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Abstract. In recent years, the adoption of augmented reality (AR) technology
for healthcare education has gained significant attention. Especially in life-critical
situations, such as cardiopulmonary resuscitation (CPR) where sufficient medical
training is essential and traditional methods are often limited due to availability
constraints. We present RescuAR, a self-directed AR-based CPR training system
enhancing CPR skill acquisition and retention by leveraging immersive AR expe-
riences and real-time feedback using sensing modalities.

RescuAR was designed and implemented as a self-directed AR application
based on survey findings with 11 healthcare professionals, incorporating both
theory and practice phases. To evaluate the effectiveness of RescuAR, a ran-
domized controlled user study was conducted involving n = 43 participants,
including nurse students and laypeople. The experimental group used RescuAR
for CPR training, while the control group underwent traditional teaching and
training sessions. The results of the user study revealed that RescuAR signifi-
cantly improved the overall effective CPR performance, surpassing the outcomes
achieved through traditional teaching methods. In conclusion, RescuAR’s self-
directed and autonomous approach to CPR training shows promising results in
improving CPR performance and has the potential to transform CPR education.

Keywords: Augmented-Reality - Cardiopulmonary Resuscitation -
Self-Education

1 Introduction

Cardiopulmonary resuscitation (CPR) plays a crucial role in saving lives during car-
diac arrest, a medical emergency with high mortality rates. The timely and effective
administration of CPR significantly increases the chances of survival [9]. Therefore, it
is vital to ensure that individuals are well-trained in this life-saving technique. Tradi-
tional CPR training methods, such as classroom-based instruction and mannequin prac-
tice, have been the cornerstone of CPR education for decades. However, these methods
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have shown limitations in terms of skill acquisition, retention, and providing immediate
feedback on performance.

One prominent challenge in traditional CPR training lies in the gap between knowl-
edge acquisition and practical application. While learners may grasp the theoretical
concepts, transferring that knowledge into effective hands-on performance can be chal-
lenging [6]. Research has shown that individuals often struggle to translate their theo-
retical knowledge into practical skills when faced with high-stress situations, such as
cardiac arrest scenarios [22].

Furthermore, the ability to receive real-time feedback on performance during CPR
training is critical for learners to correct errors, refine their technique, and build confi-
dence. Immediate feedback allows learners to adjust their actions, ensuring the appli-
cation of correct chest compression (CC) depth, rate, and recoil. However, traditional
methods of CPR training often lack the means to provide instantaneous and accurate
feedback, leaving learners uncertain about their proficiency and limiting their ability to
improve their skills effectively.

To address these challenges and bridge the gap in CPR education, the combination
of augmented reality (AR) technology with sensing modalities emerges as a promising
solution. AR integrates virtual elements into the real-world environment, offering learn-
ers an immersive and interactive training experience, while sensing modalities provide
an opportunity for the integration of real-time feedback. By leveraging computer vision
and sensing technologies, these systems can analyze the learner’s movements and pro-
vide immediate feedback on the accuracy and effectiveness of their CPR technique. This
real-time feedback enables the learner to make adjustments on the spot, improving the
quality and consistency of their compressions. This approach enhances skill acquisition,
retention, and performance by overlaying instructional guidance and visual cues onto
the learner’s view of a CPR scenario [1,10,34].

While existing studies on AR-based CPR training have shown promise in enhanc-
ing training experiences and outcomes [3,11,13,16], there is still a need for further
research to fully explore the effectiveness of AR in addressing the current limitations of
traditional CPR training methods. Although AR has demonstrated potential in provid-
ing immersive and interactive training environments, its specific impact on skill acqui-
sition, retention, and performance during CPR training is an area that requires more
investigation. Additionally, the design and implementation of AR-based CPR training
systems can vary, and it is essential to evaluate the effectiveness of different approaches
to optimize their educational value. Furthermore, understanding the potential benefits
and challenges associated with incorporating AR technology into CPR training can
inform the development of evidence-based guidelines and best practices for its integra-
tion.

In this paper, we introduce RescuAR, a self-directed AR-based CPR teaching and
training system that addresses the gap between theoretical knowledge and practical
applications in CPR education. RescuAR leverages AR technology to provide real-time
feedback on performance during CPR training, enhancing the acquisition and retention
of crucial CPR skills. We provide a comprehensive overview of the system, covering its
pre-design stage, implementation process, and post-development evaluation. The design
and implementation of RescuAR are carefully tailored to meet the specific needs of CPR
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education through survey findings from healthcare professionals. Furthermore, we con-
ducted a user evaluation to assess the impact of RescuAR on learners’ ability to acquire
and retain essential CPR skills. Our study demonstrated the effectiveness of RescuAR
in improving CC depth, frequency, and overall CPR performance, providing valuable
insights into the potential of AR as a transformative tool for CPR education and skill
development. The findings of this study will contribute to the growing body of research
on AR-based medical training and inform the development of more effective CPR train-
ing programs that enhance learner performance, confidence, and ultimately save more
lives.

