limit (> 120), which was reduced to 3.5% when 
participants delivered CPR guided by the ResuGlove prototype. These findings 
suggest that the unnecessary high compression rates observed during standard CPR 
decreased with the use of the AVF device, as previously reported (Lakomek et al., 
2020). This is an interesting finding because a decreased compression rate has been 
correlated with improved compression depth (Agostinucci et al., 2021). Although 
this study was conducted using manikins and the results cannot be directly applied 
to actual patient resuscitation, ResuGlove may have the potential to enhance 
outcomes during real patient resuscitation, as even a small increase in compression 
depth directly impacts survival (Stiell et al., 2012; Vadeboncoeur et al., 2014).  
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Complete chest recoil is essential between compressions to enable full chest 
expansion and generate negative intrathoracic pressure, which draws blood back into 
the chest and heart (Kouwenhoven et al., 1960; Lurie et al., 2016; Eijk et al., 2024). 
Our systematic review found no substantial improvement in chest recoil quality 
when laypersons performed CPR guided by standalone AVF devices (Paper I). 
Interestingly, the crossover manikin-based randomised trial revealed a significant 
difference in chest recoil quality between the two groups, with participants 
monitored and guided by the ResuGlove feedback showing a greater degree of 
complete chest release between compressions. This initial finding is promising, as 
the newly designed ResuGlove appears to outperform other standalone AVF devices 
in detecting leaning during the decompression phase, an important compression 
component often overlooked in many recently designed wearable devices (S. Lee et 
al., 2021; Musiari et al., 2021; Xie & Wu, 2023; LaPrad et al., 2024). Pressure-sensor 
input was used alongside accelerometers during ResuGlove development to enhance 
the accuracy of chest recoil detection. This may explain why the study of the 
ResuGlove has revealed promising findings in identifying leaning and in guiding 
rescuers to optimise chest recoil. 

Usability Evaluation 

Usability of the ResuGlove was evaluated using a quantitative method, employing 
the SUS questionnaire (Bangor et al., 2008). The SUS usability score of 70.4 
indicates that the newly developed ResuGlove is acceptable. However, it falls at the 
lower end of the range, suggesting that further ergonomic improvements and 
feedback enhancements during subsequent development could elevate usability to 
an excellent level. Our findings align with previous studies, which have 
demonstrated that the use of real-time, wearable AVF devices to monitor the quality 
of chest compressions was within an acceptable range (Ahn et al., 2021; Xie & Wu, 
2023). This implies that wearable technology might be a sensible and practical 
substitute for the stiff, detachable real-time AVF devices (Perkins et al., 2005; 
Zapletal et al., 2014). 

Statements regarding learnability and usability were the two most highly rated 
aspects among participants in this study, indicating that ResuGlove could be 
convenient for inexperienced rescuers. This is an important finding because evidence 
suggests that user-friendly wearable medical devices are readily adopted and 
accepted by users (Yin et al., 2022). Similarly, participants rated the ResuGlove as 
comfortable to use, suggesting it may reduce rescuers' hand discomfort associated 
with existing rigid, standalone AVF devices (Perkins et al., 2005; Hong et al., 2016). 
This is a promising finding, as the main purpose of the study was to demonstrate a 
multidisciplinary approach to developing a soft, flexible, standalone AVF feedback 
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device that is comfortable for both rescuers and patients. However, this study was 
conducted in a controlled simulation environment with a small sample size using 
manikins. Hence, further research with a larger sample size on patients experiencing 
actual cardiac arrest is necessary to verify whether the promising findings from 
simulation can be replicated in real-world settings. 

Nevertheless, items regarding the need for technical support and device 
inconsistency received the lowest scores. Many participants reported needing 
technical support to use the device and rated it as having some inconsistencies. 
Several factors may have led some participants to rate the SUS statements lower, 
resulting in a SUS Score at the lower end of the acceptable range. It was observed 
that even after participants adjusted the compression metrics to the normal range, the 
device continued to send corrective feedback for a few seconds before recognising 
that the error had been corrected. This inconsistency may have contributed to the low 
usability score. This limitation of the ResuGlove needs to be addressed in later stages 
of development, as it may frustrate users by making them feel they are not 
performing well.  

In this study, only one ResuGlove size was available, with some flexibility to 
accommodate different hand sizes. As a result, some rescuers might find the device 
uncomfortable due to excessive tightness, leading to sweating, which could impact 
the usability score. The ResuGlove prototype was designed assuming that the right 
hand is placed directly on the patient's chest. Therefore, all participants were asked 
to place their right hand on the manikin’s chest in indirect contact with the 
compression site, although some preferred to place their hand at the bottom. This 
could also lower the SUS usability rating for some items, affecting the overall 
usability score. 

