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virtual reality training systems
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combined structural equation
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network approach
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1School of Emergency Science and Engineering, Jilin Jianzhu University, Changchun, China, ?The
University of Kitakyushu, Fukuoka, Japan

Virtual Reality Training System (VRTS) has been verified effective in safety training
in the construction field. However, in China, it is not widely used as a regular
training tool. Among all the reasons, the acceptance level of construction workers
(CWs) has the decisive impact on the promotion of VRTS. In view of this, this study
is devoted to constructing a training model of CWs' acceptance level of VRTS
training that integrates the technology acceptance level model with the theory
of planned behavior. What's more, this paper innovatively introduces three crucial
elements of external influences, namely, risk perception (RP), safety climate (SC) and
self-efficacy (SE). In order to more accurately figure out the linear and nonlinear
relationship between every structure and the factors of CWs" acceptance level,
528 participating CWs in this study filled in structured questionnaires, through the
data of which the analyzing process uses structural equation model and artificial
neural network two-stage analysis method. Based on the analyzing results of the
study, this paper put forward a series of specific strategies and suggestions to
significantly promote the acceptance level of CWs to VRTS training considering
the designment, the enterprises and the government.

KEYWORDS

virtual reality training system, construction workers, technology acceptance model,
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1 Introduction

The construction industry consistently exhibits high rates of work-related injuries and
fatalities, surpassing other sectors globally (1). Construction workers (CWs) face significantly
higher risks with a threefold increased likelihood of fatality and twice the likelihood of
sustaining injuries compared to workers in other industries (2). It all boils down to unsafe
CW s’ behaviors. In view of this, CWs education and training is needed if reducing accidents
in the construction field. Safety training has been proven to be crucial in enhancing safety
awareness among CWs and effectively mitigating their unsafe behaviors, thereby preventing
potential accidents at construction sites (3). Historically, various methods have been employed
to provide safety training for CWs, including video recordings, hand-outs, and hands-on
training. However, these training methods require CWs to pay special attention to the
effectiveness of learning during training, otherwise it will fail to change the safety objectives
of the construction sites (4).
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Research has shown that as the attractiveness of the training
methodology increases, CWs demonstrate higher levels of knowledge
acquisition, while the incidence of workplace accidents decreases (5).
The advent of VR training has been shown to be more effective in
engaging the attention of people (6), and it is successfully used in many
scientific fields, such as in the military (7), education, mining, medical
therapy and sports. In the field of construction (8), the outstanding
advantage of VR training is to visualize complex construction
environment, enabling CWs to actively explore this virtual environment
(9). It not only enhances their immersion, but also provide them with
a deeper understanding and appreciation of safety training. The
application of VR training in simulating the consequences of accidents
demonstrates real-time and realistic visual effects. Immersive platforms
are effective in visualizing and identifying hazards, which helps in
developing hazard avoidance strategies (10, 11). Examples include the
simulation of falling scenarios in working at heights, object strikes in
floor collapses, electrocution scenarios under the chaotic placement of
electrical wiring, etc. The simulation of these scenarios in VR enables
multiple repetitions of the operation and ensures that CWs are not
affected by potential hazards in order to gain a more comprehensive
understanding of the various safety risks in the construction field, to
improve safety awareness, and to master countermeasures. Therefore,
the adoption of VR training is seen as a key means to effectively reduce
unsafe behaviors of CWs and improve the quality of works.

Extensive research has consistently showcased the superior
effectiveness of VRTS in comparison to conventional training
methods. Nonetheless, despite the remarkable advantages of VRTS,
their introduction as a novel safety training method in the
construction field has not been widely adopted as a conventional
approach to safety training (12). The main reason for this phenomenon
is because CWs, as the subject of learning and using VRTS, are not
clear in their acceptance degree and behavioral intention to facilitate
the effective use of VRTS in construction safety training. In this
context, three questions have been raised:

(1) How is the acceptance level of CWs to VRTS at the recent stage
in China?

(2) What are the factors that affect CWs’ attitudes toward and
intention to use VRTS?

(3) Can we consider using VRTS as an alternative to traditional
training methods in China? At the same time, how can
we effectively increase CWs’ acceptance level through a VRTS-
based training model and further promote the widespread use
of VRTS in China?