2 Related Work

In recent years, several approaches have been investigated to improve the effective-
ness of CPR training, ranging from traditional classroom-based instruction to advanced
technological interventions, such as virtual reality simulations and AR applications
[8,14,16,19,29,35].

In a recent study done by Balian et al. [3], the feasibility of an AR CPR training sys-
tem (CPReality) for healthcare providers was tested. Their study results showed that the
integration of AR into CPR training has the potential to be a valuable educational strat-
egy that goes beyond simply translating knowledge and skills. However, their study has
limitations, including inherent selection bias, a potential learning effect, a lack of base-
line CPR performance assessment, and the absence of a control group for comparison.
These limitations should be considered when interpreting the study’s findings.

Leary et al. [21] focused on the limitations of Balian et al. work [3] and compared
the use of CPRReality training with a standard audio-visual feedback manikin in terms
of improvement in CPR quality. The findings of their study indicated that there was
no statistically significant difference observed between the two groups. This implies
that further, more extensive studies should be conducted to explore whether AR CPR
training has the potential to enhance overall CPR quality for both new and re-certifying
healthcare providers.

In another study done by Ingrassia et al. [13], an AR-based basic life support train-
ing system (Holo-BLSD) was proposed and evaluated in terms of feasibility and accept-
ability. While their study evaluates users’ experiences and perceptions through a sur-
vey, it does not provide comprehensive evidence or direct comparisons of performance
results in comparison to traditional CPR training methods. Therefore, the study may
lack the empirical data needed to evaluate the effectiveness and efficacy of the Holo-
BLSD system in terms of skill acquisition, retention, and performance outcomes.

In a related study, Johnson ef al. [15] proposed the use of mixed reality (MR) to
support time-critical emergencies. Their work introduced HoloCPR, an MR application
that provided real-time instructions for resuscitation through a combination of visual
and spatial cues. While their study demonstrated the potential of MR in decreasing
reaction time and improving procedural accuracy, it primarily focused on the evaluation
of these specific outcomes.

In this study, we aim to contribute to the existing body of research by addressing
the limitations and building upon the findings of previous studies in the field. To this
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end, we provide insights into the design, implementation, and evaluation stages of an
AR-based CPR training application suited for wearable AR devices. In addition, we
introduce a unique and cost-effective solution for real-time measurement of compres-
sion depth, frequency, and recoil during CPR training. Moreover, our study strengthens
the evidence supporting the effectiveness of AR-based CPR training by incorporating
a control group and baseline performance measurements. By combining these efforts,
we hope to enhance CPR training effectiveness and ultimately improve the outcomes of
life-saving interventions.

3 Methodology

Upon reviewing the existing literature, we identified a gap in the research regarding the
detailed exploration of the application design process for AR-based CPR training tools,
as well as the limited availability of quantitative data for a comprehensive comparison
between these tools and traditional CPR training methods. Motivated by these gaps
in the existing literature, our study aims to fill this research void by answering the
following research questions:

RQ1: What are the required design features and functionalities for an AR-based
self-directed CPR teaching and training tool?

We answer this research question by conducting an extensive design survey among
healthcare professionals and investigating their professional opinion on the required
features and specifications for such training tool.

RQ2: Are the performance results of the designed system comparable with tradi-
tional teaching methods?

Our objective was to address this question by conducting an experimental trial
where we compared the CPR performances of participants, who used the designed sys-
tem to learn and practice CPR routine, with participants who underwent traditional
teaching. We measured their performances before and after teaching sessions in terms
of correct depth, correct frequency, and overall effective CPR (correct depth and correct
frequency) to develop a better understanding of the efficiency of the designed system.

To this end, we employed a mixed-method design consisting of three consecutive
steps: data collection for design requirements, system design and implementation, and
system evaluation (Fig. 1).

Initially, a survey was conducted among a group of health professionals to gather
valuable insights and identify the design requirements and constraints for an AR-based
self-directed CPR teaching and training tool. The survey aimed to understand the prefer-
ences, needs, and expectations of professionals regarding CPR training, as well as their
perceptions of the potential benefits and challenges of using such an interactive system.

Based on the insights and design requirements identified through the survey, Res-
cuAR, an AR CPR self-training tool, was conceptualized and designed. The primary
goal of RescuAR was to enable users to learn and improve their CPR performing skills
by providing them with interactive features and real-time data visualization.

