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ABSTRACT

Virtual safety training environments are increasingly utilized to support the development of safety knowledge
and increase hazard identification skills in construction. One of the emerging techniques for virtual safety
training is immersive storytelling. However, current studies have not explored how the inclusion or exclusion of
storytelling within immersive safety training systems produces learning gains. Specifically, this study explores
learning through the lens of engagement — behavioral, cognitive, and emotional. The residential construction
industry was used as a case study to explore this research gap. Residential workers were assessed through a
between-subject experimental design. Two safety training conditions were employed for this evaluation using a
between-subject experiment — (1) immersive storytelling; and (2) immersive non-storytelling. The experimental
comparison revealed that using immersive storytelling led to increases in behavioral learning and cognitive
learning, allowing trainees to effectively identify openings and scaffold fall hazard categories. On the other hand,
trainee emotional learning engagement did not change between immersive storytelling and immersive non-
storytelling conditions. This study contributes to the existing body of knowledge by providing evidence on
how using or not using storytelling can affect learning in the context of safety for fall hazards in residential
construction. Practical implications for academicians and industry practitioners for the implementation of sto-

rytelling in immersive training systems are provided in the study.

1. Introduction

High rates of fatal and non-fatal injuries continue to be recorded in
the U.S. construction industry (Nadhim et al., 2016; Hasanzadeh et al.,
2018; Albert et al., 2020; Al-Bayati, 2021). Construction safety training
programs try to ameliorate the occurrence of these accidents by equip-
ping workers with knowledge that allows them to be proactive when
facing unsafe work conditions. Training directly increases safety
awareness and hazard identification at job sites, aiming to prevent and
decrease rates of fatal and non-fatal incidents on job sites (Demirkesen &
Arditi, 2015, Harris et al., 2023). Traditional construction safety
training programs are often conducted in standardized formats (such as
OSHA 10- or 30-hours training courses) (e.g., Caban-Martinez et al.,
2018; Garcia, 2018; Namian et al., 2022). Even though traditional
training is commonly used in construction, previous research has asso-
ciated it with numerous limitations. A major limitation with traditional
training is the use of passive learning contents (e.g., texts, videos,
pamphlets, slides, images). These passive learning contents have been
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found to reduce trainees’ learning engagement during safety training
(Burke et al., 2006; Wilkins, 2011; Zuluaga et al., 2016). Consequently,
traditional safety training has difficulties to effectively transfer safety
knowledge to workers which translates into the continuous occurrence
of safety accidents in construction (Wilkins, 2011; Bhandari & Hallo-
well, 2017).

Emerging studies are exploring the utilization of immersive virtual
environments to address the passive nature of traditional training for
improving construction worker safety (e.g., Li et al., 2018; Yu et al.,
2022; Rokooei et al., 2023). 360-degree panorama is one of the
emerging techniques that has been increasingly used to create engaging
construction training. It is defined as a reality capturing technique that
provides a true-to-reality, full field-of-view of a location in a virtual
setting that can be augmented with data such as graphics, texts, pointers,
and audios (Firis et al., 2018; Eiris et al., 2020-b; Eiris et al., 2021;
Shinde et al., 2023). Researchers have found that 360-degree panoramas
used in construction safety training are effective because they offer high
sense of immersion and realistic representations of construction sites
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(Lee et al.,, 2022-a; Shinde et al., 2023; Eiris & Gheisari, 2023).
Increasingly, 360-degree panoramic construction safety training lever-
ages the use of storytelling (also called immersive storytelling) to sup-
port learning safety contents (Eiris et al., 2018; Eiris et al., 2020-b).
Existing immersive storytelling employs virtual humans (i.e., human-
like characters to draw attention to hazardous situations) as story nar-
rators for describing high-risk and unsafe operations (Eiris & Gheisari,
2017). Preliminary results on the use of immersive storytelling for safety
training demonstrate some aspects of how storytelling is effective for
learning (Din & Gibson Jr., 2019; Eiris et al., 2020-a; Arif et al., 2021;
Babalola et al., 2023; Man et al., 2023), but these approaches only
compare the storytelling technique against traditional paper-based
methodologies. Therefore, there is an existing research gap for the
current experimental designs that limit the understanding of how
including or excluding storytelling within immersive safety training
systems produces gains in learning.

Consequently, this study contributes to the current body of knowl-
edge by providing new evidence on how using or not using storytelling
can affect learning in the context of safety. Specifically, this study ex-
plores learning through the lens of engagement. The concept of
engagement as part of learning remains largely unexplored within this
type of safety training intervention (Burke et al., 2016; Eiris et al., 2020-
a; Seo et al., 2021; Babalola et al., 2023; Isingizwe et al., 2024-a). Prior
studies that evaluate engagement explore traditional safety training
methods (e.g., lecture, videos, hands-on activities) (Burke et al., 2016),
test virtual reality from the usability (Seo et al., 2021), or compare the
virtual reality systems against the traditional safety training lectures
(Eiris et al., 2020-a; Babalola et al., 2023; Isingizwe et al., 2024-a).
Therefore, there is lack of exploration of the effects of engagement as
part of the learning process in safety training using immersive training
technologies. Given the gaps in knowledge, this study focuses on
investigating the effects of immersive safety storytelling to enhance
learning engagement.

To evaluate the inclusion of immersive storytelling and its effects on
safety training learning engagement, a case study was conducted within
the residential construction context. This context was selected for
investigation due to the high fall accident rates among residential con-
struction workers as reported by the Center for Construction Research
and Training (CPWR) (Brown et al., 2020). To investigate learning
engagement produced by immersive storytelling safety training, a set of
story narratives were crafted based on the four leading causes of fall
incidents (i.e., ladders, scaffolds, openings, working at elevation around
unprotected edges). To represent these fall hazards incidents, 360-de-
gree panoramas were captured from active residential job sites. A
comparative study was conducted to measure learning engagement by
contrasting two experimental conditions:

e Experimental — Immersive Storytelling (IS) Safety Training; and
e Control — Immersive Non-Storytelling (INS) Safety Training

A set of validated surveys, eye-tracking data, and verbal responses
were recorded to measure behavioral, cognitive, and emotional learning
engagement during each experimental condition. Accordingly, this
study focuses on advancing the understanding of immersive storytelling
as a tool to deliver learning engagement to workers and providing an
alternative safety training method.

2. Literature review
2.1. Residential construction, fall incidents, safety training

Current research shows that falls constitute the largest percentage of
fatal incidents (Hasanzadeh et al., 2018; Al-Bayati and York, 2018;
Harris et al., 2023). From all construction industry sectors, the highest
proportions of fatal falls occur in the residential sector (Johnson et al.,
1998; Hu et al., 2011; Dong et al., 2014; Kang, 2018; Al-Bayati and York,
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2018; Brown et al., 2020). Researchers trace these fall accidents within
residential construction to multiple variables including high-risk prac-
tices, limited resources, and unsafe culture. Enforcement and compli-
ance of fall safety practices has been recorded to be poor in the
residential construction sector (Johnson et al., 1998; Jeelani et al., 2017-
b; Kang, 2018; Al-Bayati et al., 2023a). Moreover, small sized companies
with low resources to foster safe practices on job sites are prevalent in
residential construction, which often results in more injuries and fatal-
ities due to the reduced availability of training (Evanoff et al., 2016; Al-
Bayati and York, 2018). Falls incidents in residential construction also
occur due to a lack of a well-established safety culture, with personal
protection equipment or systems often not used by workers (Johnson
et al,, 1998; Hu et al.,, 2011; Kang, 2018; Al-Bayati et al., 2023b).
Consequently, fall incidents among residential workers have remained
historically high overall despite efforts to reduce fatalities and injuries in
the construction industry (Janicak, 1998; Johnson et al., 1998; Hu et al.,
2011; Evanoff et al., 2016; Brown et al., 2020). The main method used to
try to reduce fall accidents in residential construction is safety training.

While safety training programs (e.g., OSHA 10- or OSHA 30-hour)
are used by residential workers to reduce safety incidents on the job
site, falls remains a major concern (Evanoff et al., 2016; Al-Bayati and
York, 2018). Many researchers and practitioners argue that traditional
safety training contents are not directly tailored to the nature of work
performed on residential worksites (Hung et al., 2013; Le et al., 2015-a;
Evanoff et al., 2016). Moreover, much of the training done for fall
hazards is still passive, as workers often play the role of spectators of the
safety training contents (e.g., texts, videos, pamphlets, slides, images),
without being given the opportunity to actively interact with the
training materials to develop applicable jobsite safety knowledge (Burke
et al., 2006; Wilkins, 2011; Hung et al., 2013). Prior studies have found
that workers often do not feel engaged during learning of training ma-
terials (Hung et al., 2013). For example, workers have highlighted that
“a lot of times, videos, [they] get really kind of boring, to be honest, and
they would be like the same thing as reading, you kind of just skim
through stuff, even though it’s important stuff” (Hung et al., 2013).
Safety training for residential workers has also been criticized to be
unrealistic and unrelated to their field work (Hung et al., 2013; Evanoff
et al., 2016). Therefore, the learning outcomes for residential con-
struction safety training has been documented by previous researchers
to be low (Hung et al., 2013, Evanoff et al., 2016; Namian et al., 2016).

2.2. Immersive virtual environments for construction safety training

Multiple technologies — such as Building Information Modeling
(BIM), Augmented Reality (AR), Virtual Reality (VR), Mixed Reality
(MR), and 360-degree panoramas — have been used to produce immer-
sive virtual environments (Li et al., 2018). These immersive virtual en-
vironments have been found to produce effective educational
experiences for safety training of construction workers (Li et al., 2018).
Within these immersive virtual environments, mediated learning simu-
lations are provided for exploring and understanding hazardous condi-
tions in a controlled and replicable manner. These immersive
environments have been found to have numerous benefits that include
improved task performance, attitude changes towards risk, and
increased creativity and engagement (Chittaro et al., 2017; Loup-
Escande et al., 2017; Suh & Prophet, 2018). Consequently, researchers
have employed the benefits of immersive virtual environments to sup-
port learning during construction safety training (Wang et al., 2018;
Zhang et al., 2022).

From all the different technologies used to create immersive virtual
environments, 360-degree panoramas are being increasingly used for
construction safety training. 360-degree panoramas are advantageous
because of their low computational-power required, high realism, high
sense-of-presence, ease-of-access, and capability of adding information
over the obtained background images and videos (Eiris et al., 2018).
Additionally, it has been found that using 360-degree panoramas can
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potentially save time and reduce costs in contrast to 3D-based virtual
environments (Moore et al., 2019; Eiris et al., 2020-a, Lee et al., 2022-a).
One key component used within 360-degree panorama environments
(and other virtual environments) to support safety training are virtual
humans. Virtual humans have been shown to be useful in safety training
because these digital replicas allow trainees to observe high-risk oper-
ations (e.g., working on the top step of a ladder, working at heights
without a harness, working at unsecured elevated edges) without
exposing real people to physical danger (Brown et al., 2020). By
leveraging these features of virtual humans, trainees can experience
hazards in a secure, consequence-free platform for understanding inci-
dent situations (Li et al., 2018; Eiris et al., 2020-a).

