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Abstract

Effective fire safety training is critical to mitigating property losses and human injuries
and deaths. Augmented Reality (AR) is an emerging solution for safety training, offering
a dynamic and interactive learning environment. Despite the emergence of various AR
training prototypes demonstrating potential advantages, there is limited research on how
teaching theories impact the efficacy of augmented reality. This study aims to integrate
and test two teaching theories, directive instruction and productive failure, into AR-based
fire safety training. Two novel AR prototypes, directive instruction training and productive
failure training, were designed and prototyped in this work. These two prototypes were
tested in a controlled experiment involving 68 participants. A comparison was carried
out, focusing on knowledge acquisition, knowledge retention, intrinsic motivation, and
self-efficacy. The results indicate that productive failure training has better performance
in enhancing knowledge acquisition and knowledge retention. However, both prototypes
perform equally in the overall learning experience. As such, these findings offer valuable
insights into future augmented reality development for safety training.
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1 Introduction

Fires pose significant threats to the built environment, particularly in densely populated
residential areas and complex commercial zones. Incidents occurring in these areas can
quickly lead to numerous casualties and significant property damage [1, 2]. According to
the World Fire Statistics Report published by the Geneva Association in 2014 [3], global
fire losses account for about 1% of annual GDP. The direct loss alone reaches tens of bil-
lions of US dollars each year. In the United States, for example, the direct fire loss in 2010
was 13 billion US dollars, more than ten times the total economic loss caused by tornadoes
in the same year [3, 4]. In 2023, the UK Home Office recorded a total of 178,737 fire inci-
dents, indicating a notable 17% increase from the previous year’s 152,639 cases [5]. Given
these alarming trends, strengthening fire preparedness through safety training has become
an essential strategy for mitigating potential losses. Empirical evidence shows that safety
training not only reduces the likelihood of injuries but also helps reduce accident-related
economic losses. Dong et al. [6] found that construction workers in Washington State who
received safety training were less likely to file injury compensation claims. Yiu et al. [7]
reported that adopting safety training in Hong Kong’s construction industry reduced both
accident frequency and associated costs.

Traditional safety training methods commonly use slide presentations, videos, or text-
based materials [8§—12]. While these methods have supported knowledge transfer and can
contribute to memory retention, especially when well-designed, they also have certain
limitations. Pedagogically, these approaches often rely on passive delivery modes that
may reduce learner engagement and limit opportunities for experiential learning [11-13].
Reduced interactivity and limited contextualization can make it more difficult for trainees to
internalize procedures or apply knowledge under stress [ 14, 15]. Moreover, traditional train-
ing methods frequently lack real-time feedback and adaptability, offering limited capacity to
adjust instructional content according to individual learning needs [16, 17].

Augmented Reality (AR) technology, as an emerging educational tool, has the potential
to revolutionize safety training and its effectiveness. By augmenting real-life scenarios and
seamlessly blending virtual elements with the physical environment, AR technology can
provide trainees with an interactive educational experience [18-22]. Several studies have
highlighted the crucial role of AR in enhancing training efficacy, demonstrating its potential
to significantly improve fire safety training effectiveness [12, 23-25]. For example, Gong
et al. [13] found that AR-based metro construction safety training outperformed slide-based
training and improved short-term knowledge acquisition of risk identification. Paes et al.
[20] found that AR fire safety training enhanced intrinsic motivation and promoted better
self-efficacy retention. Shringi et al. [26] found that AR visualizations helped learners retain
knowledge more effectively than traditional classroom training. Dallasega et al. [27] found
that AR in MEP installation training improved information management and increased
adoption compared to conventional visual management methods.

Nevertheless, two significant research gaps persist. Firstly, while existing research has
concentrated on advancements in AR technology and system enhancements, there are gaps
in the explicit integration of established teaching theories into AR-based safety training
[12]. This includes theories of Directive Instruction (DI) and Productive Failure (PF), which
are rooted in various disciplines, such as statistics, behavioral sciences, and psychology
[28-30]. DI theory stresses the importance of clear instruction and immediate feedback to
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expedite trainees’ skill acquisition [31, 32]. Conversely, PF theory advocates for creating
error-rich scenarios to prompt trainees to contemplate and rectify mistakes, thereby foster-
ing a deeper comprehension and mastery of fundamental principles [33]. Secondly, although
the effectiveness of PF and DI has been demonstrated in traditional learning contexts, there
remains a dearth of research on their application in AR-based fire safety training to optimize
training outcomes. Rigorous research and assessments are crucial to evaluating their poten-
tial impact on enhancing training effectiveness. Bridging these research gaps will deepen
the understanding of AR applications in fire safety training. It will also shed light on new
ways to enhance training methodologies by integrating established teaching theories. As
such, this study does not aim to re-establish whether PF is superior to DI, but seeks to fill
an existing research gap by examining their applicability in AR-based fire safety training.

The primary aim of this work is to evaluate the pedagogical effectiveness of DI and PF
within an AR learning environment. To achieve this, we develop two prototypes of AR fire
safety training, DI AR and PF AR, with a focus on fire extinguisher inspection. The effec-
tiveness of these prototypes is compared in terms of knowledge acquisition, knowledge
retention, intrinsic motivation, and self-efficacy. As such, this study represents one of the
first to compare teaching theories in the context of AR safety training. This comparative
analysis reveals potential synergies between established teaching theories and AR technol-
ogy. It also advances the understanding of using teaching theories to improve training effec-
tiveness and user engagement in safety-critical situations. This work lays the groundwork
for future developments in augmented reality within the wider domain of safety training
practices.

2 Background

In this section, we review the application of AR in safety training in Sect. 2.1, while review-
ing directive instruction and productive failure teaching theories in Sect. 2.2.

2.1 Application of AR in Safety Training

Workplace accidents and disasters often result from unsafe behaviors exhibited by workers,
leading to severe outcomes, which can have serious consequences including fatalities and
large financial losses. Safety training is critical in addressing this issue, aiming to enhance
workers’ safety awareness, promote safe behavioral practices, and impart essential safety
knowledge [8, 12]. While traditional safety training approaches have been widely used and
have proven effective in certain contexts, they may not always fully engage learners or sup-
port experiential learning [8, 13]. These methods are typically cost-effective, scalable, and
easy to implement, making them suitable for various settings. However, such methods often
rely on passive delivery modes, which can limit interactivity and reduce learner motivation
and attention, particularly for complex or procedural tasks [9, 10, 20, 34].