The findings of this study highlight the potential and feasibility of a user-centred, 
wearable AVF device for improving CPR performance, while also revealing 
important challenges in design, accuracy, and usability. While the discussion of the 
results provides valuable insights, it warrants interpretation in the context of 
methodological rigour, which addresses the strengths and limitations of the studies 
at different stages of development.  

6.2 Strengths and Limitations of the Study 
In research, rigour encompasses the entire research process, from start to finish, 
ensuring the integrity and quality of the final research outcomes (Laher, 2016; 
Cypress, 2017; Shaheen et al., 2023). It refers to the extent to which the researcher 
strives to reduce bias and enhance quality to ensure the reliability of findings (Alele 
& Malau-Aduli, 2023). Methodological soundness, the accuracy of the results, and 
the integrity of the assumptions are considered when evaluating research rigour (Liu, 
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2017). Flaws in approach, design, execution, analysis, interpretation, and reporting 
indicate that a study was conducted with insufficient rigour (Sansbury et al., 2022). 
Researchers disagree on the terminology used to evaluate rigour in research 
(Cypress, 2017; Liu, 2017). According to the positivist approach, rigour in 
quantitative research is characterised by high reliability and validity (Liu, 2017; I. 
M. Ali, 2024). In contrast, according to the interpretive approach, the rigour of 
qualitative research is characterised by credibility (internal validity), transferability 
(external validity), dependability (reliability), and confirmability (Guba & Lincoln, 
1994; Liu, 2017). The aim of the study always guides the choice of research 
approach. This study, therefore, employed a sequential design, involving researchers 
from diverse backgrounds and utilising mixed research methods, thereby increasing 
internal consistency, methodological rigour, and real-world applicability. 

6.2.1 Systematic Review (Paper I) 
To ensure rigour in a systematic review, researchers must clearly define the research 
question, develop a coherent and well-structured protocol, conduct comprehensive 
literature searches, maintain transparency in data extraction, critically assess the 
included studies, and adhere to reporting guidelines and checklists (Batten & 
Brackett, 2021; Brackett & Batten, 2022).  

Similarly, to enhance the rigour of this systematic review (Paper I), the research 
question was clearly defined using the standard PICO format, accurately reflecting 
the inclusion criteria and aligning well with the objectives of the review (Aromataris 
et al., 2015; Brackett & Batten, 2022). A comprehensive protocol detailing the 
research question, review process, and research outcomes was developed and 
registered in PROSPERO (reg. CRD42020205754) prior to the initial search, as 
recommended by the “Cochrane Handbook for Systematic Reviews of 
Interventions” (Higgins, 2020). Registering the review protocol in public registration 
databases enhanced transparency and methodological rigour (Brackett & Batten, 
2022).  

A comprehensive search of five databases was conducted to identify published 
articles without language restrictions, to minimise bias (Appendix 1). Multiple 
database searches guarantee a thorough search that encompasses a range of 
perspectives and disciplines relevant to the research question (Gusenbauer, 2022). 
Information specialists assisted in developing search strings for the five databases, 
and an experienced researcher in database searching conducted electronic searches 
to enhance accuracy and minimise errors (Shaheen et al., 2023). The systematic 
search did not include grey literature such as dissertations, conference papers, and 
ongoing studies, which could have further enhanced the rigour of this systematic 
review (Paez, 2017). Additionally, only randomised trials were included in the 
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systematic review. This omission is an important limitation that readers should bear 
in mind when interpreting the findings of the systematic review. 

Data extraction and quality assessment of the individual studies were performed 
using the standardised Cochrane extraction template and RoB 2.0 for randomised 
trials, respectively, to increase the reliability of the extracted data (Higgins, 2020). 
Two independent reviewers conducted the data extraction and quality assessment to 
minimise errors, as recommended by the Cochrane Handbook for Systematic 
Reviews of Interventions (Higgins, 2020). However, the studies included in this 
review were conducted in only a few Asian and European countries, which may 
compromise their generalisability across other regions (ecological validity) (Shadish 
et al., 2002; Laher, 2016). Most participants in the included study were young 
university students enrolled in health sciences. This profile is different from that of 
the community-level rescuers who are most likely to witness cardiac arrest and 
initiate CPR. As a result, the findings of this review may not accurately reflect 
laypeople's performance in CPR in the general population (population validity) 
(Shadish et al., 2002; Laher, 2016). 

There was considerable variation among the included studies regarding data 
analysis, devices used, and sample sizes. As a result, conducting a meta-analysis for 
all outcomes was not possible. Even the studies included in the meta-analysis showed 
moderate heterogeneity, which should be considered when interpreting the 
conclusions of this systematic review and meta-analysis. To enhance the validity of 
the findings, researchers employed narrative synthesis alongside meta-analysis. 
Moreover, the Prisma reporting checklist was followed to ensure transparent, 
comprehensive, and accurate reporting of the results (Page et al., 2021). 