The empirical validation of the TAM has established its efficacy as
a valuable theoretical framework for understanding users’ attitudes

Abbreviations: ATT1, Attitude toward learning VR content; ATT2, Attitude toward
VR hardware; ATT, General term for ATT1 and ATT2; AVE, Average variance
extracted; AVU, Actual VR usage; ANN, Artificial Neural Network; CFl, Comparative
fit index; CR, Composite reliability; UV, Intention to use VR; PBC, Perceived
behavioral control; PEU, Perceived ease of use; PU, Perceived usefulness; SN,
Subjective norm; RP, Risk perception; SE, Self-efficacy; SC, Safety climate; SEM,
Structural equation modeling; TLI, Tucker-Lewis Index; TAM, Technology
acceptance model; TPB, Theory of planned behavior; VR, Virtual reality; VRTS,

Virtual reality training systems; X?/df, Ratio of chi-square to its degree of freedom.

Frontiers in Public Health

10.3389/fpubh.2024.1478615

toward adopting new technologies, encompassing behavioral attitudes
related to PU and PEU, as well as users’ intention to directly or
indirectly adopt these technologies (13, 14). The validation is
supported by extensive empirical evidence. However, despite TAM is
a minimalistic and robust model, it utilizes only two variables to
explain behavioral intention. Behavioral intention is also influenced
by other factors, including the opinions of significant individuals
(subjective norms) (15) and the availability of resources and skills
(perceived behavioral control) (16). A new model, which is named
TPB, drives behavioral intention and influences behaviors through
ATT, subjective norms (SN) and perceived behavioral control
(PBC) (17).

This paper innovatively extends TAM and, for the first time,
combines it with TPB to create a theoretical framework to illustrate
the acceptance of VRTS by CWs. In recent years, in the study of VRTS’
acceptance by CWs, many researchers discuss the influence of
perceived playfulness (12), age, past use (18) and some other influence
behavioral intentions of CWs. In addition, studies have proved the
significance of RP and SC in elucidating the factors contributing to
unsafe behaviors among CWs (19), which is also used in the study of
usage intention of CWs (20). To provide a comprehensive
understanding of the acceptance of VRTS among CWs, a model is
developed that incorporates three key factors: SC, RP, and
SE. Additionally, for the first time, attitudes are divided into hardware
attitude and content attitude, combining the TAM and TPB. Through
thorough analysis, this study provides valuable insights and offers
corresponding policy recommendations from multiple perspectives.
The findings of this research reflect the current use and acceptance of
VRTS by CWs in Shenzhen, China, and serve as a foundational basis
for assessing the feasibility of promoting VRTS on a broader scale
across China. The result of the study evaluates their acceptance level
based on the attitude and willingness from CWs in Shenzhen, China.
Besides, forementioned result will be the fundamental principle of
promoting VRTS.

Initially, Steuer defined VR without reference to any hardware as
‘the experience of a perceiver of a remotely presented real or simulated
environment’ (21). Chen et al. further named this VR, which did not
require the support of any tracking device (and did not rely on the use
of hardware), desktop-based VR, which could be viewed online,
mostly through a computer or handheld device. Online, however, does
not provide the most immersive experience (22). Therefore, there is a
need to explore hardware to enhance the sense of presence for
examining VR content, which is reflected in the immersion and
human-computer interaction experience (23-25). And Laycock et al.
argued that haptic devices that provide force feedback through
physical manipulators can provide a better understanding of how
objects in virtual environments physically interact (26). Therefore,
some researchers have argued that there is a need to use some
necessary devices, hardware or objects to enhance the immersion and
human-computer interaction experience during the VR experience.
For example, the use of handheld controllers to navigate and
manipulate objects in the virtual world allows for haptic feedback and
enhanced interactivity (27, 28). Berg and Vance provide an updated
alternative definition of virtual reality, including hardware
components, defined as Immersive Computing Technology (ICT), ‘a
set of technologies that enable immersive experiences of worlds
beyond reality’. VR hardware is also defined as the device that allows
users to interact, view and experience VR content (18). Kerry T. Manis
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argued that distinguishing between VR content and VR hardware is
necessary, but that these terms could still be blended into a single
synonym—virtual reality. In light of this, this study will delve into the
effects of CWs on willingness to use VRTS along two dimensions:
attitudes toward learning VR content and attitudes toward using VR
hardware, respectively.

The structure of the paper is as follows. Section 2 introduces the
theoretical framework and research hypotheses. Section 3 describes
the research methodology and data analysis. Section 4 presents the
empirical analysis results and discusses the main findings of the study.
Section 5 presents discussion and policy implications, Section 6
provides conclusion and Section 7 summarizing the limitations of this
research and offering suggestions for further studies.