AR technology has emerged as a potential tool for safety training, leveraging its ability
to seamlessly integrate digital information into real-world environments. AR transcends the
limitations of traditional classroom settings by creating interactive learning environments.
This enables trainees to directly engage with virtual elements in realistic scenarios [18, 20—
22, 35]. By providing trainees with opportunities to practice skills in a secure virtual space,
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AR can enhance the adaptability and effectiveness of training while mitigating workplace
risks. AR technology has found widespread application in various safety training fields. For
example, in the construction industry, Gong et al. [13] introduced an innovative AR safety
training prototype for subway construction. Their work demonstrates the superiority of this
prototype over traditional methods in quickly acquiring risk identification knowledge and
retaining crucial risk identification, assessment, and response skills over time. Wu et al. [9]
developed an AR application based on cognitive ergonomics to improve on-site assembly
efficiency for construction personnel. This application shows promise in improving work-
ers’ skills in tasks such as tying steel bars and enhancing their overall performance. In the
manufacturing sector, Aivaliotis et al. [36] created an AR application to facilitate opera-
tor interaction with flexible mobile robot assistants, offering a virtual interface with essen-
tial information on processes and production status. Chu and Ko [37] focused on spatially
constrained AR assembly tasks. Their study confirmed the effectiveness of various supple-
mentary information in AR applications, such as the assembly interface, manual dexterity
guidance, and component handling instructions. These examples highlight the remarkable
adaptability and practicality of AR technology in meeting safety training needs across
diverse industries.

However, alongside its advantages, AR-based training also faces several practical and
pedagogical challenges that merit attention. First, the translation of AR-acquired knowl-
edge into real-world emergency behaviour remains underexplored, especially in high-stakes
and time-sensitive situations. While virtual environments offer realism, they may not fully
replicate the stress, unpredictability, and physical demands of actual emergencies [38, 39].
In addition, AR training often requires significant development resources, including cus-
tom content design and device calibration, which may hinder scalability and adoption in
resource-limited settings [40, 41].

Existing research confirms the promise of AR for safety training, but gaps remain in its
application to the fire safety domain. Currently, only a limited number of AR applications
in fire safety training address topics such as safety sign recognition, decision-making on
safe behaviors, and preparation for evacuations [20, 42, 43]. These applications primarily
focus on short-term training outcome assessments, such as knowledge acquisition, while
neglecting essential aspects of long-term knowledge retention. To address this gap, this
study focuses on AR-based fire extinguisher inspection training within the fire safety sector.
The study aims to evaluate rapid knowledge acquisition post-training and knowledge reten-
tion over a four-week period. This study seeks to illuminate the potential of AR technology
in enhancing the efficacy of fire safety training practices.

2.2 Directive Instruction and Productive Failure Teaching Theories

DI theory and PF theory were selected because they represent contrasting pedagogical
approaches—DI as a traditional, structured method and PF as an innovative, constructivist
approach [28, 29, 32]. This contrast allows for a meaningful comparison of how different
teaching methods affect training effectiveness in the context of AR-based fire safety train-
ing. Additionally, both theories are well-established in education and have been previously
applied in skill-based and technical domains, making them suitable for comparison in the
context of procedural learning tasks such as fire extinguisher inspection.
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DI theory embodies a teaching approach that equips learners with clear directives on
actions to take and how to perform them. This method entails offering detailed, step-by-step
guidance and unambiguous instructions, leaving little room for interpretation or autono-
mous decision-making [31, 32]. In DI instruction, educators take on a proactive role by
providing explicit guidance, demonstrations, and explanations, thus reducing ambiguity and
enhancing task accuracy. DI is often employed when learners are unfamiliar with a subject
or skill, offering the necessary explicit direction for accurate knowledge acquisition or task
execution. One of the primary advantages of DI lies in its capacity to deliver a straightfor-
ward learning experience, thereby diminishing cognitive load and augmenting learning effi-
ciency [44, 45]. By delineating a well-defined path for learners, DI streamlines the learning
process, enabling learners to comprehend intricate concepts and execute tasks with greater
precision. Moreover, the structured nature of DI cultivates a sense of security and confidence
among learners, as they receive unambiguous guidance that minimizes confusion and uncer-
tainty [31, 32, 46]. Through the provision of clear instructions, educators empower students
to methodically approach challenges, thereby enhancing their problem-solving skills and
task performance. Despite its advantages, DI may potentially limit learners’ autonomy and
problem-solving skills by emphasizing adherence to instructions over fostering independent
thinking or decision-making abilities [32, 47]. As a result, DI is frequently categorized as a
passive instructional strategy.

The PF theory presents a novel teaching approach that prioritizes active learning and
problem-solving ahead of explicit instruction [28-30, 33]. In the implementation of PF,
learners are initially tasked with addressing intricate challenges independently, without
immediate explicit guidance. These initial phases of exploration and problem-solving aim
to ignite learners’ cognitive engagement and hone their critical thinking abilities [48, 49].
A key strength of PF theory lies in its capacity to foster profound learning through the
experiential process of encountering and surmounting obstacles [50-52]. By empowering
learners to confront challenges, PF cultivates resilience in the presence of ambiguity and
intricacy. This method urges learners to actively explore diverse solutions through an itera-
tive problem-solving loop, scrutinizing outcomes and honing their strategies. Consequently,
learners cultivate a deeper comprehension of fundamental concepts and principles, facilitat-
ing enduring retention and the application of knowledge in novel contexts. Moreover, PF
theory nurtures metacognitive skills by prompting learners to reflect on their problem-solv-
ing methodology, recognize misconceptions, and enhance strategies based on feedback and
self-evaluation [53, 54]. This metacognitive consciousness augments learners’ capability to
monitor and regulate their learning, nurturing a sense of self-assurance and independence in
their educational odyssey. PF has found successful implementation in various educational
settings. For example, Song and Kapur [51] compared the PF flipped classroom model with
the traditional model in a two-week multi-course unit at a secondary school in Hong Kong.
The results indicated that students in the PF group showed a strong conceptual understand-
ing. Palominos et al. [55] examined nursing students’ perceptions of PF simulations, empha-
sizing their effectiveness in enhancing knowledge and skills. Kerrigan et al. [S0] noted that
engaging in PF processes within a flipped mathematics classroom sparked students’ intel-
lectual curiosity as they tackled invention tasks.

Several previous studies [29, 30, 49, 54] have shown that PF theory can assist learners
in acquiring and retaining knowledge more effectively after facing initial challenges, in
contrast to DI theory. Lu et al. [56] reported similar findings in the context of Virtual Reality
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(VR). However, research on integrating DI and PF theories into AR-based safety training
remains limited, and several challenges persist. For instance, implementing PF theory in
AR safety training requires a well-structured framework to ensure that failure serves as
a learning opportunity rather than a source of discouragement. Conversely, applying DI
theory in AR poses the challenge of maintaining learner engagement, as overly prescrip-
tive instructions may diminish the exploratory benefits of AR-based training. Furthermore,
the comparative effectiveness of these two instructional approaches in AR-based learning
environments remains unclear and needs further investigation. This study endeavors to
develop two AR prototypes based on DI theory and PF theory, subsequently evaluating their
effectiveness.

3 Materials and Methods

This study aims to develop and evaluate prototypes for AR-based safety training systems
tailored for fire extinguisher inspection. Fire extinguisher inspection was chosen due to its
critical role in fire safety and the frequent evidence of inadequate maintenance [57]. In many
buildings, the use of a fire extinguisher is the main strategy to contain a fire when it is still
small enough. Therefore, it is paramount that all these extinguishers are correctly main-
tained. This task is operationally relevant because errors in inspection can directly com-
promise fire response effectiveness. In addition, the procedure has a relatively high error
occurrence in practice, making it a suitable target for training interventions [58]. The struc-
tured, step-by-step nature of extinguisher inspection makes it ideal for procedural learning,
allowing trainees to focus on mastering technical details in a low-risk environment [59].