2.3. Learning engagement and construction safety immersive virtual
environments

Educational literature points to learning engagement as a crucial
factor for successful knowledge acquisition (Lester, 2013; Henrie et al.,
2015). Learning engagement is measured across three main dimensions
(D’Mello et al., 2017):

o Behavioral: the relationship between time and attention dedicated by
alearner to the training materials (Henrie et al., 2015; D’Mello et al.,
2017).

e Cognitive: the mental processes and approaches applied by a learner
to make sense of the content during training session (Fredricks &
McColskey, 2012; Lester, 2013).

e Emotional: the perception of the learner in regard to the personal
benefits and usefulness of learning the topic being studied (Peters
et al., 2004, Slovic et al., 2013).

Therefore, behavioral, cognitive, and emotional involvement during
any learning or training activity determines the overall learning
engagement outcomes (Fredricks & McColskey, 2012; Henrie et al.,
2015). Learning engagement produces interest, curiosity, satisfaction,
and persistence towards the learning task (Skinner at al., 2009; Hal-
verson & Graham, 2019). As a result, engaged trainees or students
during learning have an increased desire to complete tasks and are less
likely to abandon the learning tasks before full completion (Lester, 2013;
Henrie et al., 2015). In construction, enhancing learning engagement
during safety training is crucial for promoting safety awareness and
proactive hazard recognition (Wilkins, 2011; Evanoff et al., 2016). Re-
searchers have utilized eye tracking data to understand the behavioral
engagement of trainees (Hasanzadeh et al., 2018 Lee et al., 2022-a;
Shadiev & Li, 2022). Verbal responses have been utilized to collect
immediate feedback on cognitive learning engagement processes
occurring in the mind of trainees (Le et al., 2015-b; Wong et al., 2020;
Ogunseiju et al., 2024). Furthermore, validated surveys such as self-
efficacy (Chen et al., 2001) and motivation (Guay et al., 2000) have
been utilized in pretest — posttest studies to assess the learner’s
emotional changes in terms of the learners’ perception and confidence to
engage in the learning activity (Jeelani et al., 2017-a; Wolf et al., 2022).
These multiple connected methods aim to understand learning engage-
ment holistically through various direct and indirect measures.

Various researchers have explored some dimensions of learning
engagement within immersive virtual environments (e.g., Li et al., 2018;
Pham et al., 2018; Lee et al., 2022a). For example, behavioral learning
engagement was measured during construction hazard identification
using 360-degree panorama and eye-tracking techniques (Lee et al.,
2022a). The study outcome revealed that the characteristics of hazards
within a 360-degree panoramic virtual environment influenced visual
attention of participants while identifying hazards. In another example,
a 360-degree panoramic virtual field trip was created, and a study was
conducted to measure cognitive learning engagement of participants
(Pham et al., 2018). The study findings revealed that traditional and
360-degree panoramic interventions produced identical cognitive
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learning engagement (Pham et al., 2018). Similarly, emotional learning
engagement in construction safety training was explored using simula-
tions to demonstrate cause and effects of hand injuries (Bhandari &
Hallowell, 2017). The study finding has revealed that change in
emotional learning engagement influences the ability of workers to
perceive and assess risks of injuries.

Literature in construction safety training have employed a variety of
indirect and direct approaches to assess learning engagement, including
questionnaires (Jeelani et al., 2017-a; Wolf et al., 2022), verbal re-
sponses (Le et al., 2015-b; Man et al., 2017; Wong et al., 2020), and eye-
tracking technologies (Hasanzadeh et al., 2018, Lee et al., 2022-a;
Shadiev & Li, 2022). Indirect approaches often aim to understand
cognitive and emotional learning engagement by asking trainees about
their experiences. For example, a construction virtual safety system was
developed to assess the usefulness of the system for safety training using
interviews and test questions. The outcome of the study revealed virtual
systems to be effective learning tools for construction site safety (Le
et al.,, 2015-b). Alternatively, direct approaches attempt to evaluate
behavioral learning engagement by observing trainee exploration and
knowledge gaining processes. Particularly, attention is used as a direct
method to assess areas that engage trainees’ gaze during learning within
virtual environments (Bhoir et al., 2015). In eye-tracking technology,
those areas are often referred to as areas of interest (AOI) and gaze data
are often segmented into fixations (a steady gaze position within an area
of interest lasts between 100 and 200 ms) and saccades (abrupt shifts in
gaze between areas of interests) (Ehmke & Wilson, 2007; Hasanzadeh
et al., 2018). Fixation count (i.e., how many times participants fixate at
each area of interest) and dwell time (i.e., how long a participant fixated
each hazard in total) are common metrics used to evaluate behavioral
engagement (Hasanzadeh et al., 2018; Shadiev & Li, 2022).

2.4. Storytelling and immersive storytelling for safety training

Storytelling as a learning technique is widespread in traditional
construction safety training. Often storytelling is used as part of toolbox
talks or videos techniques in construction safety training (Olson et al.,
2016). Storytelling in the safety context allows a narrator to share
hazardous job site information in a way that the audience can relate to,
and it is easy to remember (Kaskutas et al., 2013; McDowell, 2021). The
mental processes that occur when a person follows a storytelling sce-
nario positively influence the memory of events described, the under-
standing of the context, and the identification of safe and unsafe
behaviors, allowing the listener to connect with the feelings and expe-
riences of the narrator in a practical sense (Bliss and Dalto, 2018).
Although storytelling provides opportunities to enhance learning in
traditional construction safety training, this technique is limited due to
the lack of visual representation of hazardous situations, characters, and
venues of described events (Eiris & Gheisari, 2017; Eiris et al., 2020-b).
To overcome this challenge, previous studies have proposed the use of
immersive storytelling techniques that leverage 360-degree panorama
virtual environments (Eiris et al., 2020-a; Eiris & Gheisari, 2023).

Immersive storytelling (i.e., storytelling combined with virtual en-
vironments such as 360-degree panoramas) supports learning in con-
struction safety training by engaging workers during learning using
visually rich, context-based, and task-focused set of materials (Eiris &
Gheisari, 2023). Prior studies have compared knowledge gained from
the traditional safety training (i.e., OSHA 10-Hour) and immersive sto-
rytelling, finding no differences in knowledge obtained but gains in
learning engagement (Eiris et al., 2020-b). In a more recent study, safety
learning outcomes were compared between traditional safety training (i.
e., text and images) and online virtual environment training to teach fall
hazard identification. The study findings indicated that online virtual
environment training was as effective as the traditional safety training in
teaching fall hazard recognition, but the virtual environment training
was found to increase learning engagement (Eiris et al., 2021). While
some studies are finding positive gains in using virtual environments,
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more research is needed to understand how immersive storytelling
supports learning engagement during training interventions. Table 1
summarizes a comparison of existing VR-based construction safety
training systems in terms of four components (i.e., type of virtual
environment used, use of virtual humans, the use of immersive story-
telling, and the evaluation of storytelling to produce learning engage-
ment). As shown in Table 1, no prior papers have explored how
including or excluding storytelling within immersive safety training
systems produces gains in learning.

3. Research objectives, questions, and hypotheses

This study project builds on previous investigations that use of
immersive storytelling (IS) as a tool for safety training (Din & Gibson Jr.,
2019; Eiris et al., 2020-b; Arif et al., 2021; Babalola et al., 2023; Man
etal., 2023). Although prior studies have advanced the knowledge in the
use of immersive storytelling for safety training, two major challenges
have been identified in this study that require further exploration. First,
the use of immersive storytelling remains poorly understood as a tech-
nique to foster learning engagement as part of safety training in-
terventions. Prior studies (e.g., Din & Gibson Jr., 2019; Eiris et al., 2020-
a; Arif et al., 2021) have shown that there are some learning benefits
during safety training while using immersive storytelling. However,
these approaches only compare the storytelling technique against
traditional paper-based methodologies. Therefore, there is an existing
research gap for the current experimental designs that limit the under-
standing of how including or excluding storytelling within immersive
safety training systems produces gains in learning. Second, residential
construction remains largely affected by fall accidents (Dong et al.,
2014; Kang, 2018). Consequently, there is a need to design safety
training contents that produce learning engagement in residential con-
struction workers. This study contributes to the current body of
knowledge by providing new evidence on how using or not using

Table 1
VR-based construction safety training system comparison.

References  Type of Use of Employment Evaluation of
Environment Virtual of Storytelling  Storytelling to
Used (360° Human (Present / Not  Produce
Panorama or (Present Present) Learning
3D) / Not Engagement
Present) (Present / Not
Present)
Guo et al., 3D Not Not Present Not Present
2012 Present
Sacks et al., 3D Not Not Present Not Present
(2013) Present
Le et al., 3D Not Present Not Present
(2015-a) Present
Le et al., 3D Not Present Not Present
(2015-b) Present
Eiris et al., 360° Panorama  Not Not Present Not Present
(2018) Present
Pham et al., 360° Panorama Not Not Present Not Present
(2018) Present
Din & 3D Not Present Not Present
Gibson Present
Jr.,
(2019)
Eiris et al., 360° Panorama Present Not Present Not Present
2020-a)
Eiris et al., 360° Panorama  Not Present Not Present
2020-b) Present
Arif et al., 3D Not Present Not Present
(2021) Present
Lee et al., 360° Panorama  Not Not Present Not Present
(2022-a) Present
Zhang 3D Not Present Not Present
et al., Present

(2022)
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storytelling can affect learning in the context of residential construction
safety. It is particularly important to increase the effectiveness of current
safety learning materials for enabling residential workers the ability to
proactively identify and react to fall hazard conditions. To address these
challenges, this study this paper aims to provide evidence on how using
or not using storytelling affects learning within the residential con-
struction sector. This objective led to the formulation of a set of research
questions and hypotheses as shown on Table 2.

4. Immersive storytelling safety training: Case study of fall
hazards within the residential construction sector

In response to the significant needs to design safety training for
residential fall hazard contents that produce learning engagement and
the promising but poorly understood effects of immersive storytelling,
this study centers on investigating immersive storytelling through a case
study in the residential construction sector. To accomplish the evalua-
tion of learning engagement for immersive storytelling within residen-
tial construction context, this study followed three phases illustrated in
Fig. 1.

During Phase I, story narratives were created based on the four main
leading causes of fall hazards for residential construction as identified
from real-world accidents reports. In Phase II, an immersive storytelling
system was developed using a combination of 360-degree panoramas,
narratives audio files, texts and shapes, and animated virtual humans as
storytellers. Two digital training platforms — one that used immersive
storytelling and the other that only used immersive virtual environ-
ments — were developed to conduct residential worker safety training
and assessment sessions. Lastly, Phase III was centered in a comparative,
between-subject experimental intervention to evaluate the effectiveness
of immersive storytelling for enhancing learning engagement. Data were
gathered through eye tracking metrics and validated surveys to under-
stand learning engagement. Following is a detailed description of how
these three phases were completed to achieve the objective of this study
and answer the proposed research questions.

4.1. Phase I — Narratives creation

4.1.1. Fall fatality incident report collection and analysis

In this phase, the goal was to understand the current state of the fatal
falls in the residential construction industry. The data collection and
analysis guided the development of fall incident narratives that repre-
sent how fall safety incidents occur in the real-world within residential
construction sites. To accomplish this goal, fatal fall incidents in the
residential sector were identified from reports in the Occupational
Safety and Health Administration (OSHA) Fatality and Catastrophe
Investigation Summaries (FCIS), the National Institute of Occupational
Safety and Health (NIOSH) Fatality Assessment and Control Evaluation
(FACE) Program, and the Center for Construction Research and Training
(CPWR) “stopconstructionfalls.com” fatality databases. Real-world
incident narratives were collected and analyzed to understand the

Table 2
Study Research Questions and Hypotheses.