To assess the effectiveness of RescuAR, a user study was conducted involving nurse
students and laypeople. The participants were randomly assigned to either the experi-
mental group, which utilized RescuAR for CPR training, or the control group, which
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underwent traditional teaching methods. The CPR performances of participants were
evaluated before and after the training sessions, specifically focusing on parameters
such as compression depth and frequency. As various studies demonstrated the impor-
tance of hands-only CPR in bystanders [4,23], this study’s primary objective was to
evaluate participants’ CPR performances specifically regarding hands-only CC and any
effect related to breath technique was neglected.

Design surve Design RescuAR
ih ¢ o design and User study
with experts requirements . - _
(Section 4.1) (Section 4.3) implementation (Section 6)
. ' (Section 5)

Fig. 1. The study flow process starting with the specification of design requirements based on
expert survey findings and later evaluation of the designed system in a user study

4 Design Requirements for Self-directed AR-Based CPR Teaching
and Training Tool

To inform the design of our interactive CPR teaching and training tool, we conducted
a survey among experienced healthcare professionals. All professionals were familiar-
ized with the AR device capabilities that will be used for the study prior to conducting
the survey. The purpose of the survey was to identify the key requirements (RQ1) for
developing an AR-based self-directed learning system that could effectively support
CPR education. By gathering insights from these professionals, we aimed to create a
tool that addresses the specific needs and challenges of learners in the context of CPR
training.

4.1 Design Survey

The survey employed a combination of open-ended and multiple-choice questions. To
provide a more structured approach the questions were categorized into five categories:
User needs and requirements, user interface and design, instructional content, interac-
tion and feedback, and miscellaneous.

While the questions under the user needs and requirements category focused on the
participants’ opinions on the features and functionalities that are considered essential
for an AR-based CPR training app, the user interface and design questions focused
more on the appearance and aesthetic aspects of the app.

In the instructional content section, several questions were asked to gather insights
regarding the content, flow, and delivery mode of the teaching materials. Participants
were asked to provide feedback on the clarity and comprehensiveness of the instruc-
tional content, as well as their preferences for the organization and sequence of the
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material. Additionally, participants were asked about their preferred delivery modes,
such as text, images, videos, or interactive elements. Furthermore, more detailed ques-
tions focused on finding the most effective teaching methods for acquiring correct CPR
skills such as correct CC depth and frequency, along with suggestions for optimization.

Under the interaction and feedback section, participants were asked to express their
preferences for input methods, such as voice commands, button interactions, and ges-
tures. Additionally, participants were asked to indicate their preferred methods of real-
time feedback from app, whether visual, audio, or haptic.

Lastly, the miscellaneous section encompassed more general questions, allowing
participants to share their opinions on gamification aspects of the AR-based CPR train-
ing app. Additionally, participants were given the opportunity to provide any overall
suggestions or feedback they deemed relevant to the development of the app.

By capturing diverse perspectives from healthcare professionals, the survey played
a crucial role in informing the design and development of an effective AR-based CPR
training app.

4.2 Participants

A survey was conducted among 11 healthcare professionals. The participants’ demo-
graphic characteristics, including their professional backgrounds and relevant experi-
ence, are summarized in Table 1.

Table 1. The participants’ characteristic distributions

Characteristics

Age (years), Median (IQR) 39, (32-48)
Female 2

Male 9
Non-Binary 0
Experience in healthcare (years), Median (IRQ) | 20 (14-23)
Tried or Familiar with AR (yes) 6 (54%)

IQR, interquartile range; AR, augmented reality

4.3 Survey Findings

The open-ended questions in the survey were analyzed using qualitative data analysis
methods to evaluate the responses and gain deeper insights into participants’ perspec-
tives. The analysis process involved systematically reviewing the open-ended responses,
coding them for key themes and patterns, and organizing the data into meaningful cat-
egories. Through this approach, we were able to identify common themes, explore
variations in participants’ experiences and opinions, and gain a comprehensive under-
standing of the topics under investigation. The qualitative analysis provided valuable
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qualitative data that complemented the quantitative findings, allowing for a richer and
more nuanced interpretation of the survey results. These results highlighted the essential
design elements and interaction methods that were considered crucial for an effective
CPR training application based on the professionals’ expertise and daily experiences in
the healthcare field.