The target audience for this training system is professionals with expertise in fire safety.
The primary objective is to equip them with an understanding of the correct procedures
for inspecting fire extinguishers. This skill is known to be challenging to master due to
the detailed and technical nature of inspection steps. The training consists of a series of
tasks designed to promote effective knowledge acquisition and retention. By harnessing the
capabilities of AR technology, these systems create dynamic and interactive virtual environ-
ments that enable trainees to actively participate in realistic inspection scenarios. A con-
trolled between-subjects experiment was conducted to evaluate their effectiveness. While
this research is situated within the broader context of fire safety, it focuses specifically on
fire extinguisher inspection, representing a critical component of comprehensive fire safety
training.

3.1 Experimental Design

This study compares the efficacy of two different training methods, namely DI AR train-
ing and PF AR training, using a between-subjects experimental approach. Each participant
receives individual training and is randomized to either the PF AR or DI AR group.

The training mode, which leads to the creation of the two experimental circumstances,
is the independent variable in our study. Both groups receive training on fire extinguisher
inspection using the HoloLens 2, with differences solely in teaching methods as outlined in
Sect. 3.2. The dependent variables focus on participants’ learning performance, including
knowledge, intrinsic motivation, and self-efficacy levels. Data are collected at three specific
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time points: pre-training, immediately after training, and 4 weeks after training. This study
calculates the change in knowledge levels from pre-training to immediately after training
to evaluate knowledge acquisition. Similarly, comparing the knowledge levels immediately
after training with those measured four weeks later allows for the evaluation of knowledge
retention. The evaluation of self-efficacy and intrinsic motivation follows the same method.
Detailed information regarding the questionnaire items across the three time points is pro-
vided in Sect. 3.3. It is worth noting that similar studies [8, 13, 20, 60] typically employ a
four-week interval to assess retention, hence the selection of a 4-week duration in this study.
The experimental design is displayed in Fig. 1.

3.2 AR Prototype Design

The AR prototype was built on a Windows computer utilizing a Microsoft HoloLens 2 AR
head-mounted display and the Unity 3D game engine version 2019.4.40f1c1. The HoloLens
2 provides a suite of features that enhance the augmented reality experience. These include
a transparent holographic lens for visualization, a 2 K 3:2 light engine that enables high-
resolution rendering, and a holographic density exceeding 2.5 K radiant, which reflects the
angular resolution of holograms. Noteworthy functionalities of the HMD encompass eye-
based rendering, which optimizes 3D display based on the user’s eye position [61].

The AR system was developed on a Windows computer equipped with specifications
capable of meeting the requirements of AR development. The setup featured an NVIDIA
GeForce GTX 4060 GPU, an Intel Core 17-14700HX 5.5 GHz CPU with 20 cores and 28
threads, 16 GB of DDRS5 RAM, and the Windows 10 operating system. For prototyping and
user interface (UI) design, the widely adopted Microsoft Mixed Reality Toolkit (MRTK)
was utilized. Unity’s long-term support version, Unity 2019.4 LTS, served as the primary
development platform throughout the research, ensuring a stable and reliable environment
for creating AR system prototypes.

The implemented AR system was evaluated in a controlled setting within a soundproof
conference room. To maintain consistent training conditions, the room’s brightness was set
between 300 and 500 Ix to ensure adequate lighting, while the temperature was regulated to
fall within the range of 20 to 22 °C. The AR system training sessions were tailored to guide
participants in correctly conducting fire extinguisher inspections. The training included

3 4
1 2 ‘
. . Immediately After Four Weeks After
Sl S fiaining, ] [ Training

DI AR Training

* Demographics 1. Knowledge 1. Knowledge

* Prior Experience 2. Intrinsic Motivation 2. Intrinsic Motivation
3. Self-Efficacy 3. Self-Efficacy

1. Knowledge 4. Measures Efficacy

2. Intrinsic Motivation 5. Measures Simplicity

3. Self-Efficacy 6. Perceived Reality

PF AR Training 7. System Usability

8. Task load

Fig. 1 The experimental design
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eight operations carefully chosen to meet fire safety goals. These operations aimed to pro-
vide participants with practical knowledge and skills for inspecting fire extinguishers:

e Step 1: Verify that the operating instructions, comprehensive specifications, and dis-
cernible model number are prominently displayed and oriented outward;

e Step 2: Examine the fire extinguisher for physical damage, corrosion, or leakage;
Step 3: Ascertain whether the fire extinguisher has surpassed its designated expiration
date;

e Step 4: Observe the position of the needle on the gauge and ascertain whether it resides
within the designated green area;
Step 5: Verify the proper positioning of the safety pin, ensuring that it is securely locked;
Step 6: Inspect the hose connected to the fire extinguisher, meticulously assessing its
condition for any indications of breakage, looseness, blockage, or leakage;

e Step 7: Gently invert the fire extinguisher to facilitate the loosening of the dry powder
contained within;

e Step 8: Attach the signature and the current date to the inspection tag, which should be
securely fastened to the fire extinguisher.

Figures 2 and 3 depict the design of the DI AR and PF AR prototypes. The developments of
the DI AR and PF AR prototypes were guided by DI and PF theories. These prototypes dif-
fered in two key aspects: (1) the timing of instructions and feedback and (2) the integration
of iterative failures in PF AR. At the start of the AR experience, participants encountered a
non-player character (NPC) in the form of a firefighter alongside a UI. This firefighter NPC
was designed with a gender-neutral appearance to avoid reinforcing gender stereotypes and
to promote inclusivity in the training environment. It provided verbal feedback and directed
the participant towards the fire extinguisher on the table. The fire extinguisher featured eight
pictures, each representing one of the eight inspection actions that need to be carried out.
Specifically:

(1) Inthe DI AR prototype, only one instructional stage was included. Participants used the
HoloLens 2 to view eight Ul instructional message boxes pinned to corresponding fire
extinguisher pictures. These instructions guided participants in performing the required
inspection actions. Subsequently, participants were directed to a specific area where
they could access a Ul summary message box outlining the correct steps for inspecting
the fire extinguisher.