Research Questions (RQ) Hypothesis (H)

RQ1: What are the impacts of immersive
storytelling (IS) and immersive non-
storytelling (INS) experiences on
behavioral learning engagement?

RQ2: What are the impacts of IS and INS
experiences on cognitive learning
engagement?

H1: Participants under IS condition
have different behavioral learning
engagement effects than those in INS
condition.

H2: Participants under IS condition
have different cognitive learning
engagement effects than those in INS
condition.

H3: Participants under IS condition
have different emotional learning
engagement effects than those in INS
condition.

RQ3: What are the impacts of IS and INS
experiences on emotional learning
engagement?
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Phase

Methods

I: Narratives Creation

Fall Fatality Incident Report Collection
and Analysis —

II: Immersive Platform
Development

Immersive Content Creation —

—

11: Experimental Design

* Experimental —
Experimental Protocol
immersive

Experimental Study Metrics

Story Narratives Development for Residential
Construction Fall Hazards

Immersive Storytelling Platforms Development

Experimental Outcomes

storytelling 1. Pre-Training — Surveys 1. Behavioral Engagement — Eye Tracking Metrics AT
- * Fixation Counts ,\'orum/m"li’rl
* Control — * Duell Times * Shapiro-Wilk Test * Results and
TIMETSIVE non- — 2. Cognitive Engagement — Hazard Identification Index: — Discussion
storytelling 2. Experimental Procedure T Tu VR 7}':1:.‘ d Descriptive Data
o Exploration * Study
* Paper—Based -> Limitations
N Inferential Statistic Tests
3. Post-Training — Surveys 3. '”"”"fm“ ";"’”gemfmv + Wilcoxon Signed * Conclusion
+ Self-efficacy — Chen et al. (2001) Rank Test. and Future
* Motivation - Guay et al. (2000) + Kruskal-Wallis Test Study

Fig. 1. Overview of the Immersive Storytelling Safety Training Case Study for Residential Construction.

common hazard types, the way these occurred on job sites, and the
trades affected by these accidents. Data about the most recent fatality
reports were obtained from these databases using the following process:

e OSHA - FCIS: The following parameters were used for report filtering
in the FCIS data repository — (1) the North American Industry Clas-
sification System (NAICS) code was selected for residential building
construction using the descriptor “23611”; (2) the keyword “Fall”
was used as to outline the accident type; (3) the “fatality-only” filter
was employed to guarantee reports that contained only accidents

that resulted in worker deaths; and (4) the time range “January 2016

to April 2022”. This time frame was selected to show the five years

most recent years from when this study was started.

NIOSH - FACE: The following parameters were used for report

filtering in the FACE data repository — The case-studies contained in

the database were constrained to the category of “Falls-Construction-

Residential”.

e CPWR - stopconstructionfalls.com: The following parameters were
used for filtering the CPWR interactive map dashboard - (1) the
Injury Type filter was set to “Falls, Slips, Trips”; (2) the Focus Four
Category filter was set to “Fall to Lower Level”, (3) the Years of
Occurrence filter was set to “2016-2022”. The resulting data from
this search was manually investigated to include only residential
accidents.

A total of 193 reports were found for analysis of the FCIS, FACE, and
CPWR databases. Initially, the data was reviewed for completeness.
From this analysis, 36 data points were discarded, as they either had
large amounts of data missing, were not construction-related, or were
not fall accidents. The remaining 157 data points were further analyzed
to characterize each report description and classified each accident
based on the type of fall hazard, type of occupation of the victim, type of
project where the accident occurred, and location where the accident
occurred. From the analysis, it was found that most fatal fall accidents
occurred from working on elevated surfaces with unprotected edges (36
%), ladders (23 %), scaffolds (18 %), and openings (14 %) (Table 3).
Other fall accidents are present within the databases (e.g., slips & trips,
collapsed stands, non-specified), but these represent only a small

Table 3

Frequency of Falls by Category.
Types of Falls Frequency Percentage

(Counts)
Unprotected Edge 56 36 %
Ladders 36 23 %
Scaffold 28 18 %
Opening 22 14 %
Other Falls (Slips & Trip, Collapsed Stand, Non- 17 10 %
Specified Falls)

Total 157 100 %

percentage of all the data (10 %).

Furthermore, the analysis showed that most fatal fall accidents
affected the following occupations: laborers (21 %), carpenters (20 %),
roofers (10 %), painters (8 %), construction trades (4 %), and other
construction roles (e.g., managers, inspectors, glaziers) (10 %). How-
ever, a considerable percentage of the data points collected did not
specify the occupation of the accident victim (27 %). Furthermore, the
analysis showed that the largest number of fatal fall accidents occurred
in single-family/duplex dwellings (33 %) and multi-family residential
buildings (17 %). A large percentage of the accident reports did not
specify the type of project (49 %), and a minor portion of the accidents
occurred in mobile homes (1 %). Finally, it was found that most fatal fall
accidents happened outside the building (84 %) in places such as roofs,
scaffolds, or trusses. A lower percentage of the accidents occurred inside
the buildings (13 %) or were non-specified (3 %). The inconsistency in
the information reported in the explored investigations was also high-
lighted by Al-Bayati et al. (2021). Thus, it is recommended designing a
systematic approach for incident investigation to enhance the learning
opportunities from incident investigations.

4.1.2. Story narratives development for residential construction fall hazards

Leveraging the data from the fall accident written report descriptions
previously analyzed, story narratives were developed under each of the
key fall hazard categories contained in Table 3. A total of four stories
were created that focused on one of the following fall hazards: ladders,
scaffolds, openings, and unprotected edges. The “Hero’s Journey”
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(Campbell, 2008) narrative structure was used to craft these stories
focusing on each of these four hazards. This story structure was selected
for this study due to its simplicity and popularity across many domains
such as entertainment, journalism, and education (Delmas et al., 2007;
Campbell, 2008). The goal of the “Hero’s Journey” storytelling narrative
approach is to showcase the transformative journey of a character using
three acts as follows: (1) Departure — the character embarks on a journey
unaware of upcoming challenges; (2) Initiation — the character en-
counters difficult challenges along the journey; and (3) Return — the
journey is completed by the new experience and knowledge the char-
acter gained from resolving the challenges. Prior researchers have
recognized the potential to describe safety training contents in an easy
and intuitive manner using this storytelling approach (Bliss & Dalto,
2018; Eiris et al., 2020-b).

In this study, the “Hero’s Journey” structure was used to create safety
training narratives contents for the immersive storytelling experiences
using the following approach:

(1) Departure: the story begins by describing the contextual jobsite
information for a character. The character is introduced to the
story audience by describing their jobsite role and tasks and
indicating that a safety accident has occurred in connection with
their work.

(2) Initiation: the character is transported to the location where the
fall accident occurred. In that location, the causes and conse-
quences of the fall accident are described to deliver a learning
opportunity for the character and the story audience.

(3) Return: the character demonstrates the gained safety knowledge
within the context of the fall hazard accident. Specific de-
scriptions of the solution to the encountered hazard are provided
as story closure.

An illustrative example of how this storytelling approach was used
using the three-act framework is shown on Table 4. Typical OSHA
investigation summary reports for ladders do not provide a storytelling
structure in their descriptions, offering only a short text that resembles
an abbreviated initiation act in the “Hero’s Journey” (Table 4). To craft
the complete structure of a “Hero’s Journey” story, this study adapted
the patterns and data found across several OSHA investigation reports to
demonstrate how the improper use of ladders can produce a fatal fall
accident through narratively describing the departure, initiation, and
return acts. In this example, six story scenes were created to contain this
structure of a ladder fall accident as follows: (1) Departure [Scene 1 & 2]
— Trainees learn about an employee named Marcos who is a carpenter.
Marcos takes the audience around the jobsite and describes his work.
There, Marcos reveals that he suffered a safety accident while installing
the soffit at the roof eave. (2) Initiation [Scenes 3 & 4] — Marcos shows
the location where he suffered the fall accident while performing jobsite
tasks. As he displays the location, he provides the details of the accident
(i.e., he fell 14 feet from an extension ladder due to incorrect run-to-
height ratio). Marcos also described the consequences of the fall,
describing how he was taken to the hospital and the injuries he suffered.
Lastly, he indicates that everyone in his social and professional life was
affected by his accident (i.e., himself, his family, and his company),
offering insights into the injuries and the rehabilitation process. (3)
Return [Scene 5 & 6] — Marcos returns to work after recuperating from
the fall. As he is at his jobsite, he notices a hazard like the one that
caused him to suffer the fall (i.e., improper ladder run-to-height ratio)
and immediately informs the manager. Marcos provides a solution by
describing how such accidents should be avoided by offering specific
insights regarding the necessary actions to be taken.

4.2. Phase II - Immersive platform development

4.2.1. Immersive content creation
In this phase, the goal was to produce a realistic and interactive
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Table 4
Sample Narrative Crafting for Ladder Residential Fall Hazard.

OSHA Investigation Report Example Created Narrative

Summary *

At 9:00 a.m. on February 4, 2021, an

employee ascended an unsecured
extension ladder to install wood siding
on a two-story residential home.

The employee stood near the top of the
ladder and attempted to reach out to the
right when the ladder slid to the left and
the employee fell approximately twelve
feet.

The employee was killed by unspecified
injuries received.

Scene 1: Marcos introduces himself as
a carpenter. He describes his typical
work tasks and showcases the locations
where he works.

Scene 2: Marcos indicates that he
suffered an injury recently while
working on a ladder. He describes the
type of work he was performing that
day - installing the soffit at the roof
eave.

Scene 3: Marcos reveals the location

where the fall accident happened. He
describes that he was using an
extension ladder and that it slid down
the wall while he was trying to reach
the roof eave. He indicates the run-to-
height ratio used for the ladder as 5:2.
Scene 4: Marcos describes how he, his
family, and his company were
impacted by the fall accident. He
emphasizes details about the physical
pain and monetary cost from his
accident.

Scene 5: Marcos describes returning to
work 5 months later. After returning to
his jobsite, he notices a hazardous
ladder that was not stabilized using a
5:3 run-to-height ratio. He now knows
that the ratio should be 4:1 and
described how he reported the
situation.

Scene 6: The hazard solution is
presented by offering insights
regarding the necessary actions that
need to be taken to prevent the
accident and the story is closed.

OSHA Investigation Report: Hero’s Journey Structure

Source Inspection Number: : Departure
1514875.015 ID#: : Initiation
NAICS: 236118/Residential Remodelers : Return

Report ID: 0,950,621

" Note: The full narrative is provided as an Appendix.

visual representation of hazardous situations using immersive contents.
The immersive contents focused on demonstrating hazard types, char-
acters, and location of events described in scene narratives created in
Phase I. To accomplish this goal, 360-degree panorama images were
collected to represent the story narratives previously created. Multiple
residential construction sites were visited in the U.S. Midwest region,
capturing images that encapsulated the ideas presented in the story
scenes narratives. A total of nine residential construction site visits were
captured using advanced high-precision 360-degree cameras (e.g.,
Insta360® ONE X2 and Pro 2). The seven single-family/duplex dwell-
ings and two multi-family residential buildings were visited for data
collection. A total of approximately 300 images were captured that
illustrated potential fall hazards and the surrounding environments. The
site selection and the image capturing process was driven on the pre-
viously created narratives, attempting to obtain images that resembled
the created stories in Phase L.