6.2.2 Qualitative Study (Paper II) 
The degree of confidence or trust that readers have in the qualitative findings is 
usually referred to as trustworthiness (Schmidt & Brown, 2021). The quality, 
genuineness, and precision of qualitative research findings are all factors that 
contribute to their trustworthiness (Cypress, 2017). Hence, trustworthiness is the 
central concept in frameworks aimed at appraising the rigour of a qualitative study 
(Cypress, 2017), which is evaluated using four criteria models: credibility, 
transferability, dependability, and confirmability (Guba & Lincoln, 1994; Liu, 2017; 
Sansbury et al., 2022). Various methods and actions were employed to strengthen 
the rigour of this qualitative study. 
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Credibility 

Credibility is related to the “true value obtained from the discovery of human 
experiences as they are lived and perceived by participants” (Liu, 2017). Credibility 
can be achieved through various methods, including but not limited to prolonged 
engagement at a site, peer debriefing, triangulation, and member checks (Liu, 2017).  

In this study, researchers conducted extended interviews with participants, 
allowing sufficient time to understand the phenomenon under study, thereby 
enhancing the credibility of the findings (Liu, 2017). The researchers conducting the 
interviews were familiar with the situation and the participants, which may help to 
build trust and minimise misunderstandings. However, researchers' familiarity with 
the situation may also lead to social desirability bias, in which the researcher’s 
characteristics influence participants' responses (Bispo, 2022).  

Peer review was achieved by sharing the research process and findings with 
peers for feedback and critique, facilitated through several meetings and discussions 
with experienced qualitative researchers. Triangulation was achieved by collecting 
data through focus groups, dyadic, and individual interviews, all of which revealed 
similar themes, thereby reinforcing the credibility of the findings. A member check 
involves sharing findings with participants to ensure that their views and experiences 
were appropriately taken into account (Liu, 2017; Cypress, 2017; Johnson et al., 
2020; Sansbury et al., 2022). Member check was not performed, which is a limitation 
of the study. However, given the researchers' experience in qualitative research, we 
believe that the participants' views and experiences have been accurately reflected in 
the data analysis. 

Transferability 

“Transferability refers to the applicability of a study’s findings to other similar 
contexts or situations”(Liu, 2017). Transferability can be achieved by employing 
purposive sampling and providing a detailed description of the data that enables 
others to compare it with similar contexts (Liu, 2017; Sansbury et al., 2022). To 
enhance rigour, purposive sampling was used in this study to explore the issue from 
participants with diverse professional backgrounds and geographical locations (Liu, 
2017; Sansbury et al., 2022). To ensure a broader range of perspectives and gather a 
diverse selection of data and experiences, the maximum variation sampling method 
was employed (Kuper et al., 2008). Transferability was further enhanced by 
providing a detailed description that included a wide range of information (Johnson 
et al., 2020; Sansbury et al., 2022), such as the data collection process, the number 
and characteristics of participants, the study's geographical location, and the 
timeframe for data collection and analysis.  
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Sampling was stopped once a thorough understanding of the topic was reached, 
a process often known as saturation (Kuper et al., 2008). Researchers consider 
sampling saturation as having been reached when additional interviews no longer 
yield new concepts, categories, or themes (Elo & Kyngäs, 2008; Kuper et al., 2008). 
During the analysis, every effort was made to document the findings as transparently 
as possible to ensure that the report is accurate and reliable. Moreover, the interview 
questions and data analysis were guided by a widely used theoretical framework 
(UTAUT), thereby enhancing the accuracy and transferability of the findings. 

Dependability 

Dependability in qualitative research refers to the consistency of findings over time 
(Ahmed, 2024). The results can be replicated by other researchers when studying 
similar subjects in comparable contexts (Liu, 2017). The dependability of the 
qualitative study was established through transparent and thorough descriptions and 
documentation of the methods, data collection procedures, and analysis. The first 
author primarily conducted the data analysis but consistently consulted with 
experienced co-authors to ensure the trustworthiness of the results. There is a risk 
that the researchers’ experience with device use and resuscitation may have 
influenced the interviews and data analysis, potentially leading to social desirability 
bias, a common limitation of qualitative research (Bispo, 2022). However, to 
minimise this social desirability bias, the study process, analysis, and findings were 
reviewed and commented by external reviewers, allowing other researchers to 
reproduce the results (Ahmed, 2024).  