(2) In the PF AR prototype, both an exploration phase and an instructional phase were
included. This design was intentionally aligned with the core principles of PF theory.
In the exploration phase, participants viewed images of the fire extinguisher inspection
process through the HoloLens 2. No instructional message boxes were provided. Partic-
ipants had to complete the inspection tasks using only their prior knowledge. This phase
was designed to create cognitive conflict by placing learners in an ill-structured and
ambiguous situation. They were required to make decisions under uncertainty, which
is a key mechanism in PF theory. After the inspection, participants entered the instruc-
tional phase. They moved to a designated area and accessed the Ul self-check message
box. This interface aimed to promote reflection. It presented eight inspection-related
questions, such as “Have you verified that the operating instructions, comprehensive
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specifications, and discernible model number are prominently displayed and ori-
ented outward?” Participants responded using check marks (V) for completed tasks or
crosses (%) for missed ones. These prompts reflected real-world inspection standards
and required participants to think critically about their actions. After the self-check,
participants received feedback through a Ul message box. If all tasks were correct,
a success message appeared. If any tasks were incorrect or missed, a failure message
listed the specific errors. This error-driven feedback helped participants identify gaps
between their assumptions and standard procedures. It supported the process of revising
and rebuilding their understanding. Next, participants entered a Ul summary message
box. This step showed the correct inspection steps, like the DI AR prototype. How-
ever, in the PF design, this occurred only after learners had experienced challenge and
feedback. Participants’ answers in the self-check had to match their actual inspection
behavior. This reinforced accountability and discouraged superficial engagement. The
overall design of the PF AR prototype was grounded in PF theory. Exploration before
instruction, delayed feedback, self-assessment, and realistic failure scenarios were not
random features. They were essential elements aimed at increasing cognitive effort,
encouraging active learning, and simulating real workplace tasks. Together, these fea-
tures supported deeper understanding and improved decision-making in safety-critical
contexts. In both AR prototypes, participants could use gestures to choose and execute
what they believed to be the correct actions.

Vuforia image tracking technology was utilized to generate anchors, termed image targets,
in the research setting. Vuforia image tracking technology, developed by PTC Inc., is a
leading AR software development kit that has been widely adopted for AR applications
[62]. It primarily leverages advanced computer vision algorithms to detect and track planar
images in real-time. The technology analyzes unique visual features such as edges, corners,
and textures within these targets to accurately estimate their spatial position and orientation
relative to the AR device’s camera. This capability enables the stable and precise overlay of
virtual 3D content onto corresponding physical surfaces, creating an immersive and interac-
tive user experience. As shown in Fig. 4, these image targets consisted of eight operational
images, about 5 cm in length and width, attached to the fire extinguisher. Each operational
image was strategically positioned to correspond with a specific task, ensuring a seamless
integration of the AR experience with the physical surroundings. While wearing a Holo-
Lens 2 and looking at the image target, the AR application identified the image target and

(b)

Fig. 4 Examples of anchors. a Anchor 1, b Anchor 2
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automatically generated a Ul instructional message box next to it for the user. As the user’s
viewpoint changed, new images and Ul instructional message boxes dynamically appeared.
For example, an image target was situated near the operational instructions, indicating the
necessity to verify that the operating instructions, comprehensive specifications, and dis-
cernible model number are prominently displayed and oriented outward. Figures 2 and 3
present a series of screenshots illustrating the AR environment.

Prior to initiating experiments, calibration was essential to ensure the accurate align-
ment of various elements within the AR environment, including image targets, floating Ul
message boxes, and a firefighter NPC. The eight images were sequentially attached to the
operational instructions, appearance, production date, pressure gauge, safety pin, hose, bot-
tom, and inspection label of the fire extinguisher. It is important to note that the calibration
process allows for customization and adjustments to meet specific requirements. Figure 5
outlines the operational framework of the AR prototypes.

To offer customization, the AR prototypes integrated a versatile interaction mode man-
ager designed to facilitate a range of user engagements. This manager controlled the play-
back of audio clips in each scene of the application and managed the rendering and closure
of Ul message boxes. The initial scene served as a configuration platform, allowing partici-
pants to adjust various parameters to suit their preferences. These parameters included the
dimensions, placement, and associated configurations of the floating Ul message box text,
as well as the validation of the Vuforia state. In addition to visual enhancements, audio ele-
ments played a significant role in enhancing the AR experience. Carefully recorded audio
clips corresponding to the various Ul message boxes have been seamlessly integrated into
the prototypes. These audio cues could be played at the proper moment, providing authentic
sound effects.

3.3 Data Collection Instruments

Three questionnaires were given out at three distinct times during the data collection process:
pre-training, immediately after training, and 4 weeks after training. Every questionnaire is
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carefully constructed to collect certain data and replies from participants. The items in these
questionnaires are structured to gather data on the following aspects: (1) demographics, (2)
prior experience, (3) knowledge, (4) self-efficacy, (5) intrinsic motivation, (6) measures effi-
cacy, (7) measures simplicity, (8) perceived reality, (9) system usability, and (10) task load.
These items encompass details regarding the participants’ personal backgrounds, levels of
knowledge, and user experiences. Gathering this data can provide a more comprehensive
understanding of how various experimental conditions affect the participants. Several stud-
ies [8, 13, 20, 34, 63, 64] have utilized these specific items for data collection purposes. The
pre-training questionnaire covers groups 1 to 5. The questionnaire administered just after
the training includes groups 3 to 10. The questionnaire distributed 4 weeks after training
involves groups 3 to 5. This approach is crucial in gaining a thorough understanding of the
research variables and their implications [13, 20, 65]. The items in the questionnaires are
detailed in Table 1.

It should be noted that, to evaluate participants’ knowledge, we included an open-ended
question: “If assigned to inspect a fire extinguisher, what steps would you take?”” Using
open-ended questions is a well-established procedure [11, 20, 66]. This solution is preferred
over closed-ended questions as it reduces the chance of guessing and helps uncover miscon-
ceptions that may otherwise remain hidden. Responses were scored on a scale from 0 to 8,
based on the number of accurate procedural steps provided, corresponding to the steps out-
lined in Sect. 3.2. Each correctly mentioned step earned one point. For example, a response
such as “Check for damage, look at the pressure, make sure it’s not expired, and invert it”
received 4 points, while “Read the label, check for damage and leaks, confirm expiration,
check the pin, inspect the hose, and invert the extinguisher” received 6 points. Table 2 illus-
trates an example of the scoring procedure used in the pre-training questionnaire.

All responses were assessed by a rater with expertise in fire extinguisher inspec-
tion. Moreover, a second rater with professional experience independently evaluated 90
responses. The inter-rater Pearson correlation coefficient was 0.9816, and the Cohen’s
kappa was 0.8787. These values indicate a very high level of agreement, confirming the
reliability of the measurement method.

3.4 Participants and Experiment Session

For this study, a sample of 68 participants was chosen based on predefined eligibility crite-
ria. Participants had to be at least eighteen years old and have at least a high school educa-
tion to meet the inclusion requirements. Using the G*Power software, an a priori power
analysis was performed to establish the required sample size. The findings from the analysis
revealed that a minimum of 26 participants per group would be needed, considering a large
effect size of 0.8, a statistical power of 0.8, and a significance level of 0.05 when using an
independent sample t-test. The sample size for this study is consistent with those employed
in previous between-subject research in the field. Noteworthy sample sizes include 30 par-
ticipants in Hong et al. [65], separate experiments with 20 and 25 participants in Sacks et al.
[8], 50 participants in Paes et al. [20], and 60 participants in Abbas et al. [77].

Participant consent and ethical approval were obtained before the commencement of
training. Participants were directed not to drink alcohol the day before the experiment to
optimize engagement and ensure safety during training. Two experimental conditions were
randomly assigned to a total of 68 participants, with 34 individuals assigned to each group.