Instructional Content, Routine, and Design Elements. The survey respondents pro-
vided valuable insights and reached a consensus on several key aspects of the CPR
training application design. They emphasized the importance of incorporating a combi-
nation of audio, scripted text, and a virtual human teacher within the app to effectively
deliver theoretical materials and provide personalized guidance and support. Addition-
ally, participants strongly favored the use of animated human avatars as a demonstra-
tion tool for CC and breath techniques compared to other methods such as 2D videos of
real persons performing CPR or audio instructions and verbal cues. The dynamic and
interactive nature of animated avatars was perceived as more engaging and effective
in conveying the correct techniques for CPR training. In terms of the teaching routine,
participants suggested that it should begin with a theoretical representation of the con-
cepts, followed by hands-on practice. They further recommended that the teaching of
compression depth and frequency should be initially conducted separately before com-
bining them in the training sessions. Lastly, participants highlighted the significance of
enabling repetitive theoretical and practical sessions. They emphasized the importance
of incorporating functionality to navigate through the different stages of the training.
This feature would provide users with the ability to easily access previous and next
steps, facilitating repetitive practice sessions. The opportunity for repetitive practice
allows learners to review and reinforce their CPR skills, ultimately improving their per-
formance and confidence.

Input and Interaction. Regarding input and interaction, the survey respondents
expressed a strong preference for the integration of interaction methods through phys-
ical buttons or verbal communication via voice commands. Both methods were con-
sidered intuitive and practical for engaging with the app during training sessions. The
respondents emphasized the advantages of voice commands, as they enable users to per-
form actions without the need for manual input, allowing them to focus on performing
CPR on the manikin. This hands-free interaction was seen as a convenient and efficient
way to engage with the app. On the other hand, physical buttons were identified as a
suitable option for environments with high noise levels or crowded settings. Further-
more, participants expressed the belief that using virtual buttons or hand gestures for
interaction would not be suitable for this task, as they would require users to have prior
knowledge of how to interact with such input methods.

Methods for Frequency and Depth Acquisition. The survey respondents highlighted
the crucial role of immediate and real-time feedback during hands-on training sessions
for acquiring the correct frequency and depth in CPR. Among various types of feedback,
the combination of audio and visual feedback emerged as the most preferred method for
both frequency and depth acquisition.
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In terms of frequency acquisition, healthcare professionals recommended the inclu-
sion of audio elements to facilitate proper timing during CPR. They expressed the belief
that incorporating the iconic “Stayin’ Alive” sound, which aligns with the required
rhythm for CPR, would enhance the training experience. However, to promote stronger
muscle memory and improve precision, professionals also suggested the inclusion of a
metronome sound.

For correct depth acquisition, the respondents emphasized the importance of incor-
porating a simple graphical visualization, similar to the devices used in traditional teach-
ing setups to provide visual cues on the depth of CC. Participants pointed out the impor-
tance of optimizing the orientation and location of the visualization within the user’s
field of view to ensure clarity and accuracy during CPR training. They recommended
that the depth display be positioned near the manikin’s chest within the user’s field
of view, in a fixed position to maintain proper posture during performance. However,
considering that CPR is a highly physical activity and individuals may have different
preferences, participants suggested that it would be beneficial if the position of the
depth display could also be adjustable by the user based on their personal preference.
This customization feature would allow users to optimize their viewing experience and
ensure optimal training engagement.

5 RescuAR System Design and Implementation

Based on survey findings, an AR-based system prototype was developed with the aim
of creating an immersive multi-sensory CPR teaching and training tool, incorporating
audio, visual, and tactile elements, to enhance the learning experience and real-time
feedback to foster a comprehensive understanding of the CPR technique.

The application was designed and developed using the Unity 3D game engine [31].
Microsoft HoloLens [25] was used as a wearable AR device to run the application.

The system consisted of two main parts: RescuAR application, and a standard CPR
manikin [20] covered with custom pressure sensors. The RescuAR application utilized
real-time data streams from the CPR manikin to provide feedback on compression rate,
depth, and recoil. A local wireless communication scheme facilitated seamless interac-
tion between the manikin and the application, enabling accurate and immediate feed-
back on CPR performance.

5.1 RescuAR Application

The formulation of the CPR training app’s prototype design was based on the results
derived from both quantitative and qualitative data collected through the survey. Accord-
ing to the survey participants, a two-phase delivery of teaching material was found to
be appropriate. They recognized that understanding the underlying principles and con-
cepts of CPR is crucial in order to perform the techniques accurately and confidently.
Hence the application routine was divided into two distinct phases: Theory and practice.
During the initial theory phase, the application focused on imparting the fundamental
principles of CPR. The subsequent practice phase emphasized hands-on practical train-
ing. The flow chart of the application routine is presented in Fig. 2.
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Given that the primary objective of this study was to evaluate participants’ perfor-
mance specifically regarding CC, the instructions pertaining to rescue breaths were
exclusively included in the theoretical section and not incorporated into the practical
training. This deliberate decision allowed for a more targeted assessment of participants’
proficiency in CC, aligning with the study’s primary focus.
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Fig. 2. The flowchart explaining the routine of RescuAR CPR tutorial and training application