Confirmability 

Confirmability (neutrality) refers to the degree to which a qualitative research 
finding is derived from participants' narratives and viewpoints, rather than being 
heavily influenced by the investigator's subjective assumptions and biases (Liu, 
2017; Kakar et al., 2023; Ahmed, 2024). In this study, confirmability was established 
by documenting the process, which showed how the codes, themes, and sub-themes 
emerged from participants' perspectives and narratives, enabling readers to follow 
the reasoning behind the study's findings and conclusions. Confirmability of the 
qualitative study was further strengthened by including direct quotes (Tables 3 to 6) 
from participants to ensure the investigators' neutrality in reporting the findings 
(Kakar et al., 2023). To avoid the bias and subjectivity inherent in a single researcher, 
the process of collecting, analysing, and interpreting the data was conducted in 
consultation with experienced coauthors. Additionally, the final report underwent 
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peer review and was published in an open-access journal, making it publicly 
accessible (Paper II). 

6.2.3 Proof-of-Concept Study (Paper III) 
The proof-of-concept study outlined the development process for the ResuGlove 
prototype, including brainstorming sessions, sensor selection, textile glove design, 
and sensor integration. It also summarised the in-house feasibility and viability 
testing of its use for monitoring chest compression quality during CPR, involving 
both CPR experts and laypersons. The rigour of this proof-of-concept study was 
ensured by adhering to the RtD framework and by involving interdisciplinary 
experts, including health professionals, engineers, designers, and data scientists, to 
enhance methodological consistency and transparency. Incorporating professionals 
from various fields, including health researchers, enhances the product's quality by 
blending diverse knowledge and experience and providing thorough insights into 
real needs, practical challenges, and the requirements of medical devices (Ushimaru 
et al., 2025). This approach supports the dissemination of new knowledge via 
scientific publications. For instance, one study highlighted the significant advantage 
in knowledge dissemination when academicians participated in medical device 
production, as most publications were mainly authored by healthcare professionals 
(Ushimaru et al., 2025).  

The prototype design was guided by gaps identified through a systematic review 
(Paper I) and a user needs analysis (Paper II), thereby enhancing the relevance and 
acceptability of the designed device. In addition, the methods and steps for sensor 
selection and integration are clearly described to ensure technical reproducibility and 
transferability (Paper III). The validity of the ResuGlove was addressed by aligning 
it with the ERC guidelines and measuring key chest compression performance 
metrics (Olasveengen et al., 2021). Validity was further enhanced through user-
prototype in house testing to assess feasibility and viability, thereby enhancing its 
clinical relevance.  

Some estimates of compression parameters showed significant variability, which 
could affect the accuracy of the resuscitation glove. The implications of these 
limitations, along with potential future solutions, are critically discussed in the 
discussion section to ensure transparency and transferability (Paper III). The 
transparency and reproducibility of the study were further improved by the 
researchers' decision to publish the proof-of-concept study as open access and their 
commitment to open-source dissemination of designs and algorithms. However, the 
small sample sizes in the prototype's preliminary feasibility testing may limit the 
reproducibility and generalisability of the findings across populations.  
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Our experience shows that multidisciplinary innovation and research also face 
significant challenges that must be addressed in the early development phase to avoid 
delays and potential misunderstandings among participants. For example, a 
significant challenge was the misalignment of priorities: engineers and designers 
focused on technical feasibility, whereas clinical researchers emphasised usability 
and safety. There was also a challenge related to domain-specific knowledge and 
basic understanding of the scientific language used in each profession, which 
affected the project's progress. These challenges could be addressed by 1) training 
engineers and designers in clinical courses, and 2) educating healthcare professionals 
in the fundamentals of design and biomedical engineering (Chandra, 2013). 
Furthermore, coordinating a project involving a cross-professional team with distinct 
workflows, work cultures, and schedules was challenging. Therefore, it is essential 
to establish a clear roadmap and foster trust among the multiprofessional teams from 
the outset of the collaboration, as individuals tend to trust professionals from the 
same domain more than those from other professions (M. Nguyen & Mougenot, 
2022). 

6.2.4 Effectiveness and Usability (Paper IV) 
The rigorous randomised crossover design of this study is a key strength because it 
reduces inter-individual variability and enhances internal validity (Lim & In, 2021). 
Each subject served as their own control, which minimises the effect of confounding 
factors due to participants’ demographic  characteristics (Dickerson, 2014), 
improving the precision of measurements between the ResuGlove and the standard 
CPR groups. It also minimises the allocation imbalance commonly observed in 
parallel designs, thereby reducing bias and increasing the likelihood that the 
observed differences are due to the treatment under study rather than to pre-existing 
differences between groups (Madurasinghe, 2017; Lim & In, 2021).  