Subsequently, storyboarding — technique used to illustrate scene by
scene how the video will unfold using multimedia components such as
shapes, images, and texts of what is said in sequential order based on
preconceived ideas (Jantakoon et al., 2019) — was used to match the
captured 360-degree images with created narratives. Within these sto-
ryboards, indicators for the virtual human movements and dialogue
were added to connect the narratives created by the story narrator. It is
important to highlight that this process was highly iterative, as the im-
ages captured in the real-world did not perfectly match the previously
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created narratives. Adjustment had to be made in the narratives to
seemly integrate the story contents through the storyboarding process.
To validate the outcome of the storyboarding process, an online focus
group (1-hour in duration) was completed with a safety advisory board
of four residential industry professionals with at least five years of
experience. These professionals reviewed all the storyboards and pro-
vided feedback regarding the created materials to make them repre-
sentative of the real-world situations and characters based on their prior
experiences. A sample of the outcome of the storyboarding outcomes is
shown in Fig. 2. Each of the storytelling scenes as part of the “Hero’s
Journey” three-act framework is represented with a corresponding 360-
degree image of a residential site. Within the Return act [Scene 6], the
fall hazard is visually represented, showcasing an extension ladder fall
hazard as described in the crafted narrative.

4.2.2. Immersive storytelling platform development

The validated storyboards created as described in the previous sec-
tion were developed into an immersive storytelling platform that allows
trainees to interactively learn and test their knowledge regarding fall
hazards using a head-mounted display (HMD). In this study, immersion
is defined as a property of the technology that mediates an experience,
with higher level of fidelity in the displays and tracking corresponding to
greater levels of immersion (Slater, 2003). Participants used the HMD
(HTC VIVE Pro Eye ® HMD) to explore fall hazards within 360-degree
images which delivers a field of view of 110 degrees, resolution 1440
x 1600 pixels per eye, and refresh rate 90 Hz. Similar papers used these
HMD technology settings to indicate fully immersive experiences (e.g.,
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Azhar et al., 2020; Dhalmahapatra et al., 2021; Liu et al., 2022).
Moreover, these prior studies have found that 360-degree panoramas
offer full immersion across multiple applications (Szabo et al., 2020; Li
et al., 2023). Because of these considerations, this study defined the
developed system as a fully immersive experience.

To develop the platform using the HMD fully immersive technology,
the Unity® game engine (version 2019.4.38f1) was employed. Previous
studies have used the Unity® gaming engine to conduct immersive ex-
periences for a variety of applications in the construction domain.
(Albeaino et al., 2021; Hussain et al., 2024; Isingizwe et al., 2024-b).
Within the game engine, custom scripts (e.g., Speech_Blend for facial
animations; Game_Background Sound; New_Audio_Player; and the
Render_Objects_ With_Children C# scripts) were created to enable
trainee audio-visual exploration of the fall safety challenges within the
story contextualized for residential construction. Code snippets of each
of these custom C# scripts are provided in the appendix, demonstrating
the technology integration process used in this study. As shown on
Fig. 3, this game engine was utilized to interconnect four types of
immersive contents that composed the storytelling experience including
(1) 360-degree panorama environments, (2) augmented information (e.
g., text, images, attentional indicators), (3) animated virtual humans,
and (4) narrative voice-overs. Following is a description for how each of
these components were implemented to develop the immersive story-
telling experiences:

(1) 360-degree Panorama Environments: The 360-degree panorama
environment aimed to create immersive, interactive, and visually

Scene 1: 360-Degree Image |

=1

Scene 2: 360-Degree Image 2

Scene 3: 360-Degree Image 3

—

||

———

]

Narration Summary (1): Marcos (the Virtual Human) introduces Narration S

indicates that he suffered an Narration Summary (3): Marcos reveals the location where the

himself as a carpenter. He deseribes his typical work tasks and
showeases the locations where he works

cave.

injury recently while working on a ladder. He describes the type of
work he was performing that day

fall accident happened. He describes that he was using an
extension ladder and that it slid down the wall while he was trying
to reach the roof cave. He indicates the run-to-height ratio used for
the ladder as 5:2

installing the soffit at the roof

L [~

Scene 5: 360-Degree Tmage 5

|—PI Scene 6: 360-Degree Tmage 3

Scene 4: 360-Degree Image 4

Narration Summary (4): Marcos describes how he, his family,
and his company were impacted by the [fall accident. He
emphasizes details about the physical pain and monetary cost from
his accident,

Narration Summary (5): Marcos describes retuming to work 5
months later. Afier returning to his jobsite, he notices a hazardous
ladder that was not stabilized using a 5:3 run-to-height ratio. He
now knows that the ratio should be 4:1 and described how he
reported the situation.

Narration Summary (6): The hazard solution is presented by
offering insights regarding the necessary actions that need to be
taken to prevent the accident and the story is closed.

Fig. 2. Storyboard creation process.

Hero’s Journey Narrative Structure

(1): Departure
(2): Initiation:
(3): Return:
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(4) Narrative Voice Overs
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Full C# scripts listed below can be
found in the Appendix
Speech Blend
ts_with_Children
round_Sound
New Audio Player

Fig. 3. Immersive Storytelling Content in Unity®.

contextualized environments for engaged learning of safety in-
formation in the created story narratives. This environment
contained captured 360-degree images of potential fall hazards
from real-world residential jobsites, similar to those described in
the text story narratives. To create immersive interactive expe-
riences, the 360-degree images were rendered into Unity® game
engine as textures sphere and using custom shaders to unfold
equirectangular projections into the spherical models.

(2) Augmented Information: Information augmentation aimed to
elaborate on visual information in the 360-degree panorama by
providing a visual representation of the fall hazard knowledge.
These visual information augmentations were introduced in the
final narrative scene of each story to deliver clear indicators of
the hazard issues and solutions by using texts, images, and
attentional indicators (e.g., arrows, circles, dots) into background
of the 360-degree panoramas.

(3) Animated Virtual Humans: The virtual human aimed to provide a
method for trainees to connect with the stories through their
representation as storyteller characters. The creation of the vir-
tual humans for this game engine was done with the Reallusion®
Character Creator 4 software. The Reallusion® Character Creator
4 software enables to create any characteristics for virtual
humans (e.g., gender, race, facial features, clothing). Diverse
virtual humans in terms of race and gender were created to
represent residential construction workers. The animations of the
virtual humans were completed using Adobe Mixamo® software
to create body movement to animate the virtual humans, while
SpeechBlend® Lip-Synch software was used to create facial ani-
mations that matched the narrative voice-overs. The body and
facial animations were crafted specifically to replicate natural
human gestures during the narrative delivery in the immersive
storytelling platform.

(4) Narrative Voice-Overs: The narrative voice-overs aimed to deliver
an audio-based description for the text story narratives. The IBM
Text-to-Speech® software was used to produce the audio
narratives.

This creation process for each of these four components was

completed individually for each “Hero’s Journey” narrative scenes (i.e.,
six scenes for each of the four fall stories), producing approximately
twenty-four individual scenes. Fig. 4 shows an example of how this
process was done for a single narrative scene by combining the four
possible components for the scenes in the game engine. In this scene, the
fall hazard is shown in a ladder that has improper run-to-height ratio
and that is not extended three feet over the top of the landing section. To
show this information, the animated virtual human narrates the text
show in the storyboard using audio and the fall hazard is highlighted
with a visual image augmentation.

As part of the development of the immersive platform, two sessions —
a training session and an assessment session — were established to guide
the trainee in the learning and testing of their knowledge regarding fall
hazards. Following is a description of what each of these sessions
entailed as part of the immersive storytelling experience.

Training Session: The goal of the training session was to learn about
residential fall hazards. Trainees gained safety knowledge for jobsite
hazard identification within immersive platforms developed in this
study. During the training session, each participant was exposed to a
total of four immersive stories that covered the fall hazard topics of
ladders, scaffolds, openings, unprotected edges. The order in which each
of the stories were displayed to each trainee was randomized to elimi-
nate any order effects. Table 5 illustrates the training contents and the
360-degree panorama images shown to each of the trainees during this
session. It is important to highlight that these contents were weaved into
the story narratives as previously described.

Assessment Session: The goal of the assessment session was to un-
derstand the learning engagement through the measurement of fall
hazard identification. Within this session, this Hazard Identification
Index (HII) was measured using VR-based test that requested the par-
ticipants to verbally identify a hazard within the virtual setting. This HII
data was collected by analyzing video recordings that included the
participant view of the immersive experience (as seen in the HTC Vive
Pro Eye Head-Mounted Display) and their verbal responses as they
identify the hazards. The verbal responses were scored using the HII
methodology adapted from Carter and Smith (2006), scoring the HII as a
percentage between 0 % to 100 % for each participant. Additionally, the
participant completion time and visual attention allocation patterns in
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Developed Storyboard —— Immersive Storytelling Scene Created

Scene 6: The hazard solution is presented by offering
insights regarding the necessary actions that need to be
taken to prevent the accident and the story is closed.

360-Degree Panorama Image

(1) 360-Degree Panorama
Environment

(2) Augmented Information
— Fall Hazard Indicator

(2) Augmented Information
Ladder Position Image

(3) Narrative Voice-Over

(4) Amimated Virtual Human

Fig. 4. Immersive Storytelling Scene Creation Process.

the developed immersive platform were collected in the assessment
session of this study.” The time, and visual attention allocation of par-
ticipants in the developed immersive platform were collected and
analyzed in a similar fashion to prior studies (e.g., Hasanzadeh et al.,
2017-a, Liko et al., 2020; Lee et al., 2022-b). Trainees observed two 360-
degree images (analogous hazard types observed during the training
season, but different images) and were asked to verbally describe any
hazards visually identified within the location. The order in which the
assessment images appeared to each trainee was randomized to elimi-
nate order effects. Table 5 shows each of the assessment images shown to
the trainees.

4.3. Phase III — Experiment design and measures

4.3.1. Research design

To evaluate immersive storytelling as a method to enhance learning
engagement within residential construction safety training, a between-
subject research design was employed. The experiment was conducted
in a controlled indoor laboratory, without background noises, under
standard ambient electric lighting, and at neutral air-conditioned tem-
perature. Participants were required to be seated at all times, with every
participant using a rotating chair for ease of virtual space exploration.
This research approach enabled the comparison of the two conditions
designed for this study as follows: Experimental — Immersive Storytell-
ing, and Control — Immersive Non-Storytelling (Fig. 5). During both
conditions, trainees learned the same scope of contents for residential
fall hazards (training session) and were assessed within the immersive
virtual environment using the same 360-degree panorama (assessment
session). Each of these conditions are described in detail below.

e Experimental Condition — Immersive Storytelling: The experimental
condition was developed in Unity® as described in section “4.2.2.
Immersive Storytelling Platform Development”. The “Hero’s
Journey” structure was used to narrate four fall hazard stories (i.e.,
ladders, scaffolds, openings, unprotected edges). Each story con-
tained a total of six scenes that followed the three-act narrative
framework of the “Hero’s Journey”. Fig. 5 illustrates the narrative
flow and structure for the experimental condition for the ladder fall
story.