Theory Phase. During the theoretical phase, users were introduced to the fundamen-
tals of CPR (airway, breathing, and circulation techniques) based on European resuscita-
tion council guidelines [26] through an engaging virtual teaching experience. A virtual
teacher avatar was designed in following the survey results and served as the guide,
delivering the essential CPR basics both audibly and visually. To enhance comprehen-
sion, the information was presented not only through the avatar’s spoken instructions
but also as easily understandable written scripts. This method was deemed to be the
most suited approach for this application by survey participants. The communication
between the virtual teacher and the participant was facilitated using voice commands.
The virtual teacher provided the voice commands at the end of the conversation to
reduce the need for memorization. For example, the virtual teacher would say, “If you
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Fig.3. Third-person and first-person (in-app) views of RescuAR application. (a) Theoretical
phase. (b) Practical phase

feel like you need further practice, you can let me know at any time. Just use the word
‘repeat!””’

To ensure a clear understanding of proper technique, animated 3D avatars were
employed to visually demonstrate the correct posture and hand positioning during CPR
(Fig. 3). By utilizing 3D virtual models and realistic placement within the room, par-
ticipants were able to walk around the models and observe the CPR technique from
different angles, providing a more immersive and interactive 3D training experience
that cannot be achieved using 2D displays. By combining audio instruction, written
scripts, and animated avatars, the theoretical phase of the training aimed to maximize
participant comprehension and knowledge acquisition.

The application commenced with a calibration phase, which involved scanning the
environment and room using the capabilities of the HoloLens and Mixed Reality Toolkit
(MRTK) to obtain a spatial mesh of the environment. We utilized plane-finding meth-
ods to detect suitable surfaces for the placement of virtual teacher avatars and other
demonstrative avatars. Colliders were added to the room mesh to create a more realistic
movement area for the teacher avatar.

Practice Phase. The second phase of the application focused on practical training to
cultivate the essential muscle memory required for CPR proficiency. Based on the feed-
back from survey participants, separate hands-on practice addressing each essential cri-
terion of CPR was emphasized as important. As a result, two key criteria, frequency and
depth, were targeted individually and then combined to ensure comprehensive learning.
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To teach the correct frequency of CC, two distinct audio cues were employed. Ini-
tially, the iconic “Stayin’ Alive” song, known for its rhythm matching the recommended
CPR procedure (104 bpm), was utilized to encourage participants to perform CC in sync
with the song’s beats. Subsequently, a metronome sound with the same frequency (104
bpm) rate was introduced to enhance learner focus and synchronization.

Regarding CC depth, a trial-and-error approach was adopted to instill the appro-
priate technique. To align with the preferences of professionals who recognized the
benefits of using a design similar to standard commercial devices, real-time feedback
on compression depth was provided through a visual depth panel resembling CPRmeter
devices [24]. This allowed learners to assess their performance and make adjustments
accordingly (Fig. 3). The application allowed for the repositioning of the virtual depth
feedback panel using the manipulation gesture of HoloLens. To address the shaking
effect occurred during CPR performance, we implemented a functionality to fixate the
depth feedback panel to the corner of the field of view. Participants could enable or
disable this feature using a voice command. To eliminate the need and urge to look
at the teacher avatar during chest compressions, which could be affected by the shak-
ing effect, the visual rendering of the avatar was disabled during the practice session
and reappeared after the completion of the stage. This effect was also explained by the
teacher to the user to avoid any confusion. Additionally, a click sound reminiscent of the
standard CPR dummy’s internal clicker (which had been previously removed to avoid
confusion) indicated the moment when the correct depth was achieved.

Upon completion of training for both frequency and depth criteria, a final session
provided an opportunity for learners to combine both elements, aiming to perform CC
with the correct frequency and depth in a synchronized manner. This comprehensive
training approach equipped participants with the necessary skills to deliver effective
CC during CPR.

5.2 CPR Manikin

To acquire information such as depth, frequency, and pressurized position of the CC on
the manikin, a single FSR (Force-Sensing Resistor) was used. The sensor was attached
beneath the skin layer of the CPR manikin’s chest plate, precisely positioned in the
center of the chest where the hands should be placed during correct CPR (Fig. 4). To
facilitate seamless data acquisition and control, the pressure sensors were directly con-
nected and managed by an Arduino Pro Mini board [2]. The analog signals generated by
the embedded sensors were transformed into digital signals through the Arduino plat-
form. Subsequently, these digital signals originating from the sensors were transmitted
via a serial port to a local computer for further utilization and analysis.