The data were analysed using a suitable statistical technique for a crossover 
design, including period, carryover, and treatment-effect testing. The potential 
carryover and period effects, which are common concerns in crossover designs (Lim 
& In, 2021), were carefully assessed, and no statistically significant evidence of bias 
was observed. An adequate sample size was estimated for this study based on a 
minimum mean difference, the within-subject standard deviation, and a significance 
level of 0.05 (two-sided) with a power of 0.8 (details in Paper IV). Although this 
sample size was sufficient for early-stage prototype testing, future studies should 
include a larger sample to increase statistical power and enhance the reliability of the 
findings (Kemal, 2020).  

Another key strength of the study was the use of validated instruments to assess 
both chest compression performance and the usability of the ResuGlove. We used 
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the Laerdal Resusci Anne QCPR manikin with the Laerdal QCPR feedback app to 
objectively measure and record chest compression performance (Laerdal, n.d.). 
This manikin is widely used as a standardised tool in training and research, thereby 
enhancing the reliability of findings. Similarly, the SUS questionnaire is a reliable 
and popular tool for assessing the usability of various innovations and technologies 
(Bangor et al., 2008; Weenk et al., 2020).  

Furthermore, the study protocol has been registered on ClinicalTrials.gov under 
NCT05695469 to enhance transparency and minimise unnecessary duplication of 
research. Furthermore, researchers adhered to the CONSORT reporting checklist to 
ensure clear and transparent reporting of the findings. This report checklist helps 
researchers present the research question, methodology details, results, discussion, 
and conclusion more clearly and transparently (Dwan et al., 2019).  

Despite its strengths, the study had some limitations which should be considered 
when interpreting the results. The study was conducted in a controlled simulation 
environment using a manikin, which is often appropriate for testing prototypes and 
assessing training quality. This differs considerably from the high-pressure context 
of real patient resuscitation, which limits the ecological validity and real-world 
applicability of the findings (Andrade, 2018). Additionally, the study involved a 
homogeneous group of young, healthy nursing students who received basic life 
support training. Recruiting such participants may limit the generalizability of the 
findings to other populations, including older adults, untrained laypersons, and 
rescuers with existing medical conditions. Furthermore, double blinding of 
participants and researchers was not feasible given the nature of the AVF device's 
use in the experimental group. This could introduce bias and potentially compromise 
the study's credibility (Madurasinghe, 2017).  

Participants performed chest compressions for only two minutes, whereas actual 
patient resuscitation often continues for a significantly longer period. Therefore, 
participants may not have experienced discomfort and fatigue to the same extent as 
they would during longer CPR durations. In addition, at this stage, the ResuGlove 
provides audio feedback, and the feedback algorithm is designed to prioritise a single 
error at a time (e.g., compression depth). As a result, the device's current sequence 
error-correction model does not adequately address multiple compression errors that 
may occur during CPR training or patient resuscitation. 

In summary, interpreting the results alongside a thorough discussion of 
methodological rigour provides a balanced understanding of the study’s 
contributions and limitations. These insights not only contextualise the findings but 
also highlight remaining gaps and unresolved challenges. Accordingly, the next 
section outlines suggestions for future research and design to address these 
limitations and further enhance the development and real-world application of the 
ResuGlove. 
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6.3 Suggestions for Future Design and Research 
Building on the discussion of the findings and the interpretation of the strengths and 
limitations above, multiple opportunities emerged to inform future design and 
research aimed at further developing the ResuGlove. While the current work 
provides initial evidence of the ResuGlove’s feasibility and potential value as a 
feedback device, important gaps remain in usability, real-world applicability, and 
long-term effectiveness. The following design and research suggestions aim to 
inform the next phase of development and investigation, with a focus on optimising 
performance, acceptability, and impact across diverse resuscitation contexts. 

6.3.1 Suggestions for Future Design  
The preliminary feasibility test revealed that the two-hand sensor setup increased 
noise and raised the risk of errors. Therefore, future designs should consider 
integrating both resistive pressure and IMU sensors into a single glove, which is 
expected to reduce errors and potentially cause less interference with high-quality 
CPR performance. A single size of the ResuGlove prototype was created specifically 
for people who prefer to keep their right hand on the bottom during compressions. 
As a result, it was uncomfortable for those who prefer to keep their hands on the 
bottom during compression. Additionally, although it was made from a flexible 
material to accommodate different hand sizes, it was prone to breakage when worn 
on large hands. Therefore, future work should focus on modifying the device to 
accommodate all hand sizes and on making it available to both right- and left-handed 
rescuers.  