2 Theoretical framework and research
hypothesis

2.1 Technology acceptance model

Davis (29) derived the TAM from the Theory of Reasoned Action
(TRA) as its foundation (15), and found that it could better explain
users’ acceptance of a certain technology (29). Figure 1A shows that
the TAM. Perceived Ease of Use (PEU), Perceived Usefulness (PU),
and Attitudes (ATT) toward technology usage are the key factors that
explain individuals’ intentions to use it. An individual’ s actual
behavior is determined by behavioral intention, and the intention is
determined by both PU and ATT. ATT is influenced by PU and PEU,
with PU being affected by both PEU and external variables, while PEU
is solely influenced by external variables. TAM has been widely used
in user acceptance studies of various technologies. For instance,
Yaobin Lu discussed the Chinese users acceptance of instant
messaging (30); Kerry T extended and personalized VR hardware’s
TAM (18); Tom Ka Man Wong used TAM to explore the acceptance
of the personal protective equipment by CWs (31); TAM was stable in

10.3389/fpubh.2024.1478615

all countries (32); and Ming Zhang employed an extended TAM to
explore the reasons for the limited adoption of VR technology (12).
Therefore, it could be concluded that the TAM is universal, and this
study has improved the current model with the aim of exploring the
acceptance level of VRTS among CWs. The research innovatively
differentiates the attitudes of construction workers toward virtual
reality hardware and virtual reality content, and deeply analyzes the
impact of PU and PEU on these two different attitudes, as well as their
roles in influencing behavioral intentions. Furthermore, considering
that the working environment and personal ability to use VRTS may
affect their acceptance, this study introduces three external variables
based on existing literature: Role Perception (RP), Self-Efficacy (SE),
and Situational Control (SC), as show in Figure 1B.

First, TAM uses two major internal beliefs (PU and PEU) to
determine user attitudes toward a particular technology system (33).
Davis (29) defined PU as ‘the degree to which people believe that
using a particular system will improve his or her work performance’
and PEU as ‘the degree to which people believe that using a particular
system is effortless. In this study, PU is defined as the effect of CWs
improving their own safety behavior through the use of VRTS. PEU
is defined as the degree of how easy CWs consider it to use the
VRTS. Secondly, in the TAM, ATT refers to a psychological construct
that represents an individual’s evaluation, feelings, and predisposition
toward a particular object, person, event, or concept. ATT reflects a
person’s favorable or unfavorable disposition that can be positive,
negative, or neutral (34, 35). ATT plays a crucial role in influencing an
individual’s thoughts, emotions, and behaviors, and they can impact
decision-making, interpersonal relationships, and overall perception
of the world (36). According to the new perspective on VR described
in the previous section, this paper defines ATT as the assessment and
feelings of CWs when using VR hardware (ATT1) and the assessment
and feelings of CWs when learning VR content (ATT2). Finally, in the
TAM, the intention to use (IU) is defined as the degree of intention of
users to use the system, and the paper defines it as the degree of
willingness of CWs to use VRTS. In the TAM hypotheses, PU and

Perceived Usefulness

Risk perteptiog

External factors

[SC]
[ 17

Safety climate

9

Self-efficacy

Operation of VR hardware devices

(b) Expended TAM

FIGURE 1
Framework diagram of TAM original model to extended model.
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PEU have a positive effect on users’ attitude; PEU has a positive effect
on PU; PU and ATT has a positive effect on the IU. Therefore, the
following hypotheses are proposed:

HI. Perceived ease of use has a positive effect on
perceived usefulness.

H2. Perceived usefulness has a positive effect on attitude of
VR content.

H3. Perceived usefulness has a positive effect on attitude of using
VR hardware.

H4. Perceived usefulness has a positive effect on the
intention to use.

Hb5. Perceived ease of use has a positive effect on attitude of
VR content.

H6. Perceived ease of use has a positive effect on attitude of using
VR hardware.

H7. Attitude of VR content has a positive effect on the
intention to use.

H8. Attitude of using VR hardware has a positive effect on the
intention to use.

2.2 Theory of planned behavior

TAM can efficiently and accurately predict users intention to use
a technology. However, its limitation is that it fails to comprehensively
consider factors such as individual control and social cognition of new
technologies. The TPB proposed by Ajzen effectively remedies the
shortcomings of the TAM by introducing the two core elements of
Subjective Norms (SN) and Perceived Behavioral Control (PBC) and
provides insights into how these elements work together to influence
an individual’s behavioral intentions (16). Fett et al. used the extended
TPB to discuss and assess the main factors of acceptance of wireless
EV charging (37); Ding Lili used TPB to investigate the acceptance of
desalinated water utilization by residents (38); Caisheng Liao used
Extended TPB to investigate the factors influencing urban residents’
intention to travel in a low-carbon manner (39). These studies provide
valuable insights and empirical support for TPB in explaining the
acceptance of VRTS by CWs. Figure 2 illustrates the extended TPB

Intention to use I—-l Actual usage

| Attitude ||
[

| Perceived behavioral control |

FIGURE 2
Framework diagram of TPB original model.
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model applied to the study to gain a more comprehensive
understanding of the motivations influencing CWs’ willingness to use,
which can provide new insights into the development of strategies to
advance the popularity of VRTS.