@ Springer



50 Page 14 of 35 Fire Technology (2026) 62:50

Random assignment was employed to mitigate biases and ensure an equitable distribution
of characteristics across groups. In each experimental condition, participants received indi-
vidual 15 min training to avoid any potential interference or interaction among participants.
To ensure the integrity of the study results, participants were specifically directed not to
engage in any other fire extinguisher inspection-related safety training activities for four
weeks post-training.

3.5 Participant Demographics

For this study, 68 participants were recruited. A chi-square test was used to evaluate the
distinction between the PF AR group and the DI AR group, as shown in Table 3. The chi-
square test verified that there were no statistically significant differences in the two groups
concerning gender, age, education level, previous fire safety training experience, and video
game experience (p>0.05).

While these results do not confirm equivalence, they suggest that the two groups were
reasonably comparable with respect to these characteristics. Furthermore, the results indi-
cated that most participants either possessed a high school diploma or a college degree.
They had also taken part in one or more fire safety trainings and were familiar with video
gaming.

4 Results

The purpose of the data analysis is to examine the following: (a) whether knowledge, intrin-
sic motivation, and self-efficacy at three distinct time points differ significantly between the
two experimental conditions (as described in Sect. 4.1, 4.2, and 4.3); and (b) whether there
are significant differences regarding measures efficacy, measures simplicity, perceived real-
ity, system usability, and task load (as detailed in Sect. 4.4). No traditional-method control
group was included, so the study does not directly compare AR with conventional training.

A homogeneity of variance test and a normality test were performed to accomplish these
goals. The independent sample t-test was employed for significance analysis if the p-values
for both tests were more than 0.05, indicating adherence to the homogeneity and normality
assumptions. Conversely, the Mann-Whitney U test was utilized if the p-value was 0.05 or
below, indicating the violation of the assumptions. In both cases, a p-value less than 0.05
was considered to indicate a statistically significant difference. A p-value equal to or greater
than 0.05 was interpreted as not providing sufficient evidence to conclude a significant dif-
ference. To account for multiple comparisons, Bonferroni correction was applied. Given a
total of seven independent tests (three between-group comparisons and four within-group
comparisons), the adjusted significance threshold was set at 0=0.05/7=0.0071. In addition,
Cohen’s delta parameter (d) was calculated for each comparison to check the effect size of
differences between groups. In education, an effect size of 0.4 or above is generally regarded
as sufficient to justify the implementation of a new educational policy. Moreover, the figures
in Sect. 4.1 to 4.4 utilized rectangles to represent mean scores and dots to illustrate indi-
vidual data points.
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Table 2 Example of scoring procedure

Participant #1 #2 #3 #4

#5 #6

#68

Step 1 1

Step 2

Step 3 1

Step 4 1

Step 5 1
Step 6 1
Step 7 1

Step 8

Total 2 2 0 2

N = =

Table 3 Participant demographics

Parameter DI AR group (n=34) PF AR group (n=34) Significance test
Gender
Woman 15 16 x 2=0.059
Man 19 18 p=0.808
Age
Under 25 years old 8 7 x 2=0.697
26-35 years old 18 21 p=0.874
3645 years old 6 4
Over 45 years old 2 2
Education level
High school degree 15 13 x 2=0.250
Undergraduate degree 12 13 p=0.883
Master degree 7 8
Previous fire safety training experience
4 times and more 1 1 x 2=1.367
3 times 2 1 p=0.897
2 times 7 9
1 time 18 19
0 6 4
Experience with video games using a smartphone, game console, or computer
More than once a day 9 10 x 2=1.905
Once a day 7 8 p»=0.910
Once a week 5 6
Once a month 6 5
Once a year 5 2
Never 2 3

The participant count remained consistent throughout the study, ensuring uniformity
across all phases of data collection without any dropouts. Using the two AR prototypes,
none of the participants expressed being uncomfortable or having motion sickness.
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4.1 Analysis of Knowledge

The purpose of this section is to assess the knowledge scores that the participants of the PF
AR and DI AR groups received at three different time points. Given the non-normal distri-
bution of the data (»<0.05), group differences were analyzed using the Mann—Whitney U
test along with effect size d.

Upon analyzing the data across the different time points, it was found that when compar-
ing the knowledge scores prior to and immediately after training, there was a significant
improvement (p<0.001) in each group. However, the larger effect size (d = —3.015) for the
PF AR group further supports its stronger impact on learning outcomes. When comparing
scores obtained immediately after training to those measured 4 weeks later, a significant
decline was observed in PF AR group. These findings are illustrated in Fig. 6; Table 4.

At the pre-training stage, no statistically significant difference was observed between the
DI AR and PF AR groups (p=0.707). However, the PF AR group demonstrated significantly
higher knowledge scores both immediately (p<0.001, d = —0.886) and 4 weeks after train-
ing (p<0.001, d =—0.924) compared to the DI AR group. These effect sizes indicate that the
PF AR training had a practically meaningful impact on knowledge acquisition and retention.

4.2 Analysis of Self-efficacy

Figure 7; Table 5 present the self-efficacy scores of the participants. A normality test indi-
cated that the scores did not conform to the assumption of a normal distribution, with a

Q DI AR
PF AR

i
' ol {
-

N
1 1
[m}

a

Knowledge scores
W
1
a

2 - T i i L]

u}

14 " "

0 l l

Pre-training Immediately Four weeks
after training after training

Fig. 6 Knowledge scores
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Table 4 Comparison of knowledge scores in DI AR and PF AR training settings

Time points Parameter DI AR PF AR DI AR vs. PF AR
Pre-training N 34 34 Mann-Whitney U=2549.000

M 1.824 1.735 (21 = —8-39715

D . : P

S 0.797 0.963 p=0.707
Immediately after N 34 34 Mann-Whitney U=310.500
training M 4.118 5412 Z=-3.341

d=-0.886

SD 1.343 1.500 P<0.001%%%
4 weeks after N 34 34 Mann-Whitney U=307.000
training M 3.412 4.294 Z=-3.459

d=-0.924

SD 0.925 0.970 P<0.001 %%
Pre-training vs. Mann-Whitney ~ 89.500 23.000 -
Immediately after U
training z ~6.122 ~6.872 -

d -2.216 -3.015 -

p <0.001*** <0.001*** -
Immediately after ~ Mann-Whitney ~ 406.000 317.000 -
training vs. 4 weeks U
after training Z -2.175 —3.286 _

d —0.547 —0.869 -

p 0.030 0.001** —

p-value below 0.05. Consequently, to identify any significant differences between the exper-
imental settings, the Mann-Whitney U test and effect size d were employed.

Following the trainings, there was a significant rise (PF AR: p<0.001, d = —1.431; DI
AR: p<0.001, d = —1.795) in self-efficacy scores for both groups, indicating that the train-
ings were successful in enhancing participants’ self-efficacy. The effect sizes demonstrate
the substantial impact of training on self-efficacy regardless of modality.