Control Condition — Immersive Non-Storytelling: Similarly to the
experimental condition, the process described in section “4.2.2.
Immersive Storytelling Platform Development” was used to develop
the control condition employing the Unity® game engine.

Differently, from the experimental condition, the storytelling com-
ponents were removed from this condition. The virtual human was
removed, and the voice-overs were simplified to outline only the
OSHA regulation for the hazard present in the virtual location.
Moreover, the “Hero Journey” scenes for the departure and return
were removed to eliminate the story narrative structure. It is
important to highlight that the same scope of learning content (i.e.,
topics, visual demonstrations, concept descriptions) was consistently
kept within this condition in contrast to the experimental condition.
Fig. 5 illustrates the shortened flow of the control condition for the
sample ladder fall story.

4.3.2. Experimental protocol

To perform the between-subject comparative study, an experimental
protocol was established for guiding the data collection (Fig. 6). Before
being exposed to the training and assessment sessions, each trainee
completed a set of pre-training surveys. Subsequently, trainees used a
head-mounted display (HTC® Vive Pro Eye) to perform the two sessions
- training and assessment. First, during the training session, each trainee
was exposed to only one of the two training conditions (experimental or
control). The duration of the training session lasted for approximately
20 min. Second, each participant completed an assessment session,
where a fall hazard identification activity took place. To complete the
assessment session, trainees observed 360-degree images to recognize
safety hazards. Eye-tracking sensors embedded in the head-mounted
display recorded their eye movements and a Zoom® shared screen
was used to record the trainee views of the platform and their verbal
response audio while performing the assessment session. The duration of
the assessment session varied depending on the total amount of time
each trainee took to identify the hazards in the images (i.e., trainees
could request the researcher to move to the next 360-degree image if
they thought they were done identifying the hazard) but was capped to a
maximum of 10 min. After completing the experimental procedure,
another set of post-training surveys were completed by the participants.
The total duration of the study, including the surveys, was approxi-
mately 50 min.

All data collected from trainees was fully anonymized based on IRB
(#1873063-2) protocols developed for this study. A total of forty-two
residential workers trainee datasets were collected for the evaluation.
Trainees were randomly assigned to each experimental condition while
maintaining an equal balance of participants across conditions (i.e.,
twenty-one participants per condition). Each trainee received monetary
compensation for the time used to participate in the study.
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Table 5
Immersive Storytelling Training and Assessment Sessions.

Safety Science 179 (2024) 106631

Hazard Category Training Contents

Training Session Images A t Session I

Ladder 1. Ladders are not stabilized using a 4:1 run-to-height ratio.
2. Ladders improperly used by a worker standing on the top step.

3. Workers using a bucket as a stepping stool instead of using a proper length

ladder.
Openings 1. Openings bigger than 2 in. not marked and not covered.
Scaffolds 1. Using a non-self-supporting extension ladder as an access point to the scaffold.

2. Using an unacceptable access point to the scaffold.
3. Using unprotected scaffold.

Unprotected 1. Roof edge over than six feet high not protected by guardrails.
Edges 2. Lack of personal fall arrest system.

4.3.3. Experimental metrics

To compare learning engagement of trainees across the two condi-
tions (Control: Immersive Non-Storytelling, and Experimental: Immer-
sive Storytelling) of this study, three different categories of metrics — (1)
Behavioral Learning Engagement, (2) Cognitive learning Engagement,
and (3) Emotional Learning Engagement — were collected as described
below:

(1) Behavioral Learning Engagement: This metric aimed to understand
learning engagement through the analysis of the time and visual
attention dedicated by the trainees during their interactions with
the safety contents. To measure behavioral learning engagement
two eye-tracking metrics were employed — Fixation Counts: the
number of times a trainee fixated at a hazard during the inter-
vention; and Dwell Time: the total time a trainee fixated at a
hazard during the intervention. The definition of fixations in this
study employed the velocity method as described by Salvucci &
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(2)

Goldberg (2000). The eye-tracking data was collected using the
HTC Vive Pro Eye ® head-mounted display at a rate of 120 Hz. To
analyze the eye-tracking data for determining fixations and dwell
times, Area of Interests (AOIs) were established on each 360-de-
gree assessment session images. The AOIs were selected based on
the validation feedback from the expert focus groups previously
completed. The AOIs considered the typical trainee behaviors and
the position of each fall hazard being studied in the images. The
AOIs were delineated using rectangles following the established
practices of prior safety analysis papers in the construction
domain (e.g., Bhoir et al., 2015; Lee et al., 2022-b; Lee et al.,
2022-c). Fig. 7 shows the AOIs annotated for all the assessment
session 360-degree panorama images in the assessment session.

Cognitive Learning Engagement: This metric aims to assess the ap-
proaches applied by the trainees to make sense of the safety
content during assessment session. To understand this cognitive
involvement of the trainees, two hazard identification tests were
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Experimental Condition — Immersive Storytelling

Virtual
Human

Scene 1 Scene 2 Scene 3 Scene 4 Scene 5

Hero’s Journey Narrative Structure

Scene 1 & 2 : Departure
Scene 3 & 4 : Initiation
Scene 5& 6 : Return

Pre-Training

Survey Data:

“ s e e

Scene 6
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Control Condition — Immersive Non-Storytelling

No Virtual -
Human

Scene 1 Scene 2

Scene 3

No Hero’s Journey Narrative Structure

Fig. 5. Research Design — Experimental and Control Conditions.

Training S

Experimental Procedure

Post-Training

Experimental Condition

Consent Form
Demographics
Paper-based HII
Self-Efficacy
Motivation

No Virtual Human

Control Condition

Eye-Tracking Data:
+  Fixation Count
*  Dwell Times

> Assessment Session

Survey Data:

* Paper-Based HII
+ Self-Efficacy

* Motivation

Hazard Identification Task

Fig. 6. Experimental Protocol.

used: (1) Virtual Hazard Identification Test and (2) Paper Hazard
Identification Test. (1) Virtual Hazard Identification Test — The goal
of the virtual hazard identification test was to evaluate in a
naturistic way the approach used by the trainees to visually
identify hazards in the contextualized setting of fall hazards as
demonstrated in Fig. 8. This test took place during the assessment
session. Video recording was obtained during the assessment
session as trainees were asked to verbalize their thought process
as they search and identify the hazards. The videos were then
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reviewed and scored by the research team. The scores were bi-
nary, with a rating of one if the hazard was successfully identified
in the virtual fall hazard setting or zero if it was not identified by
the trainee. (2) Paper Hazard Identification Test — The goal of the
paper hazard identification test was to understand how the
trainee knowledge translated into traditional testing means that
capture retention as shown in Fig. 8. A set of four multiple-choice
questions, each containing a written narrative and an image
about fall hazard related to the fall categories was used. The
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Openings

Unprotected Edges

Fig. 7. Behavioral Engagement Metric — Areas of Interests (Hazards) in Red Rectangles. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

HAZARD IDENTIFICATION SURVEY

This survey gives you an opportunity to review what you leamed during the training session. Your
responses will help us understand what aspects of the visit might be difficult or unclear. To as great a
extend as possible, think about all the concepts your leamned while you answer these questions. Please
read each statement and respond to the questions with as much details as possible. Whenever it is
appropriate, please write comments to explain your answers.

Scenario 1

A construction worker is finishing the installation of a pipe at a height of
16 feet using a step ladder while maintaining 3 points of contact. The
worker realizes that he cannot reach the ceiling without stepping into
the top of the step ladder. He stops working and climbs up the ladder
very carefully, placing both of his feet on the top cap of the step ladder
to install pipe at the ceiling. As he gets a phone call from his wife,
rushes to take the call, and slips down the ladder. The worker falls
down 16 into the ground next to the step ladder.

Question 1.1: What is the primary hazard that has the potential to harm someone in the jobsite?
a) Improper use of step ladder
b) Improper use of phones at work
c) Improper pipe installation
d) Improper use of PPE

Question 1.2: Explain briefly the reasoning behind the selection of the hazard in a few sentences below

Virtual Hazard Identification Test

Paper Hazard Identification Test

Fig. 8. Cognitive Engagement Metric — Ladder Fall Hazard Category.

created questions were validated for accuracy and correctness by
the experts in the focus group previously completed.

(3) Emotional Learning Engagement: This metric aimed to understand
the trainee’s perception regarding the personal benefits and
usefulness of the safety training. Two constructs were used to
capture the concept of emotional learning engagement: (1) Self-
Efficacy and (2) Motivation. First, Self-Efficacy was selected
because it provides insights into perceived learning benefits of
the safety training intervention. This metric is defined as trainee’s
belief in his or her capacity to complete the safety training (Chen
et al., 2001). A Self-Efficacy Survey was adapted from Chen et al.
(2001) to measure this construct — this survey contained 8 five-
point Likert scale items from strongly disagree (1) to strongly
agree (5). This survey contained questions aimed at explaining
the expected outcome of the intervention. The survey asked
trainees to rate statements such as “I will be able to achieve most
of the goals that I have set for myself”; “When facing difficult
tasks, I am certain that I will accomplish them”; or “In general, I
think that I can obtain outcomes that are important to me”.
Second, Motivation was selected because it provides insights into
the perceived usefulness of the completed safety training inter-
vention. This metric is defined as personal reasons why the safety
training intervention is completed (Guay et al., 2000). A Moti-
vation Survey was adapted from Guay et al. (2000) to measure
this construct — this survey contained 16 seven-point Likert scale
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items from not at all (1) to exactly (7). This survey contained
statements aimed at describing reasons for completing the
intervention. Some of the example statements include “Because I
think that this activity is interesting”; “Because I am doing it for
my own good”; or “Because I am supposed to do it”. Previous
researchers have used these surveys to measure emotional
learning engagement in healthcare, construction, and education
domains (Conchie, 2013; Douglas-Lenders et al., 2017; Wei et al.,
2019).