To calculate the depth of chest compressions, we adopted the method proposed by
Tsou et al. in their study [32]. This method utilizes Hooke’s law to calculate the depth
based on the pressure applied to the chest spring. We assumed the spring inside the
dummy to be a linear spring due to the same diameter along its entire length. We con-
verted the FSR readings to Newton to calculate the spring constant. Before the exper-
iment, we measured the spring constant using the FSR force value and the spring dis-
placement using the following formula:
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x=—

k

Where F is the force applied to the compression spring (reading from the pressure
sensor converted to Newtons, N), k is the spring constant (%), x is the displacement of
the spring (m).

The accuracy of the employed method for calculating the depth of CC was verified
against a commercial CPRmeter device [24] to ensure the validity of the measurements.

Pressure Sensor
//
_

Fa
4o

—~—~\ —

Fig. 4. Placement of Pressure sensors and controller inside the manikin. ' = Applied force to the
spring (N), k = spring constant (%), x = displacement of the spring (m)

6 User Study and System Evaluation

To evaluate the effectiveness of our designed RescuAR system, we conducted a user
experiment. The study took place in two different experiment centers, Southampton
University Southampton, UK, and German Research Center for Artificial Intelligence
(DFKI) Kaiserslautern, Germany. The primary objective of this experiment was to
assess and compare the CPR performance of participants who used the RescuAR sys-
tem with those who underwent traditional CPR training methods (RQ2).

6.1 Study Design

The study utilized a randomized controlled trial design to investigate the effectiveness
of different teaching methods for CPR training. Participants were randomly assigned to
either the experimental or a control group.

Experimental Group. The experimental group received a self-directed CPR teaching
and training session using the RescuAR system (Application and the CPR manikin).
The teaching session began by calibrating the HoloLens for each individual and starting
the application. Each participant completed the teaching and training session without
any time limit.



178 H. Javaheri et al.

Control Group. The control group underwent a traditional CPR teaching and train-
ing session, which involved classroom-based instruction and practice using the CPR
manikin. The same manikin as the experimental group was used in the control group
to avoid any biases. A certified teacher was recruited to provide essential information
on performing CPR based on European resuscitation council guidelines [26]. The ses-
sion began with a theoretical introduction to the airway, breathing, and circulation tech-
niques, followed by a demonstration from the teacher on the correct CPR procedure
using the CPR manikin. Participants were then given the opportunity to practice CPR
on the same manikin under the observation of the teacher. The teacher interrupted and
gave feedback whenever they felt essential. Throughout the session, participants were
encouraged to ask questions, repeat the training, and perform additional CC cycles if
they desired. No time constraints were applied during teaching and training session. To
minimize bias between the groups, the training sessions were conducted on an individ-
ual basis.

Both groups received instruction on airway, breathing, and circulation techniques.
However, during the data recording session, participants were only asked to perform
chest compressions, as the main focus of our study was to evaluate the quality of chest
compressions in terms of depth and frequency while neglecting the potential effects
of the breath technique. No device or extra feedback method was used during data
recording. The performances of participants were assessed before and after the study to
measure their baseline CPR skills and the improvements achieved through the assigned
teaching training method. By comparing the performance improvements between the
experimental and control groups, the study aimed to evaluate the impact of RescuAR
system on enhancing CPR skills.

6.2 Study Protocol

This protocol was reviewed and approved by the ethical committee of Southampton
University. All of the participants were informed about being free to participate in the
research and nondisclosure of personal information. They all agreed and signed writ-
ten informed consent. Upon written consent, the experiment protocol was performed
in five ordered stages: (1) Demographic survey, (2) baseline CPR recording (3) ran-
domized group assignment (4) teaching and training session, and (5) post-training CPR
recording. The survey collected demographic and characteristic information including
age, gender, experience background in CPR, and familiarity with wearable AR devices.
After completion of the survey participants were asked to perform two cycles of 1-
minute hands-only CPR. Participants rested at least two minutes between each cycle.
Later all participants were randomly divided into two experimental groups to receive
teaching and training session. After the teaching session participants rested at least
for 10 min to avoid the effect of tiredness on their performance. Later they performed
another two cycles of 1-minute hands-only CPR (without usage of any feedback device
or extra help) with at least two minutes rest between each cycle. As various studies
demonstrated the importance of hands-only CPR in bystanders [4,23] this study only
focused on the evaluation of hands-only CPR performance, and any effect regarding
performing rescue breath was neglected.
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6.3 Participants

Total of 44 persons volunteered to participate in this study. Among those, 43 persons’
data were included and one person’s data were excluded from the study due to data cor-
ruption. After exclusion, the experimental group consisted of 22 volunteer participants
and the control group contained 21 participants. The participants were nurse students
and laypeople who were randomly assigned to study groups. The nurse students were
recruited by Southampton University and laypeople were recruited by DFKI. All partic-
ipants were required to be aged above 18. Characteristics of participants are presented
in Table 2.