When comparing self-efficacy scores immediately after training and 4 weeks after train-
ing, no statistically significant decrease (DI AR: p=0.101; PF AR: p=0.058) was observed
in either the DI AR group or the PF AR group. As shown in Table 5, the pre-training self-
efficacy scores of the two groups did not differ significantly (p=0.541). Additionally, no
statistically significant differences were found between the groups immediately after train-
ing (p=0.140) or 4 weeks after training (p=0.119).

Figure 8 shows the relationship between self-efficacy and knowledge. In the DI AR
group, there was a positive association (p=0.31, p=0.002). The PF AR group also demon-
strated a positive relationship, which was slightly stronger (p=0.46, p<0.001).

4.3 Analysis of Intrinsic Motivation

Figure 9; Table 6 present the intrinsic motivation scores collected throughout the study. The
experiment groups were compared for significant differences using the Mann-Whitney U
test and effect size d due to non-compliance with the tests of homogeneity of variance and
normality (p<0.05).

Both groups showed a significant rise (DI AR: p<0.001, d =—1.707; PF AR: p<0.001, d
=—1.745) in intrinsic motivation scores after the trainings. These large effect sizes indicate
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Table 5 Comparison of self-efficacy scores in DI AR and PF AR training settings

Time points Parameter DI AR PF AR DI AR vs. PF AR
Pre-training N 34 34 Mann-Whitney U=528.500
M 0.112 0.288 §:*0-611
=-0.149
SD 0.617 0.846 p=0.541
Immediately after N 34 34 Mann-Whitney U=458.500
training M 1.135 1.465 Z=-1475
d=-0.364
SD 0.552 0.844 p=0.140
4 weeks after N 34 34 Mann-Whitney U=452.000
training M 0.894 1.029 Z=-1.561
d=-0.386
D 4 452
S 0.483 0.45 p=0.119
Pre-training vs. Mann-Whitney ~ 131.000 188.000 -
Immediately after U
training z -5.508 ~4.799 -
d —1.795 —1.431 -
p <0.001*** <0.001*** -
Immediately after Mann-Whitney ~ 445.500 424.500 -
training vs. 4 weeks U
after training z —1.639 —1.898 _
d —0.406 —0.473 -
p 0.101 0.058 —
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Fig. 8 Trends of self-efficacy and knowledge

that both training methods were highly effective in increasing intrinsic motivation imme-
diately after training. Furthermore, when comparing the DI AR and PF AR groups’ intrin-
sic motivation levels immediately following training and four weeks later, no statistically
significant drop (DI AR: p=0.226; PF AR: p=0.085) was observed. As shown in Table 5,
there was no statistically significant difference (»p=0.777) in intrinsic motivation scores
between the two groups before training. Similarly, no statistically significant differences
were found between the groups immediately after training (p=0.054) or 4 weeks after train-
ing (p=0.057).

Figure 10 depicts the trends of intrinsic motivation and knowledge. For the DI AR group,
intrinsic motivation and knowledge were positively correlated (p=0.45, p<0.001). A simi-
lar positive correlation was found in the PF AR group, with a slightly higher (p=0.47,
p<0.001).
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Table 6 Comparison of intrinsic motivation scores in DI AR and PF AR training settings

Time points Parameter DI AR PF AR DI AR vs. PF AR
Pre-training N 34 34 Mann-Whitney U=555.000
M 0.412 0.488 i =-0.284
=-0.069
SD 0.825 0.887 =077
Immediately after N 34 34 Mann-Whitney U=422.000
training M 1.535 1.824 Z=-1924
d=-0.480
D 0.543 0.666
s p=0.054
4 weeks after N 34 34 Mann-Whitney U=424.000
training M 1.382 1.588 Z=-1.906
d=-0475
D 4 41
S 0.460 0.415 p=0.057
Pre-training vs. Mann-Whitney ~ 143.000 137.000 -
Immediately after U
training z -5.353 ~5.422 -
d —-1.707 —1.745 -
p <0.001*** <0.001*** -
Immediately after Mann-Whitney ~ 480.000 438.500 -
training vs. 4 weeks U
after training z —1.211 -1.723 _
d —0.297 —0.427 -
p 0.226 0.085 —
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Fig. 10 Trends of intrinsic motivation and knowledge

4.4 Analysis of Measures Efficacy, Measures Simplicity, Perceived Reality, System
Usability, and Task Load

A normality test conducted on the measures efficacy, measures simplicity, perceived reality,
system usability, and task load scores revealed that they did not conform to the assumption
of a normal distribution (p<0.05). To ascertain if there were any significant differences
between the two experimental groups, the Mann-Whitney U test and effect size d were
utilized. Figures 11 and 12, as well as Tables 7 and 8, illustrate the results of the measures
efficacy, measures simplicity, perceived reality, system usability, and task load scores. No
statistically significant differences (p>0.05) were found between the DI AR and PF AR
groups across these five aspects.
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Fig. 11 Measures efficacy, measures simplicity, perceived reality, and system usability scores

5 Discussions

This study first introduces teaching theories into AR safety training. We aim to compare the
effectiveness of two different AR safety trainings, DI AR and PF AR. Although prior edu-
cational research has shown the advantages of PF over DI, such evidence has rarely been
examined within AR safety training contexts. By embedding established learning theories
into AR system design, this study extends PF research from conventional settings to applied
fire safety training. The contribution, therefore, lies not in reaffirming PF superiority but
in demonstrating how PF theory can be operationalized and evaluated within AR-based
procedural safety training. A range of critical indicators were applied, including knowledge,
intrinsic motivation, self-efficacy, measures efficacy, measures simplicity, perceived real-
ity, system usability, and task load. In addition, the study sought to compare the short- and
long-term impacts of the trainings through two follow-up evaluations conducted four weeks
apart. No control group using traditional methods was included, so comparisons with con-
ventional approaches were not directly tested. The results provide evidence to support the
efficacy of augmented reality in conveying fire extinguisher training knowledge.

5.1 Effects on Knowledge Acquisition and Knowledge Retention
In terms of knowledge acquisition, this study found that the PF AR group demonstrated

significantly better training results than the DI AR group. These results are in line with the
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Table 7 Comparisor_l ofrpc?asures DIAR vs. PFAR  Measures Measures Per- System
eﬁ“lcagy, measures simplicity, efficacy simplicity ceived usability
perceived reality, and system us- reality

ability scores for DI AR and PF

AR traini . Mann-Whitney U~ 558.500  530.000 544.500 529.500
training settings
4 —0.244 —0.598 -0.415  -0.597
d —0.059 —0.145 -0.101  —0.145
p 0.807 0.550 0.678 0.551