4.3.4. Statistical analysis

To analyze the results from the behavioral, cognitive, and emotional
learning engagement metrics described in prior sections, descriptive and
inferential analyses were performed. In this study, all dependent vari-
ables analyzed were treated as continuous variables similar to prior
studies that collected comparable variables (e.g., Carter & Smith 2006;
Bhoir et al., 2015; Eiris et al., 2020-a; Lee et al., 2022-b; Lee et al., 2022-
c). Using these continuous variables, an appropriate statistical analysis
test was selected to show whether there are differences between the two
groups of participants across experimental and control conditions. To
select a statistical comparison analysis methodology for the two groups
of participants, first the normality of collected dataset was tested using a
Shapiro-Wilk Goodness of Fit Test (D’ Agostino, 2017). The Shapiro-Wilk
Goodness of Fit Test was selected in contrast to other normality tests (i.
e., Kolmogorov-Smirnov test; Anderson-Darling test; Lilliefors test; Chi-
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Square test; D’Agostino-Pearson test) because prior research demon-
strate that the Shapiro-Wilk test has the most statistical power for
symmetric and asymmetric distribution (Razali & Wah, 2011; Yap &
Sim, 2011; Saculinggan & Balase, 2013). The results of this analysis of
all dependent variables displayed non-normal distributions. Therefore,
the Wilcoxon Signed-Rank Test (Taheri & Hesamian, 2013) was selected
for comparing pairs of dependent variables (e.g., comparing control and
experimental groups for Ladder Fixation Counts dependent variable)
and the Kruskal-Wallis Test (Kruskal & Wallis, 1952; Nwobi & Akanno,
2021) for comparison that required 2 or more dependent variables (e.g.,
comparing control and experimental groups for HII across all four types
of hazards). The results of these analyses are included in the “Study
Results” section. Lastly, an additional correlation analysis using a
Spearman’s Rank-Order Test (van Doorn et al., 2020) was conducted
(due to the lack of normality in collected data) that did not result in any
statistically significant correlation among dependent variables.

e Behavioral Learning Engagement Metrics Analysis: Using the
behavioral learning engagement metrics data collected from the
experiment, descriptive and inferential analyses were performed.
The eye-tracking data in terms of fixation counts (frequency) and
dwell times (in seconds) for the assessment session of each experi-
mental condition were analyzed. First, the fixation counts across all
AOIs and fall hazard types were aggregated into a single total fixa-
tion count and total dwell time for descriptive and inferential anal-
ysis between the two conditions. Then, each fall hazard category
(ladders, openings, scaffolds, and unprotected edges) fixation count,
and dwell time were individually aggregated within the corre-
sponding AOIs for descriptive and inferential analyses. Each category
represented a fall hazard within the virtual environment.

In addition to analyzing the raw fixation count (i.e., how many times
participants fixate at each area of interest) and dwell time (i.e., how long
a participant fixated each hazard in total) aggregated values, the fixation
proportions (i.e., ratio of fixation counts inside the AOIs in a 360-degree
assessment image over the aggregation of the fixation counts inside and
outside the AOIs for a 360-degree assessment image) and dwell pro-
portions (i.e., ratio of dwell time inside the AOIs in a 360-degree
assessment image over the aggregation of the dwell time inside and
outside the AOIs for a 360-degree assessment image) were investigated.
Similarly, to the raw fixation counts and dwell time, proportion across
all AOIs and proportions for each individual hazard type AOIs were
computed. The use of these proportions for analysis enabled the un-
derstanding of the trainee attentional engagement during learning by
exploring the relative distribution of fixation and dwell time within the
AOIs. Prior research (such as Hasanzadeh et al., 2017-a, Liko et al.,
2020; Lee et al., 2022-b) have used similar metric approaches to provide
further context for eye-tracking datasets. Because of the behavioral and
attentional implications of the fixation and dwell proportions, the
analysis of Hypothesis 1 (H1) — Participants under IS condition have
different behavioral learning engagement effects than those in INS
condition — was done based on the findings for this computed metric.

e Cognitive Learning Engagement Metrics Analysis: The cognitive
engagement metric was composed of two different tests. The first was
a VR-based hazard identification task performance test. A total of 11
hazards were present in the immersive system for participants to
identify. Therefore, maximum, full score possible for the VR-based
test was 11 points, and the minimum, lowest score was O points.
Participants obtained these points by correctly identifying hazards
through verbal description and visual search patterns within the
immersive safety training experience. A binary scoring system for
each hazard identified was employed (i.e., a score of one was
assigned to a correctly identified hazard and a score of zero was
assigned to an incorrectly identified hazard). The second was a
paper-based hazard identification test. A total of 4 hazard scenarios
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were presented to participants to identify hazards on a paper test.
The maximum, full score of the paper-based test was 4 points, and
the minimum, lowest score was O points. Analogously to the VR-
based test, a binary scoring system was employed (i.e., a score of
one was assigned to a correctly identified hazard and a score of zero
was assigned to an incorrectly identified hazard). The resulting
assigned points to the participants in both tests were then used to
compute the Hazard Identification Index (HII) as defined by Carter
and Smith (2006). Each trainee was assigned a HII that was con-
verted into a score (i.e., 0 % is the lowest score, and 100 % the
highest score) to simplify the analyses done in this study. To compute
the HII score, the ratio of the number of identified hazards by a
trainee was divided by the total number of hazards that can be
possibly identified (as described in Eiris et al., 2020-a). For example,
if a participant identified 7 hazards in the VR-based test from the 11
total possible hazards, an HII score of (7 =+ 11) computed and covered
into a percentage, resulting in a HII score of 63.63 %. The analysis of
Hypothesis 2 (H2) - participants under IS condition have different
emotional learning engagement effects than those in INS condition —
was done based on the findings for this computed metric.
Emotional Learning Engagement Metrics Analysis: Using the
emotional learning engagement metrics data for self-efficacy and
motivation collected from the experiment, descriptive analysis was
performed. A Self-Efficacy Survey was adapted from Chen et al
(2001) - this survey contained 8 five-point Likert scale items from
strongly disagree (1) to strongly agree (5). A Motivation Survey was
adapted from Guay et al. (2000) — this survey contained 16 seven-
point Likert scale items from not at all (1) to exactly (7). For the
self-efficacy and motivation data, the average Likert-scale survey
responses for each trainee were employed for analysis as a contin-
uous variable.

Further analysis was performed using inferential statistics for the
emotional learning engagement data. A between-subject comparison
was analyzed for self-efficacy and motivation, between each experi-
mental condition (i.e., pre control vs pre-experimental, and post control
vs post experimental). The analysis of Hypothesis 3 (H3) — Participants
under IS condition have different emotional learning engagement effects
than those in INS condition — was done based on the findings for this
computed metric.

5. Study results
5.1. Participants

A total of 42 residential workers trainees participated in this study
(Table 6). This total number of participants was selected by reviewing
prior similar published studies in the construction safety domain that
reported sufficient sample size for statistical analyses and significant
results (Eiris et al., 2018; Eiris et al., 2020-b; Dhalmahapatra et al., 2021;
Guo et al., 2021; Al-Khiami & Jaeger, 2023; Rokooei et al., 2023). The
workers were predominantly male (93 %), with a low percentage of
female (7 %). Most participants self-identified as White American (71
%), followed by African American (16 %), and Hispanic were (12 %).
The average age of the participants was 35 years, a standard deviation of
12 years. Most participants obtained a high school diploma (40 %),
while others had some college (19 %), a bachelor’s degree (14 %), a
trade certificate (12 %), some high school (7 %), a master’s degree (5 %),
or some trade school (2 %). Half of the participants indicated that they
had over 5 years of experience (50 %), with others indicating that they
had 2-to-5 years (19 %), 1-to-2 years (12 %), or less than one year (20
%). Over half of the participants had not obtained either OSHA 10-hour
or OSHA 30-hr training (67 %). No prior experience with virtual reality
experiences was reported by any participant. This demographic infor-
mation is provided in this study to clearly delineate the characteristics of
the participants involved in the experiments, to avoid
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Table 6 Table 7
Demographics Information for Residential Workers Sample. Behavioral Learning Engagement — Fixation Counts and Dwell Times.
Variable Frequency Hazard Metric Condition Significance?
P t: T -val) Kruskal-
(Percentage) Jpe Control Experimental e va.) ruf a
Wallis Test*/
Gender Male 39 (93 %) Mean Mean Wilcoxon
Female 3 (7 %) (Standard (Standard Siened Rank
Race White 30 (71 %) Deviation) Deviation) Tegsltl* .
Hispanic 5 (12 %)
African American 7 (17 %) All Fixation 1153.76 1280.24 No (0.43 > 0.05)
Age Mean 35 years Count (#)  (472.39) (546.41) *
SD 12 years Dwell 333.85 135.41 (31.83) No (0.34 > 0.05)
Education Some HS 3 (7 %) Time (924.09)
HS Diploma 17 (40 %) (seconds)
Some College 8 (19 %) Ladders Fixation 447.62 514.67 No (0.26 > 0.05)
BS 6 (14 %) Count (#) (180.32) (199.41) wx
Master’s 2 (5 %) Dwell 255.03 57.24 (15.64) No (0.34 > 0.05)
Some Trade School 12%) Time (926.01) xx
Trade Certificate 5 (12 %) (seconds)
Experience No Experience 2 (5 %) Openings Fixation 233.90 240.48 (71.23) No (0.85 > 0.05)
Less than 6 months 4 (10 %) Count (#) (142.76) il
6 months to 1 year 2(5%) Dwell 23.52 23.36 (5.68) No (0.95 > 0.05)
1 to 2 years 5012 %) Time (10.79)
2 to 5 years 8 (19 %) (seconds)
Over 5 years 21 (50 %) Scaffolds Fixation 167.62 186.24 No (0.59 > 0.05)
Type of Work (Single person Laborer 10 (24 %) Count (#) (85.35) (132.51)
can have multiple answers)  Carpenter 3 (7 %) Dwell 19.54 18.82 (8.17) No (0.78 > 0.05)
Roofer 2 (5 %) Time (8.34) i
Other (e.g., Pipefitters, 31 (74 %) (seconds)
Skilled Trade, Maintenance) Unprotected Fixation 324.26 352.62 No (0.57 > 0.05)
Prior Safety Training Yes 14 (33 %) Edges Count (#) (119.68) (191.71) wH
No 28 (67 %) Dwell 37.78 37.74 (13.76) No (0.99 > 0.05)
Prior Experience with Virtual ~ Yes 0 (0 %) Time (10.06) i

Reality No 42 (100 %) (seconds)
overgeneralization of this study findings, and to ensure that future
scholars and practitioners can replicate this study findings. Table .8 . o . .

Behavioral Learning Engagement — Fixation and Dwelling Proportions.
. . . Hazard Metric Condition Significance?
5.2. Results for IS and INS experiences on behavioral learning Ty:e (vaalue)
engagement Control Experimental Kruskal-Wallis
Mean Mean Testt/
L. ) o ) (Standard (Standard .