The wearability of the ResuGlove should be carefully considered in future 
refinement, as some participants reported excessive sweating, which may 
compromise hygiene, and expressed concern about the time required to exchange it 
with another rescuer if one becomes exhausted during real patient resuscitation. 
There were also concerns about its final cost if it were made disposable, as it would 
likely be more expensive than many marketed devices, making it unsuitable for 
resource-limited settings. Future designs should address these wearability and 
usability issues to ensure the device is accessible, comfortable, and affordable, 
thereby promoting its acceptability, equity, and sustainability.  

In the current prototype, ResuGlove incorporates an audio feedback system that 
prioritises feedback based on predetermined criteria, as it is not possible to provide 
audio feedback for multiple compression errors simultaneously. Future work should 
consider incorporating additional feedback systems, such as visual feedback or a 
combination of audio and visual cues, to ensure that all compression errors are 
identified and corrected simultaneously. Moreover, when a standalone real-time 
AVF device is designed, the feedback system is typically embedded within the 
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device, eliminating the need to connect it to external, more expensive feedback 
sources, such as laptops and smartphones. The current ResuGlove prototype, 
however, remains connected to a laptop and relies on an external device for audio 
feedback. Therefore, the device should be refined to operate autonomously, 
generating internal feedback to improve portability, affordability, and accessibility. 

6.3.2 Suggestions for Future Research 
The ResuGlove device developed in this research was compared with standard CPR 
only. Therefore, it should be validated against an equivalent, previously validated 
standalone AVF device used in training and actual patient resuscitation. In 
accordance with ERC Resuscitation guidelines, all communities, including school-
age children, should be taught and regularly practice CPR to improve the chances of 
a positive patient outcome. Therefore, the device's feasibility should be tested with 
a diverse group of users, including laypeople without CPR training, to assess its 
suitability for use in a community setting by non-certified individuals. 

Only nursing students from Finland participated in testing the ResuGlove 
prototype to assess its effectiveness and usability. In the future, users from resource-
limited settings and countries, such as those in sub-Saharan Africa, as well as 
healthcare professionals from other disciplines, including medical doctors, 
paramedics, and pharmacists, should be included to evaluate the feasibility, viability, 
and acceptance of this device in these regions and institutions.  

In addition, rather than relying solely on quantitative or qualitative usability 
testing, a mixed-methods approach should be used to comprehensively assess the 
usability of the ResuGlove. Moreover, because the ResuGlove is still in early 
development, only simulation-based usability tests have been conducted to date. 
Therefore, future research should consider evaluating the effectiveness, safety, and 
usability of the ResuGlove using a larger sample in real patient resuscitation 
scenarios.  

6.4 Implications to Clinical Practice and Research 
• The findings of this study will remind device manufacturers, researchers, 

educators and clinicians that soft, flexible, wearable, real-time, standalone 
AVF devices could be the best options for reducing the pain and 
discomfort experienced by rescuers when using rigid, inflexible AVF 
devices during CPR. 

• Furthermore, ResuGlove is a wearable device with sensors securely 
positioned on the rescuer's palm to guarantee direct contact with the 
compression site. This is expected to reduce the risk of sensor 
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displacement and improve measurement accuracy during compression, 
which needs to be verified in later development steps of the device.  

• Although much work is still needed, once fully developed, ResuGlove can 
be used for both training and real patient resuscitation situations, creating 
a smooth transition from classroom training to real patient resuscitation, 
where rescuers are trained and practising with the same device, improving 
performance when using familiar devices in a stressful situation.  

•  Most standalone AVF devices focus solely on monitoring compression 
depth and rate, with insufficient attention to chest recoil. In contrast, the 
ResuGlove device features an interface that is expected to reliably provide 
feedback on the quality of full chest recoil, an essential component of 
chest compression during CPR. 

• This collaborative research and design may promote future 
multidisciplinary cooperation among academics, engineers, and 
designers. Academicians ensure that the device is based on scientific 
evidence, sound methodology, and clinical guidelines; engineers focus on 
technical robustness and reproducibility; and designers emphasise 
ergonomics and user interaction. 

• The outcome of this study is also expected to stimulate and encourage 
further research and device development, leading to more cost-effective, 
comfortable wearable AVF feedback devices with additional features and 
better user interfaces to improve the quality of chest compressions during 
CPR. 
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7 Conclusions 

The study investigated the limitations of current AVF devices for CPR through a 
systematic literature review; explored user requirements and acceptability factors 
through end-user interviews; conceptualised and developed a soft and flexible 
wearable AVF prototype to address the identified gaps; and evaluated its 
effectiveness and usability in a controlled, simulation-based environment. 