Table 2. The participants’ characteristic distributions

Characteristics Control Experimental
Age (years), Median (IQR) 22, (20-24) | 21, (19-24)
Female 5 (23%) 9 (41%)
Male 16 (77%) | 13 (59%)
Non-binary 0 (0%) 0(0%)
Nurse Student 9 (43%) 9 (41%)
Laypeople 12 (57%) 13 (59%)
With prior knowledge 8 (38%) 11 (50%)
Tried or Familiar with AR (yes) | 2 (9%) 1(4%)

IQR, interquartile range; AR, augmented reality; With prior
knowledge, who is CPR certified and/or completed a first aid

course

6.4 Data Collection and Analysis

Over two 1-minute cycles, two CC measurements were recorded before and after the
teaching session using the same sensor-equipped CPR manikin described in Sect. 5.2
with a sampling rate of 100 Hz. The effective CPR performances of the participants
were analyzed according to the latest evidence-based guidelines for resuscitation offi-
cially published by European Resuscitation Council [28]. These guidelines suggest an
effective CPR as follows:

— CCin a frequency of at least 100/min but not exceeding 120/min.
— CC with a depth of at least 5 cm but not exceeding 6 cm
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In this study, the percentage of effective CPR performance of a participant was
calculated based on the percentage of the time that the participants complied with all
the above-mentioned guidelines at the same time while doing CPR.

Statistical analysis was performed using IBM SPSS Statistics for Windows, Version
22.0 [7]. Numerical data were presented as means £ standard deviations. To compare
the improvement in two groups before and after teaching sessions, Paired t-test was
used. To compare the outcomes between two study groups, Chi-square test (for categor-
ical data) and Student’s t-test (for numerical data) were used. A two-sided p-value less
than 0.05 was considered significant in all analyses.

6.5 Results

RescuAR Evaluation. The participants in the experimental group showed signifi-
cant improvements in performing correct depth and frequency. While the calculated
p-value for CC depth improvement was 0.003, the p-value for frequency improvement
was below 0.0001. A comparison between both criteria before the experiment session
showed that more participants had issues finding the correct frequency (39.8% 4 36.9%
correct frequency) than the correct depth (58.7% + 39.8% correct depth). Even though
for most of the participants, both depth and frequency were improved after the tutorial
and training session, the frequency improvement rate was higher (73.8% =+ 28.2%) than
the improvement rate in CC depth (84.3% =+ 23.2%).

Moreover, the results showed that the overall effective CPR performance of the
experimental group significantly increased (p < 0.0001) after teaching session with
RescuAR. While the mean of participants’ performance was 23.3% =+ 27.2% before the
teaching session, it was improved to 61.3% =+ 27.4% after training with the proposed
system.

Experimental Group vs. Control Group. The study analysis showed no significant
difference regarding characteristics distribution between the two groups concerning sex
(p = 0.332) and knowledge backgrounds (p = 0.543) of the participants. Based on
the findings, RescuAR helped to achieve higher effective CPR rates compared to tra-
ditional teaching. Analyzing the final performances of both groups’ participants, it was
observed that, even though both groups had no significant difference in doing effective
CPR before the teaching session (control = 20.3% = 25.4%, experimental = 23.3% =+
27.2%, p = 0.594), the experimental group performed significantly better than the con-
trol group after the teaching session (control = 40.4% = 28.5, experimental = 61.3% =+
27.4%, p = 0.019) (Fig.5).

Moreover, performance degradation only occurred in some of the control group’s
participants, and all participants in the experimental group showed improvement after
the teaching session (Fig. 6).
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7 Discussion

The results of our study provide compelling evidence of the effectiveness of RescuAR
in self-directed CPR teaching and training. The significant improvements observed in
both compression depth and frequency among participants in the experimental group
demonstrate the positive impact of RescuAR on CPR skills. Moreover, the experimen-
tal group exhibited significantly higher improvements in effective CPR performance
compared to the control group, underscoring the comprehensive benefits of RescuAR’s
AR-based approach. These findings suggest that traditional CPR teaching methods may
have limitations in adequately addressing crucial aspects of skill acquisition and reten-
tion.