The results of the statistical analysis show significant behavioral Deviation)  Deviation) z\fllcoc’l‘f;:‘ .
learning engagement differences between the two conditions for the Tleg;tlf* an
opening fall hazards only. The control group had significantly higher
fixation proportions (p-value = 0.0004) and longer dwell proportions All E"‘a“"? ?5'7395) 33.02 (6.68) g‘%ég)‘fl >

. roportion . . -
(p-value = 0.0001) only for the openings fall hazards (Table 8). The (%)p
descriptive analysis of fixation counts, and dwell times showed higher Dwell 35.28 33.89 (5.69) No (0.70 >
rates of total fixation counts for all hazards and fixation counts for each Proportion  (15.78) 0.05) *
hazard individually in the experimental condition in comparison to the Co)
control condition. Lower rates of dwell times were observed in the Ladders Ef;;t:;gon (51‘“"“5295) 55.67 (11.92) g%g)é} e
experimental condition for all hazards and for each fall hazard type. %) ' ’
However, no significant differences were found using inferential ana- Dwell 58.09 59.44 (11.44) No (0.80 >
lyzes for either the fixation counts or the dwell times for all hazards or Proportion  (21.35) 0.05) **
across each individual hazard type (Table 7). )

o e . ) . . Openings Fixation 21.95 14.94 (3.54) Yes (0.0004 <
The descriptive analysis of fixation and dwell proportions showed .
L Ry ; ; K Proportion (7.23) 0.05)
similar fixation proportion percentages between experimental and (%)
control conditions for all hazards and for each hazard individually, Dwell 23.31 16.00 (3.39) Yes (0.0001 <
except for the openings fall hazard type (Table 8). For the openings fall Proportion  (6.98) 0.05) *~
. ) . . . %)
hazard, higher fixation proportions (Mean = 21.95 %) in the control ¢
) 8 prop ( . 0). . Scaffolds Fixation 18.91 19.39 (11.95) No (0.87 >
condition were found when compared to the lower fixation proportions Proportion (5.89) 0.05) **
(Mean = 14.94 %) in the experimental condition. Statistical analysis of (%)
the fixation proportions shows significant differences for the openings Dwell 18.34 18.22 (7.84) No (0.95 >
fall hazard (p < 0.05; p-value = 0.0004) between the control and Z;L;POYUOD (6.93) 0.05) **
. PN . . . . 0
experlmer.ltal conditions. Sm.n.larly, higher dwell proportions (Mean = Unprotected  Fixation 2317 23.82 (6.28) No (0.72 >
23.31 %) in the control condition were observed when compared to the Edges Proportion (5.89) 0.05) **
lower dwell proportions (Mean = 16.00 %) in the experimental condi- (%)
tion. Statistical analysis on the dwell proportions also shows that these Dwell 24.25 25.04 (6.10) No (0.69 >
differences were significant (p < 0.05; p-value = 0.0001). However, no i;")pomon 6.61) 0.05) **
0

significant differences were found for the fixations or dwell proportions
for all hazards or any other individual fall categories (Table 8).
Previous literature shows that higher fixation often indicates
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increased attention with the viewed content (Holmqvist et al., 2011;
Underwood et al., 2011). However, the specific learning engagement
mechanisms that explain these higher fixations are still somewhat
debated, as it can associated to two potential notions: (1) trainees with
higher fixations wanted to spend more cognitive resources on this area
because it was interesting and useful; or (2) trainees with higher fixa-
tions needed additional cognitive resources to understand, decipher,
and process information because the content was difficult for them
(Shadiev & Li, 2023). On the other hand, consensus is more general
regarding dwell, indicating that lower dwell is associated with faster
understanding of content and higher hazard identification skills
(Hasanzadeh et al., 2017-a). Therefore, the results from Table 8 for
dwell proportion might suggest that workers in the experimental con-
dition were able to identify the opening hazards using IS more effec-
tively. However, lower fixation can potentially indicate that either the
trainees were not highly engaged with the opening hazards or that they
required less cognitive resources to understand them in the IS context.
These results for IS provide evidence to not reject hypothesis for
behavioral learning engagement (H1), indicating that participants under
IS condition have different behavioral learning engagement effects than
those in INS condition. Further investigation is required to determine
the mechanism that prompted this phenomenon to occur within IS.

5.3. Results for IS and INS experiences on cognitive learning engagement

The results of the statistical analysis show significant cognitive
learning engagement differences between the two conditions only for
the opening and scaffolds fall hazards. The experimental group had
significantly higher HIII scores for openings on the paper-based test (p-
value = 0.0100) and significantly higher HIII scores on scaffolds (p-
value = 0.0010) on the VR-Based test and (p-value = 0.0020) the paper-
based test (Table 9).

Table 9
Cognitive Learning Engagement — HII for Virtual and Paper Tests.

Hazard Metric Condition Significance? (p-
Type Control Experimental vwa;;ei:: ?: :ti_k/al-
Mean Mean Wilcoxon Signed
(Standard (Standard
L. .. Rank Test**
Deviation) Deviation)
All HII - 58.82 71.49 (11.80) No (0.0518 >
Virtual (22.91) 0.05) *
Test (%)
HII - 71.25 94.05 (13.47) Yes (0.0064 <
Paper (31.70) 0.05) *
Test (%)
Ladders HII - 62.74 63.16 (18.90) No (0.9541 >
Virtual (23.22) 0.05) **
Test (%)
HII - 85 (36.63) 90.47 (30.07) No (0.6050 >
Paper 0.05) **
Test (%)
Openings HII - 58.82 63.16 (26.97) No (0.6795 >
Virtual (34.42) 0.05) **
Test (%)
HII - 70.00 100 (0) Yes (0.0100 <
Paper (47.02) 0.05) **
Test (%)
Scaffolds HII - 58.82 94.73 (15.76) Yes (0.0010 <
Virtual (36.38) 0.05) **
Test (%)
HII - 60 (50.26) 100 (0) Yes (0.0020 <
Paper 0.05) **
Test (%)
Unprotected HII - 54.90 64.91(20.70) No (0.2942 >
Edges Virtual (33.21) 0.05) **
Test (%)
HII - 70 (47.016) 85.71 (35.86) No (0.2384 >
Paper 0.05) **
Test (%)
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The descriptive analysis of hazard identification index (HII) scores
obtained in virtual and paper tests showed differences between control
and experimental conditions (Table 9). Higher HII scores were observed
in the experimental condition for the virtual test and paper test in
comparison to the control condition for all hazards and for each hazard
individually. Higher HII scores among workers in the experimental
condition in comparison to control condition in virtual and paper tests
may suggest that hazard identification knowledge is gained more
effectively in the IS training method. Additionally, an inferential sta-
tistical analysis for the cognitive learning engagement HII score metrics
was performed. The statistical analysis showed significant differences
between control and experimental conditions (Table 9). It was found
that the HII score for the paper tests were significantly different across
experimental conditions (p < 0.05; p-value = 0.0064), with significant
higher HII scores in the experimental condition (Mean = 94.05 %) when
compared with the control condition (Mean = 71.49 %). While no sig-
nificant difference was found for the virtual test for all hazards, the
inferential analysis displayed borderline significance (p > 0.05; p-value
= 0.0518).

Upon further examination within each individual fall hazard cate-
gory, it was found that the HII paper test scores were significantly
different for the openings category on the paper test (p < 0.05; p-value
= 0.0100), and for the scaffolds category for the virtual (p < 0.05; p-
value = 0.0010) and paper tests (p < 0.05; p-value = 0.0020). For the
openings category, it was observed that the paper test experimental
condition (Mean = 100 %) was significantly higher than the control
condition (Mean = 60 %) HII score results. For the openings category, it
was observed that the virtual test had higher experimental condition HII
scores (Mean = 94.73) than control condition HII scores (Mean = 58.82
%), and the paper test had also higher condition HII scores (Mean = 100
%) than control condition HII scores (Mean = 60).

5.4. Results for IS and INS experiences on emotional learning engagement

The results of the statistical analysis show no significant emotional
learning engagement differences between and within the two conditions
for self-efficacy (p-value = 0.44) and motivation (p-value = 0.61). The
descriptive statistics show that trainees perceive high self-efficacy after
both conditions, with Likert-scale scores over four points from a
maximum of five. Slight increases were observed for the control con-
dition (Pre-Mean = 4.45; Post Mean = 4.60), but decreases were
observed for the experimental condition (Pre-Mean = 4.53; Post Mean
= 4.49) (Table 10). On the other hand, the trainees perceived a mod-
erate score for motivation, with Likert-scale scores over four points from
a maximum of seven. Mostly unchanged scores for motivation were
observed for the control (Pre-Mean = 4.25; Post Mean = 4.26) and
experimental (Pre-Mean = 4.37; Post Mean = 4.37) conditions pre-post
experiment (Table 10).

Upon further examination, statistical analysis of emotional learning

Table 10
Emotional Learning Engagement (Pre- & Post- Training Comparisons) — Self-
Efficacy and Motivation.

Condition Metric Pre-Training Mean Post-Training Mean
(Standard Deviation) (Standard Deviation)

Control Self- 4.45 (0.54) 4.60 (0.55)

Efficacy”

Motivation” 4.25 (0.70) 4.26 (0.65)

X
Experimental Self- 4.53 (0.41) 4.49 (0.40)

Efficacy”

Motivation™ 4.37 (0.66) 4.37 (0.77)

=1

* The self-efficacy scale ranges from 1-Strongly Disagree to Agree 5-Strongly
Agree.
™ The motivation scale ranges from 1-Not at All to 7-Exactly.
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engagement data (Self-Efficacy and Motivation) was performed between
the control and experimental conditions as shown in Table 11. When
comparing emotional engagement between control and experimental
conditions, no statistically significant differences were found pre- or
post-intervention across control or experimental conditions for self-
efficacy and motivation. Ultimately, the Hypothesis 3 (H3) - partici-
pants under immersive storytelling condition have different emotional
learning engagement effects than those in immersive non-storytelling
condition — was rejected.

6. Discussion

The use of immersive safety storytelling is increasingly being
explored to support the development of safety knowledge and increase
hazard identification skills. This study reveals how the inclusion of
storytelling techniques within immersive training systems supports
learning. Specifically, engagement as part of learning was evaluated,
assessing its behavioral, cognitive, and emotional dimensions (Fredricks
& McColskey, 2012; Henrie et al., 2015). Both physiological and psy-
chological mechanisms were explored as part of immersive storytelling
and learning engagement in this study. Consistent with the definition of
physiological mechanisms by Kim et al. (2021), eye-tracking measure-
ments were used to evaluate the participants’ physical responses and
biological signals resulting from exposure to a hazard. These eye-
tracking metrics were collected during the assessment session portion
of the experimental design, supporting the characterization of visual
attention behaviors (Hasanzadeh et al., 2017-a). Existing theories for
eye movements (i.e., fixations and saccades) indicate that trainees pro-
cess learning information during visual search patterns that occur as part
of hazard identification performance (Xu et al., 2019). Moreover, the
definition of psychological mechanisms by Habibnezhad et al. (2016)
was used to assess the processes that occur in the participant’s mind
during decision-making processes for hazard identification. Think-aloud
protocols within the immersive learning experiences and paper tests
were employed to measure these decision-making processes. Think-
aloud protocols provide immediate feedback on cognitive activities
occurring in the trainee’s mind during the processing and learning of
contents (Ogunseiju et al., 2024). The Eye-Mind Hypothesis by Just &
Carpenter (1980) connects both physiological and psychological
mechanisms, positing that the duration eyes remain fixated on a given
stimuli relates to cognitive processing and effort required to understand
knowledge which leads to individual’s knowledge gains (Wu et al.,
2022). The following sections describe how each the implications of
each the engagement dimensions as observed in the results for this
study.

6.1. What are the impacts of IS and INS experiences on behavioral
learning engagement?

Findings from the behavioral engagement data analysis (fixation
counts and dwell times eye tracking metrics) demonstrated significant
statistical differences between the two conditions for the openings fall
hazards. Participants in the IS condition had lower fixation counts and
lower dwell times when compared to those in the INS condition. The
findings in this research highlight that learning about identification of
openings fall hazards benefit from IS. Previous literature shows that
higher fixation often indicates increased attention with the viewed

Table 11
Emotional Engagement Between Conditions — Self-Efficacy and Motivation.