Table 8 Comparison of task load scores for DI AR and PF AR training settings

DI AR vs. PF AR Mental Physical Temporal Training  Training Stressed/
workload workload workload effort difficulty annoyed
Mann-Whitney U 450.000 485.000 490.000 530.000  474.500 441.000
V4 —1.608 —-1.161 —1.099 —0.601 —1.340 —1.788
d —0.398 —0.284 —0.269 —0.146 —-0.329 —0.444
p 0.108 0.246 0.272 0.548 0.180 0.074

research by Lu et al. [56] in the realm of VR. Several factors may explain these results.
Firstly, in the PF AR group, initial exposure to challenges and failures can facilitate deeper
learning and improve problem-solving skills [78—81]. Trainees are encouraged to explore
and experiment by engaging them in AR environments with open-ended tasks. During the
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PF AR exploration phase, participants commonly made two main types of procedural errors.
The first type was omission errors, such as skipping essential inspection steps. The second
type was misidentification errors, in which participants confused different components of
the fire extinguisher. These errors were not random. They often reflected participants’ under-
lying misconceptions about the function of the equipment. Importantly, many participants
who initially made these errors were able to self-correct during the AR exploration phase or
in the post-test. For example, approximately one-third of participants initially skipped steps
such as checking the safety pin or pressure gauge. However, after reviewing task feedback or
re-experiencing the AR simulation, they recognized their omissions and incorporated these
steps into their procedural understanding. Similarly, misidentification errors often occurred
with components that were visually similar or functionally abstract. Most participants cor-
rected these errors after interacting with the AR interface, indicating improved component
recognition. These observations suggest that the AR-based PF approach not only exposes
learners to specific errors but also actively facilitates error detection and correction. This
process reinforces procedural knowledge and promotes deeper conceptual understanding.
By confronting errors and receiving immediate or delayed cues from the AR environment,
participants developed a more accurate understanding of task logic, which contributed to
superior post-training performance. This differs from the DI AR group, which tends to fol-
low a rigid structure, limiting autonomy and hindering critical thinking and adaptability
[46, 56, 82].

Secondly, AR technology enhances the effectiveness of the PF theory by providing an
interactive learning experience. AR overlays digital content onto the real world, enabling
trainees to interact with virtual elements [13, 20, 83]. This multimodal engagement enriches
cognitive processes, spatial understanding, and contextualization of knowledge. Trainees
can actively manipulate objects, simulate scenarios, and engage in trial-and-error decision-
making, aligning with the active learning principles of the PF theory [33, 84-87]. Further-
more, the integration of PF theory and AR aligns well with the complexity of real-world
problems. Trainees are encouraged to embrace uncertainty, engage in iterative attempts,
and develop adaptive thinking and resilience for ambiguous situations [88]. This nurtures
an active learning mindset and prepares them for challenges that lack clear instructions
[89-91]. In contrast, DI methods often prioritize memorization, limiting the application
of knowledge in dynamic settings. It is important to note that this study does not suggest
the inefficiency of DI AR. Both groups demonstrated significant knowledge improvements
post-training. The conclusion drawn solely underscores the superiority of PF AR over DI
AR.

Nevertheless, the mean score immediately after training reached 5.4 in the PF AR group
and 4.1 in the DI AR group, corresponding to an accuracy rate of 67.5% and 51.25%, respec-
tively. Although these gains are statistically significant compared to pre-training perfor-
mance, they show that participants did not achieve near-complete procedural mastery after
a single training session. This outcome may be due to the cognitively demanding nature of
the assessment, which required accurate recall of multiple inspection steps in an open-ended
format, as well as the limited time participants had for the training. From a practical safety
perspective, this level of performance should be seen as the acquisition of foundational
procedural knowledge rather than full operational readiness. Accordingly, the developed AR
prototypes are better positioned as an introductory or supplementary training tool that sup-
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ports early-stage learning and conceptual understanding, rather than as a standalone solution
sufficient to ensure real-world fire safety performance.

Regarding knowledge retention, the PF AR group experienced a significant decline after
four weeks. This decrease aligns with prior findings [20, 56], potentially linked to the train-
ing’s complexity. Nonetheless, the PF AR group maintained significantly higher knowledge
levels than the DI AR group, demonstrating the efficacy of PF AR in retaining knowledge.
While the absolute mean differences in scores were relatively small (1.294 points imme-
diately after training and 0.882 points at retention), the corresponding effect sizes were d
= —0.886 immediately after training and d = —0.924 at four weeks. Based on Cohen’s and
Kraft’s benchmarks (d =0.2, 0.5, and 0.8 for small, medium, and large effects, respectively),
these effect sizes can be regarded as large and practically meaningful [92, 93]. In fact,
within the field of education, an effect size of 0.40 or higher is often viewed as a meaning-
ful threshold for justifying the adoption of new policies [94]. In fire extinguisher use, even
modest gains in procedural knowledge can enhance response confidence and reduce hesita-
tion during emergencies. Therefore, the superior performance of the PF AR group may indi-
cate a greater likelihood of applying learned knowledge under pressure, which is critical in
occupational health and safety scenarios. However, it is important to acknowledge that the
observed differences between the PF AR and DI AR groups may not be solely attributable
to instructional sequencing. The AR prototypes differed not only in pedagogical structure
but also in several system design elements. For instance, the PF AR prototype incorporated
a self-check interface, iterative failure-feedback loops, and verbal guidance from an NPC.
Importantly, these features were not arbitrarily included but were deliberately designed to
embody the principles of productive failure—such as promoting metacognitive reflection,
encouraging exploration, and supporting learning from errors. While they operationalize
key aspects of the PF theory, these elements may have exerted their own influence on learn-
ing outcomes. Future studies could address this limitation by employing a factorial design
that systematically manipulates both instructional theory and interface features. This would
help disentangle the individual and combined contributions of pedagogy and AR design
elements.

5.2 Effects on Motivation, Perceived Usability, and Cognitive Load

Participants in both groups demonstrated significant increases in self-efficacy and intrinsic
motivation scores after training. There was no significant decrease even after four weeks,
which highlights the effectiveness of the training intervention. Furthermore, there were no
statistically significant variations in the two groups’ self-efficacy and intrinsic motivation
scores at any of the three time periods, indicating equal success in enhancing these vital
factors. This shared effectiveness was reinforced by no significant differences in measures
efficacy, measures simplicity, perceived reality, and system usability, with both groups
achieving high scores. These results validate the efficiency and user-friendliness of the two
AR training prototypes developed in this study. The two prototypes offer an interactive
experience that engages participants’ interest and motivates them to explore this technol-
ogy for educational purposes. Regarding task load, both experimental conditions presented
relatively high demands in terms of physical workload and training effort. Nevertheless,
participants found both trainings equally manageable to navigate. It is worth noting that no
challenges, stress, or frustrations were reported during the trainings. The smooth progress
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of the training likely contributed to the similar level of knowledge acquisition observed
in both trainings, suggesting that participants effectively interacted with the presented AR
environment.