Results of the systematic review showed that the standalone AVF device 
significantly improved specific chest-compression parameters. However, there was 
insufficient evidence to conclude that standalone AVF devices improve complete 
chest recoil and correct hand positioning during CPR. Moreover, many participants 
reported increased discomfort in their hands during chest compressions when they 
used rigid, standalone real-time AVF devices compared to standard CPR. The semi-
structured user interview reveals that a complex interplay among functional 
performance, user confidence, design factors, and contextual usability shapes the 
requirements and acceptability of AVF devices, indicating that multi-professional 
teams and user involvement are needed to address these challenges. The findings 
from these two studies guided the design of the wearable ResuGlove AVF device 
during the subsequent development phase.  

The proof-of-concept study described the conceptual and iterative design of the 
ResuGlove prototype. The proof-of-concept study revealed promising results, 
indicating that the ResuGlove device under development is feasible and potentially 
viable for monitoring and guiding chest compression quality during CPR. The 
preliminary findings of the effectiveness and usability test following the proof-of-
concept study further indicated that the device could improve specific chest-
compression metrics compared with standard CPR. Furthermore, Participants rated 
the designed ResuGlove prototype as comfortable and easy to learn, with an 
acceptable overall usability score. However, the usability score fell at the lower end 
of the acceptable range, indicating the need for further refinement.  

Overall, this work addressed a crucial gap in CPR feedback devices by designing 
and testing a new soft, flexible wearable AVF device that monitors and guides chest 
compression quality during CPR. Across a series of complementary studies, the work 
demonstrated the feasibility of soft, wearable, real-time feedback technology and 
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provided initial evidence that this approach can support the development of an 
accurate, user-friendly device to enhance CPR quality. The results indicate that the 
designed ResuGlove may enhance rescuer comfort, minimise device displacement, 
and improve key CPR metrics, particularly by guiding rescuers to avoid leaning 
during chest compressions, a feature overlooked in most other standalone wearable 
AVF devices. 

While still in early-stage development and subject to methodological and 
developmental limitations that require several rounds of refinement and further 
research, this work marks an important step towards the design and evaluation of 
next-generation wearable CPR feedback systems. Furthermore, it advances the field 
by integrating UCD, resuscitation science, and wearable sensing technology, thereby 
laying the groundwork for future research and clinical innovations to improve CPR 
quality and patient outcomes. 
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Appendices 

Appendix 1. Details Database Search Strategy. Modified from Supplementary data S1, Paper 1 

DATABASES SEARCH STRING  

PUBMED (“Audiovisual feedback*”[tiab] OR Audiovisual*[tiab] OR Audio-visual*[tiab] 
OR “feed-back”[tiab] OR “feedback system*”[tiab] OR feedback*[tiab] OR 
feedback[MeSH] OR Realtime OR real-time[tiab] OR “feedback 
device*”[tiab]) AND (CPR OR Resuscitation*[tiab] OR "cardiopulmonary 
resuscitation"[MeSH] OR “cardiopulmonary resuscitation*”[tiab] OR “chest 
compression*”[tiab] OR “Advanced cardiac life support”[Mesh] OR 
“Advanced cardiac life support” [tiab] OR ACLS OR “Advanced Life support” 
OR ALS OR “Basic Life Support” [tiab] OR BLS) AND (Train* OR "Simulation 
Training"[Mesh] OR “Simulation Training*”[tiab] OR "Education"[Mesh] OR 
education*[tiab] OR "Teaching"[Mesh] OR Teach* OR Learn*) NOT 
("Defibrillators"[Mesh] OR defibrillator*[tiab] OR “automated external 
defibrillator*”[tiab] OR AED)  

EMBASE (“Audiovisual feedback*” OR Audiovisual* OR Audio-visual* OR “feed-back” 
OR “feedback system”/exp OR feedback* OR feedback* OR “CPR feedback 
device”/exp OR “CPR feedback device*” OR Realtime OR real-time OR 
“feedback device*”) AND (CPR OR “resuscitation”/exp OR Resuscitation* 
OR “cardiopulmonary resuscitation*” OR “chest compression*” OR 
“advanced cardiac life support”/exp OR “advanced life support”/exp OR ALS 
OR “Advanced cardiac life support” OR ACLS OR “Basic Life Support” OR 
“basic life support”/exp OR BLS) AND (“training”/exp OR Train* OR 
“simulation training”/exp OR "Simulation Train*" OR “education”/exp OR 
education* OR “teaching”/exp OR Teach* OR “learning”/exp OR Learn*) 
NOT (“defibrillator”/exp OR defibrillator* OR “automated external 
defibrillator”/exp OR “automated external defibrillator*” OR AED)  