Acquiring physical skills like CPR relies on developing accurate muscle memory,
and timely intervention is crucial to prevent the formation of incorrect habits. However,
accurately assessing learner performance is challenging for teachers without measure-
ment devices. Even with measurement systems, the timing and manner of intervention
can impact learner performance. Previous research has explored the use of measurement
systems to provide insights for teachers, but their effectiveness is influenced by various
factors, including intervention timing and the method used [10,34].

Our system showed that using real-time feedback modalities integrated into the
teaching routine could help to overcome this challenge. These findings align with pre-
vious research highlighting the benefits of audio-visual feedback in CPR education
[10,18]. Furthermore, our approach for real-time detection and visualization of CC
depth and frequency helped to seamlessly integrated the real-time feedback into the
training routine overcoming the limitations caused by using commercial CPR feedback
devices such as hand injuries due to the placement of the device, or instability of using
smart devices for measurement during CC [1,12].

Moreover, successful teaching requires sufficient dedicated time to achieve specific
skills or abilities. However, in a traditional setting, time constraints and variations in
individual capabilities make it challenging to provide adequate attention to each student.
In a crowded classroom setup, many students may hesitate to ask questions or request
repetitions during training sessions. This can hinder their learning experience and limit
their understanding of the subject matter. A self-directed approach — as implemented
in RescuAR — promotes active participation, encourages question asking, and
allows students to engage with the material at their own pace.

Additionally, instructors themselves differ in their approaches and abilities to teach
and evaluate effectively [17]. Consequently, evaluations or presentations dependent on
human teachers may lack objectivity and standardization. To address these challenges,
previous studies have attempted to unify teaching routines and enhance training ses-
sions using various technologies. Some studies focused on teaching CPR principles
through videos [5,27,33]. While unifying teaching is essential, learners’ active engage-
ment also plays a significant role in improving outcomes [30]. For instance, de Sena
et al. found that although video-based teaching improved CPR skills, participants pre-
ferred more interactive and engaging self-training over passive video-based instruction
[30]. Our study demonstrates that merging approaches can provide an efficient alterna-
tive for CPR education. By utilizing a virtual teacher with programmed curricula,
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we standardized teaching routines without diminishing learners’ interest, promot-
ing verbal communication between teacher and student.

In line with the findings of Balian er al. [3], our study further substantiates the
potential of AR in CPR training. By incorporating a control group and measuring base-
line performance, we provide additional evidence to support the effectiveness of AR
for CPR training. This strengthens the understanding of the benefits and possibilities
that AR technology offers in enhancing CPR education through various designs and
implementations.

Although Leary [21] did not find a statistically significant difference between
CPRReality training and a standard audio-visual feedback manikin, our study demon-
strates significant improvements in CPR performance within the experimental group,
suggesting the advantages of our AR-based approach in enhancing CPR quality com-
pared to traditional methods.

7.1 Limitations

While our system design and study results provide valuable insights, it is essential to
acknowledge its limitations. Certain technical issues, such as loss of environment map-
ping, occasional teacher avatar misplacement, and limited field of view, were identi-
fied during the experiment indicating the need for further optimization. Additionally,
the study’s controlled environment and participants’ awareness of evaluation may have
influenced their performance, necessitating further validation of the app’s real-world
applicability in diverse settings with participants unaware of being evaluated. Further-
more, further research is needed to assess the long-term durability and retention of the
improved CPR performance observed in our study. Lastly, our study primarily focused
on compression depth and frequency as key performance indicators, future studies could
consider incorporating a more comprehensive assessment, including other critical ele-
ments such as hand placement, posture, and breath technique.

8 Conclusion

In conclusion, our study provides compelling evidence of the effectiveness of RescuAR,
an AR-based CPR teaching and training app, in improving compression depth, fre-
quency, and overall CPR performance. The insights gained from our study inform the
development of guidelines and best practices for incorporating AR technology in CPR
training programs. Policymakers, educators, and healthcare professionals can use this
information to establish standards and recommendations for the implementation and
utilization of AR-based training tools. This includes considerations such as the design
of instructional content and feedback mechanisms, and the integration of AR training
into existing curriculum frameworks. While this study primarily focused on the funda-
mental teaching of CPR, our future work will delve into exploring the integration of
more realistic and immersive simulation scenarios. By incorporating advanced training
systems, we aim to investigate ways of providing learners with a comprehensive and
realistic training experience that prepares them for a wider range of CPR situations and
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challenges. By doing so we aim to contribute to expanding the field of research on med-
ical training and inform the development of more effective CPR training programs that
enhance learner performance, confidence, and ultimately save more lives.
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