5.3 Theoretical and Practical Contributions

This study provides several important contributions. In terms of theoretical contributions,
firstly, it advances theoretical understanding by integrating teaching theories into AR safety
training methodologies. By combining DI AR and PF AR methods, this study expands the
application of teaching theories in the dynamic realm of computer-assisted learning within
AR environments. This fusion enriches the theoretical framework for AR applications. It
also establishes the foundation for a detailed examination of the effectiveness of various
teaching methods in safety training environments. Secondly, by meticulously comparing the
efficacy of DI AR and PF AR, the study delves into the nuances of distinct teaching meth-
odologies in AR safety training scenarios, revealing the comparative advantages and limita-
tions of these approaches. Building upon the works of Kennedy-Clark et al. [95] and Lu et
al. [56], this paper clarifies optimal teaching strategies for enhancing learning results within
safety training environments. It lays a robust groundwork for comprehending the diverse
effects of teaching theories on educational practices employing augmented reality technol-
ogy. Furthermore, this study enriches the theoretical understanding of educational practices
in AR environments by evaluating the effectiveness of different teaching strategies in AR
safety training. It also contributes to a broader discussion on teaching design and technol-
ogy integration in educational frameworks. The insights gained offer valuable guidance on
utilizing teaching theories to improve learning outcomes in safety training scenarios. This
opens up new possibilities for advanced and effective teaching practices in AR-enhanced
learning environments. This study will also contribute to future efforts of running a meta-
analysis by integrating findings across studies that compare two training conditions.

In terms of practical contributions, this study has developed two AR safety training pro-
totypes specifically tailored for fire extinguisher inspections. Their effectiveness and usabil-
ity were rigorously evaluated through comparative experiments. These prototypes not only
streamline the supervision process, potentially curbing the costs associated with manual
oversight, but also enhance the feasibility of delivering training. This cost-efficient approach
underscores a pragmatic strategy for enhancing safety training outcomes. Moreover, a user-
centered design approach was emphasized in the development of these AR safety training
prototypes. From the perspective of end-users, this study enriches the comprehension of
the practicality and effectiveness of AR-based safety training for fire extinguisher inspec-
tions. By enhancing trainees’ awareness, safety comprehension, and task proficiency, these
AR-based trainings play a crucial role in reinforcing safety standards and enhancing sur-
vival probabilities in emergency scenarios. Future research and development efforts aimed
at creating specialized, efficient AR training systems that satisfy users’ unique demands and
safety management criteria might build on the conclusions and suggestions of this study.

5.4 Limitations and Future Research
This study also has several limitations. Firstly, the reliance on a limited sample size may

hinder a comprehensive understanding of the benefits that AR training can offer to diverse
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user groups. To address this limitation, future research could focus on enlarging the sample
size and improving participant diversity.

Secondly, the target audience for the developed training system primarily consisted of
professionals with expertise in fire safety. However, to broaden participant inclusion and
ensure feasibility, individuals from the general adult population were recruited for this
study. This difference between the intended users and actual participants may affect the gen-
eralizability of the findings to professional training settings. Future studies could conduct
more targeted surveys and recruit participants with relevant backgrounds to better align with
intended users.

Thirdly, this study focused on a highly structured and procedural task, fire extinguisher
inspection, which represents one of the most constrained and predictable components of
fire safety training. Although specific procedures may vary across equipment types, the task
remains rule-based and sequential in nature. Accordingly, the instructional effects of DI
and PF observed in this study should be interpreted within this narrow task boundary. They
should not be generalized to fire safety training contexts that involve situational judgment,
dynamic risk assessment, or non-routine decision-making. Extending this comparison to
more complex and ill-structured emergency scenarios remains an important direction for
future research. Task difficulty was not explicitly quantified in this study. Future research
could describe baseline performance ranges or use difficulty ratings to better capture task
complexity. The training duration was limited to a single 15-minute session, and learning
outcomes were assessed only once, four weeks after training. While this controlled setup
ensures internal validity, it may limit ecological validity. Real fire safety situations involve
more complex tasks such as situational awareness, evacuation coordination, and emergency
communication, which unfold over longer time periods and under dynamic conditions.
Moreover, the current assessment focused primarily on recall of procedural steps through an
open-ended question. The same open-ended question was used at pre-training, immediately
after training, and four weeks after training. This repeated use introduces the possibility
of a test-retest effect due to item familiarity, which may have partially contributed to the
observed learning gains. Furthermore, the time spent on each PF phase, including explora-
tion, self-testing, feedback, and summary, was not recorded. This limits the ability to exam-
ine how procedural knowledge translates into actual performance. Future research should
incorporate phase-specific timing, objective behavioral measures, and varied or counterbal-
anced test items to enhance the validity of the findings. These measures would help evaluate
the relationship between engagement in each phase of the PF, knowledge gain, error reduc-
tion, and real-world skill transfer. Specifying minimum and maximum time limits per phase
could also help ensure fairness when comparing PF and DI. In addition, memory retention
and behavioural change may develop non-linearly over extended periods, which cannot be
captured by a single follow-up point. Future studies could address this limitation by includ-
ing diverse emergency scenarios and conducting longitudinal assessments at multiple time
points over several months. Distributed practice, extended exposure, and adaptive feedback
strategies may also improve the depth and sustainability of training outcomes.

Furthermore, the current AR training relies on image markers attached to fire extinguish-
ers to support procedural learning. This dependency may limit direct transfer to unmarked
extinguishers. Future research should explore optimized marker configurations or marker-
free AR solutions, and further test and mark fewer solutions using 3-D anchor techniques
to minimize the reliance on visual markers. Quantitative metrics such as occlusion rate,
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recognition failures, and task-time impact could be recorded. Future experiments should
also examine whether participants trained with AR are more capable of performing accurate
and complete fire extinguisher inspections, thereby assessing real-world skill transfer. In
addition, this study compared only two theory-based instructional approaches under a fixed
training setting. While this comparison offers useful insights into immersive instructional
design, it did not examine how these dimensions interact with one another. Future studies
could use multivariate designs or mediation analyses to explore their interactions and com-
bined effects on learning outcomes. Moreover, this study did not include a control group
based on traditional training methods, such as reading materials or slide-based presenta-
tions. Future studies should consider adding traditional training conditions to better assess
the added value of theory-based AR training.

Lastly, this study focused on developing fire safety training prototypes using optical see-
through (OST) AR display technology, specifically utilizing HoloLens 2 in both training
methods. Currently, head-mounted AR devices use two main display technologies: optical
see-through (OST) and video see-through (VST). With the use of an optical display module,
OST allows users to view virtual images and real-world elements concurrently through
a transparent display or glasses [96]. In contrast, VST enables users to engage with aug-
mented reality information by superimposing virtual graphics onto a live video stream of
the physical surroundings via various display devices [96, 97]. Noteworthy devices include
Google Glass, HoloLens 2 for OST, and Apple Vision Pro for VST. Future research could
conduct comparative analyses of these two display technologies to highlight their strengths
and weaknesses. This effort would provide essential insights for refining AR training tech-
niques and choosing suitable devices in educational environments [12].

6 Conclusion

This study integrated two teaching theories into AR safety training, comparing the effective-
ness of directive instruction training and productive failure training. Two AR prototypes
were designed and prototyped for fire safety training. In a controlled experiment, 68 partici-
pants were randomly allocated to two training groups.

The findings show that productive failure training is more effective in terms of knowl-
edge acquisition and knowledge retention. Nevertheless, both trainings demonstrate similar
effectiveness in providing a thorough and varied learning experience. This highlights the
potential advantages of AR training based on productive failure theory to improve trainee
safety performance. These results offer valuable insights for the future advancement of aug-
mented reality applications in safety training.
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