COCHRANE (Audiovisual NEXT feedback* OR Audiovisual* OR Audio-visual* OR 
feedback OR feedback OR feedback NEXT system* OR feedback* OR 
Realtime* OR feedback NEXT device*) AND (CPR OR Resuscitation* OR 
“cardiopulmonary resuscitation” OR “cardiopulmonary NEXT resuscitation*” 
OR “chest NEXT compression*” OR “Advanced cardiac life support” OR 
Advanced NEXT cardiac NEXT life NEXT support* OR ACLS OR "Advanced 
Life support" OR ALS OR Basic NEXT Life NEXT Support* OR BLS) 
(Audiovisual NEXT feedback* OR Audiovisual* OR Audio-visual* OR 
feedback OR feedback OR feedback NEXT system* OR feedback* OR 
Realtime* OR feedback NEXT device*) AND (CPR OR Resuscitation* OR 
“cardiopulmonary resuscitation” OR “cardiopulmonary NEXT resuscitation*” 
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OR “chest NEXT compression*” OR “Advanced cardiac life support” OR 
Advanced NEXT cardiac NEXT life NEXT support* OR ACLS OR "Advanced 
Life support" OR ALS OR Basic NEXT Life NEXT Support* OR BLS) AND 
(Train* OR education* OR Teach* OR Learn*) NOT (defibrillator* OR AED) 

CINAHL  (“TI Audiovisual feedback*” OR AB “Audiovisual feedback*” OR TI 
Audiovisual* OR AB Audiovisual* OR (MH "Audiovisuals+") OR TI “Audio-
visual*” OR AB “Audio-visual*” OR (MH "Feedback") OR TI “feedback*” OR 
AB "Feedback" OR TI “feedback system*” OR AB “feedback system*” OR TI 
“feedback device*” OR AB “feedback device*” OR TI “Realtime” OR AB 
Realtime OR TI “real-time” OR AB “real-time”) AND (CPR OR (MH 
"Resuscitation+") OR TI “Resuscitation*” OR AB "Resuscitation” OR (MH 
"Resuscitation, Cardiopulmonary+") OR TI “cardiopulmonary resuscitation*” 
OR AB “cardiopulmonary resuscitation*” OR TI “chest compression*” OR AB 
“chest compression*” OR (MH "Advanced Cardiac Life Support+") OR TI 
“Advanced cardiac life support” OR AB “Advanced cardiac life support” OR 
ACLS OR TI “Advanced Life support” OR AB “Advanced Life support” OR 
ALS OR TI “Basic Life Support” OR AB “Basic Life Support” OR BLS) AND ( 
TI “Train*” OR AB “Train*” OR TI "Simulation Training" OR AB “Simulation 
Training” OR (MH "Education+") OR TI “education* OR AB “education* OR 
(MH "Teaching+") OR TI “Teach* OR AB “Teach* OR (MH "Learning+") OR 
TI “Learn* OR AB “Learn*) ) NOT ((MH "Defibrillators+") OR “defibrillator*” 
OR (MH "Defibrillators, Automated External") OR “automated external 
defibrillator*” OR AED) 

WEB OF 
SCIENCE  

(“Audiovisual feedback*” OR Audiovisual* OR Audio-visual* OR “feed-back” 
OR “feedback system*” OR feedback OR Realtime OR real-time OR 
“feedback device*”) AND (CPR OR Resuscitation* OR "cardiopulmonary 
resuscitation" OR “cardiopulmonary resuscitation*” OR “chest compression*” 
OR “Advanced cardiac life support” OR “Advanced cardiac life support” OR 
ACLS OR “Advanced Life support” OR ALS OR “Basic Life Support” OR 
BLS) AND (Train* OR "Simulation Training" OR “Simulation Training*” OR 
"Education" OR education* OR "Teaching" OR Teach* OR Learn*) AND 
(“randomized controlled trial” OR “controlled trial” OR trail*) NOT 
(defibrillator* OR “automated external defibrillator*” OR AED)  

APA PSYCINFO  (DE "Feedback" OR DE "Sensory Feedback" OR DE " Feedback" OR 
“feedback device*” OR “Realtime feedback*”) AND (DE "CPR" OR 
"Cardiopulmonary resuscitation" OR "Chest compression" OR "cardiac 
massage" OR “Advanced cardiac life support” OR ALS OR “Basic Life 
Support” OR BLS) AND (DE "Simulation" OR DE "Computer Simulation" OR 
DE "Simulation-Based Assessment" OR DE "Stimulation" OR Manikin OR 
Mannequin OR dummy OR doll) AND (( DE "Simulation-Based Assessment" 
OR TI "Simulation Training" OR AB "Simulation Training" OR DE "Clinical 
Methods Training" OR (D "CPR Education" OR AB "simulation Education" 
OR TI" CPR Learning " OR AB“CPR Learning” OR AB“CPR Teach”* OR 
TI"CPR Teaching" OR AB"CPR Teaching") NOT ("defibrillator* OR 
“automated external defibrillator*” OR AED)  
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