Comparison Metric Significance? (p-value)

Control/Experimental Pre-Pre Self-Efficacy No (0.59 > 0.05)
Pre-Pre Motivation No (0.59 > 0.05)
Post-Post Self-Efficacy No (0.44 > 0.05)
Post-Post Motivation No (0.61 > 0.05)
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content (Holmgvist et al., 2011; Underwood et al., 2011). However, the
specific learning engagement mechanisms that explain these higher
fixations are still somewhat debated, as it can associated to two potential
notions: (1) trainees with higher fixations wanted to spend more
cognitive resources on this area because it was interesting and useful; or
(2) trainees with higher fixations needed additional cognitive resources
to understand, decipher, and process information because the content
was difficult for them (Shadiev & Li, 2023). On the other hand,
consensus is more general regarding dwell, indicating that lower dwell is
associated with faster understanding of content and higher hazard
identification skills (Hasanzadeh et al., 2017-a). Therefore, the results
from Table 8 for dwell proportion might suggest that workers in the
experimental condition were able to identify the opening hazards using
IS more effectively. However, lower fixation can potentially indicate
that either the trainees were not highly engaged with the opening haz-
ards or that they required less cognitive resources to understand them in
the IS context. These findings are consistent with Just & Carpenter’s
(1980) Eye-Mind Hypothesis, as more time spent on given stimuli relates
to higher cognitive processing and effort required to understand
knowledge. Therefore, it can be inferred that the lack of storytelling in
immersive systems required additional attentional efforts to process the
information as the fixation and dwell participants is significantly higher
for openings. Contrary, ladders, scaffolds, and unprotected edges fall
hazards do not show attentional differences across the IS and non-
storytelling conditions. These results for IS provide evidence to not
reject hypothesis for behavioral learning engagement (H1), indicating
that participants under IS condition have different behavioral learning
engagement effects than those in INS condition. Further investigation is
required to determine the specific properties of ladders, scaffolds, and
unprotected edges that prompted this phenomenon to occur within IS.

6.2. What are the impacts of IS and INS experiences on cognitive learning
engagement?

Findings from the cognitive engagement data analysis (VR-based and
Paper-based HII) indicated significant statistical differences between the
two conditions. The observed results in the virtual and paper tests
indicate that workers using the IS had an increased ability to identify
hazards in the openings and scaffolds 360-degree images. These findings
align with other studies that point to cognitive learning engagement
gains from IS training (Eiris et al., 2020-c). Importantly, it shown that
both think-aloud protocols and paper test displayed a congruence of the
cognitive activities occurring in the trainee’s mind, evidenced by the
learning outcomes. Moreover, the results are consistent with Eye-Mind
Hypothesis (Just & Carpenter, 1980) as the results for opening fall
hazards were found to be higher across the behavioral and cognitive
engagement measurements. However, the behavioral and cognitive
measures for the scaffold fall hazards were not consistent with this
theory, requiring further study to understand this phenomenon. Ulti-
mately, it was found that participants under the IS condition have
different cognitive learning engagement effects than those in INS con-
dition and the hypothesis for cognitive learning engagement (H2) is not
rejected.

6.3. What are the impacts of IS and INS experiences on emotional
learning engagement?

The result for emotional learning engagement indicates that the
worker perception regarding their personal benefits and usefulness of
learning from the safety training is potentially similar across IS and INS
conditions. Even though findings from the emotional engagement data
analysis (motivation and self-efficacy) revealed no significant differ-
ences, moderate to high scores were found across self-efficacy and
motivation, indicating that trainees perceived training as important and
useful for their personal goals and safety. Additionally, it is important to
highlight that emotional learning engagement encompasses more than
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just self-efficacy and motivation metrics including affective arousal and
valence with respect to prior injury exposure (Bhandari & Hallowell,
2017; Hasanzadeh et al., 2017-b). Finally, further study is needed for IS,
as other effects might be produced that were not investigated within the
scope of this study.

7.

Limitations and future study

This research study had four limitations inherent to the research

design selections for this investigation as follows: (1) limited number of
fall hazard types; (2) residential construction as study context; (3) sto-
rytelling narratives are crafted, and not real; and (4) training material
are limited to head-mounted display devices. Following is a detailed
description of each of these limitations and future venues for research:

Safety training materials and the hazard recognition tasks in this
research project were constrained to only ladders, openings, scaf-
folds, and unprotected edges. No other type of hazard in the resi-
dential sector was explored. While these fall hazards are critical
within the residential industry, other fall hazards (Dong et al., 2014;
Kang, 2018) and non-fall hazard are present in the residential sector
which require study to understand how IS safety training affects
learning engagement. Future study of these other types of fall haz-
ards is needed to evaluate how the findings obtained in this study can
potentially change.

The context of safety hazard studied in the research was limited to
being within the residential construction industry. While construc-
tion literature shows that residential construction fall hazards are
prevalent (Dong et al., 2014; Kang, 2018), other industry sector also
suffers from these types of hazards. Therefore, the findings of this
study might not generalize to all the other construction sectors (e.g.,
commercial, industrial, heavy civil) as their context for fall hazards
might be different. Further study is required to understand how
different construction sectors can leverage IS for safety training and
what are the effects of learning engagement for the workers of those
domains.

This study crafted narratives based on real-world incident reports
found in the OSHA, NIOSH, and CPWR databases. However, due to
the crafting process, the stories in this study are an amalgamation of
multiple reports that might not fully represent all the details of real-
world fall accidents. The use of real-world interviews from workers
that suffered a fall accident and survived can potentially produce
more realistic stories and represent the intricacies in terms of per-
sonal experiences that occur from a fall accident. This study was
unable to capture those details and was limited by the story crafting
process to portray realistic fall accident narratives. Future studies
that interview workers can enhance the process presented in this
study to enhance the realism of the story narratives. On the other
hand, it is recommended that the storyteller be an expert safety or
construction practitioner. This will certainly enhance the trainees’
engagement.

This study was limited to displaying safety training materials using
head-mounted displays. The effects of learning engagement in other
devices such as smartphones, tables, desktop computer might be
different due to the limited immersion afforded by those delivery
methods. It is important to highlight that head-mounted displays for
safety training approaches requires access to high-end computers
and costly devices (e.g., Oculus Quest, HTC Vive) that are not always
available for large numbers of residential construction workers
(Huang et al., 2019). This limitation greatly reduces the accessibility
of the created training materials. Future studies should evaluate how
learning engagement is affected over these alternative approaches to
democratize access to safety training.
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Practical implications

Three major practical implications of this study have been identified

guide academicians and industry practitioners regarding the utilization
of storytelling and 360-degree panoramas in immersive safety training
systems:

Utilization of Storytelling for Immersive Safety Training Sys-
tems: This study reveals potential storytelling techniques within
immersive safety training to support engagement and learning. Ac-
ademicians and practitioners that wish to implement immersive
safety storytelling should carefully consider the nature of the hazards
shown within the training. The findings in this research highlight
that training applications that include fall hazards such as scaf-
folding and openings benefit from IS. These types of fall hazards
benefit from the storytelling technique because participants under
the IS condition displayed higher levels of behavioral and cognitive
learning engagement when compared to those in the INS conditions.
On the other hand, the exclusion of storytelling should also be
considered as a valid option to deliver immersive safety training
engagement and learning, as it was found not to be different from the
IS method in ladder and elevated surface hazards. The selection of
using or not using storytelling is significative for academicians and
practitioners due to the significant number of technical and knowl-
edge resources required to create such immersive learning experi-
ences as described in this paper. Although the use of any immersive
safety training experiences (including or not storytelling) requires
significant creation time commitments and has limited dissemination
opportunities due to their HMD nature, new research shows how
alternatives ways for these immersive experiences can be easily
disseminated by recording 360-degree panoramic videos that can be
shared in easily accessible platforms such as Vimeo® and YouTube®
(Isingizwe et al., 2023). These new techniques can use immersive
contents such as the created in this research to be accessible in any
platform independent of the level of immersion afforded by the
technologies used by the learners (e.g., desktop computers, mobile
phones, HMDs).

Designing Data-Driven Story Narratives for Safety Training: This
research illustrates how a data-driven approach can be employed to
create safety training story narratives. Data sources such as OSHA,
NIOSH, and CPWR can be analyzed to extract narrative components
of the most recent fatality reports to develop realistic safety stories.
While the focus of this study centered on the most common causes of
fall hazards fatalities, this same process can be leveraged by acade-
micians and practitioners in construction and other domains with
similar databases to create any type of safety story. The story
narrative development process as described in this paper has the
potential to be streamlined and simplified by employing new
generative artificial intelligence large language models (e.g., OpenAl
ChatGPT®, Meta Llama®), which can significantly accelerate the
conceptualization, storyboarding, and creation of these stories.
While the “hero’s journey” was the focus of this paper, any other type
of narrative structure such as the “drama triangle”, “three-act-
structure”, and the “fabulator” (Karpman, 1968; Barros & Musse,
2005; Campbell, 2008) can utilize the same data-driven approaches.
Ultimately, the data collection parameters and frameworks used in
this paper can inform and guide safety academicians and practi-
tioners who wish to develop engaging story narratives that are based
on real-life narratives to produce effective storytelling safety
training.

Capturing Real-World Residential Hazards for Inmersive Safety
Training: This study showcases a viable methodology for capturing
residential construction safety hazard situations using 360-degree
panorama technologies. It is important to highlight that the site se-
lection and the image capturing processes need to be driven by the
learning goals of the training system. For this study, residential fall



J. Isingizwe et al.

hazards were the main knowledge objective to obtain images, but
similar 360-degree capturing methodologies can leveraged for any
type of hazard across safety domains. While other reality capturing
methods exist such as laser scanning and photogrammetry, the 360-
degree panorama approach as illustrated in this study is recommend
to academicians and practitioners due to its ease of collection and
implementation. Lastly, as quality of the 360-degree panorama
cameras increases and the equipment price decreases, this technique
is becoming prevalent in the safety domains as a method to easily
display hazard information in virtual environments.

Conclusions

This study evaluated the use of immersive storytelling (IS) to
enhance learning engagement within a case study of fall hazard training
in the context of residential construction. Two safety training conditions
were employed for this evaluation using a between-subject experiment —
(1) immersive storytelling (IS); and (2) immersive non-storytelling
(INS). A total of 42 residential construction workers experienced one
of these two conditions. Residential workers were assessed across three
learning engagement dimensions - behavioral, cognitive, and
emotional. Metrics were collected pre-, during, and post-experiment
using surveys and eye-tracking data. Descriptive and statistical differ-
ences were evaluated from the data across the experimental conditions.
Trainees behavioral learning engagement showed significantly lower
fixations and time spent on the openings hazard when using IS. These
results suggest that trainees using the IS were able to identify opening
fall hazards more effectively. In terms of trainees cognitive learning
engagement, it was found that the HII virtual test scores were signifi-
cantly different for the scaffolds fall hazard categories, with higher
scores in the experimental condition compared to the HII scores of the
control condition. No other significant differences were identified for
other types of hazards for the HIII virtual test. Moreover, it was found
that the HII paper test scores were significantly different for the open-
ings and the scaffolds categories of fall hazards. Moreover, trainees
overall cognitive learning engagement (measured through virtual and
paper hazard identification tests) was higher overall for IS. However,
trainees emotional learning engagement in terms of self-efficacy and
motivation did not change across conditions. It was concluded that IS
supported learning engagement and hazard identification knowledge
gained with respect to INS experiences. Particularly, IS was found to be
significantly more beneficial in knowledge acquisition of certain types of
fall hazards including openings and scaffolds for the residential con-
struction sector.
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