In the TPB, attitude toward the behavior, SN, and PBC, together
to drive behavioral intention, which in turn affects the actual usage
(16). SN refers to an individual’s perception of the social pressure or
influence to conform the particular behavior. It represents the
perceived social expectations, norms, and opinions of significant
others, such as family, friends, peers, or society, regarding a specific
behavior or action. SN captures the individual’s belief about whether
individual would approve to engage in a particular behavior. PBC
encompasses users’ perception of possessing the required resources,
capabilities, and a sense of control to successfully engage in a
particular behavior. While the TPB is a broad framework, this study
has made modifications to better elucidate the acceptance of VRTS
among CWs. Here, we define SN as the perception of CWs regarding
the approval or endorsement of important individuals who they
believe that want them to use VRTS. When CWs perceive that those
significant individuals expect them to utilize VRTS, it increases the
likelihood of their adoption. PBC is defined as the CWs’ perception of
their individual capability to use VRTS. It is hypothesized that CWs
with higher levels of behavioral control are more likely to use
VRTS. The direct positive contribution of both subjective norms and
perceived behavioral control to behavioral intentions has been widely
validated in a number of domains (40, 41). Therefore, the following
hypotheses are proposed:

H9. Subjective norm has a positive effect on intention to use.

HI0. Perceived behavioral control has a positive effect on
intention to use.

HI1. Intention to use has a positive effect on actual usage.

2.3 Risk perception

Risk perception is an individual’s subjective assessment and
judgment of potential risk (42). In research on the acceptance of VRTS
by CWs, we define this as the perception of potential operational risk
by CWs when they enter the field without using VRTS training. Risk
perception (RP) has also been consistently shown to be an important
factor in positively contributing to attitudes and willingness within
numerous areas of technology acceptance research (43-45). For
example, in Huijt’s exploration of sustainable energy technology
acceptance, he suggests that RP has a positive effect on attitudes (46).
Similarly, Siu Shing Man’s findings show that the severity of RP for
CW:s has a positive effect on the influence of PPE use attitude (20).
Furthermore, Siu Shing Man also pointed out that RP is a key factor
that influences the impact of drivers’ attitude and willingness to use
self-driving cars (47). A psychometric tool called ‘CWs Risk
Perception Scale’ assesses the risk perception scale (48). The scale
demonstrates three dimensions of workers’ RP: RP-probability,
RP-severity, and RP-worry and insecurity. These dimensions are
negatively correlated with workers’ risk-taking behavior. In this study,
we focus on the dimension of RP-worry and insecurity. And it is
hypothesized that this perception may drive their wider adoption of
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VRTS, i.e., and enhance their attitude and willingness to use
VRTS. Therefore, the following hypotheses are proposed:

H1I2. Risk perception has a positive effect on attitude of using
VR content.

H13. Risk perception has a positive effect on attitude of using
VR hardware.

HI4. Risk perception has a positive effect on the intention to use.

2.4 Safety climate

To enhance safety performance, it is vital to investigate workplace
factors that influence safety risk perception. This study introduces a
predictive measure known as safety climate, which captures the safety
response within construction enterprises. The safety management
practices of construction enterprises can significantly impact CWs’
perceived usefulness of VRTS, as well as their perceptions of risk and
attitudes (49, 50). Research studies have indicated that there is no
direct association between SC and actual safety behavior (51, 52).
Therefore, its relationship with certain mediating variables requires
further exploration. SC independently influences safety risk
perception. And workplaces characterized by a more positive safety
atmosphere tend to exhibit higher levels of safety risk perception (53).
Moreover, the safety environment plays a positive role in influencing
CW s’ perceived usefulness of protective equipment (20). In a study; it
was also observed that the safety environment positively influences
the safety attitudes of employees in transportation companies (54).
Therefore, the following hypotheses are proposed:

HI5. Safety climate has a positive effect on perceived usefulness.

HiIe6. Safety climate has a positive effect on attitude of using
VR content.

H17. Safety climate has a positive effect on attitude of using
VR hardware.

H1I8. Safety climate has a positive effect on risk perception.

2.5 Self-efficacy

SE pertains to individuals’ belief in their own capabilities to
successfully perform specific tasks or achieve desired outcomes. It is
not a measure of actual skills or knowledge but a subjective assessment
of one’s own competence in a given domain. In this study, we define
SE as the confidence of CWSs’ speculations and judgments about their
ability to complete the process of using VRTS. The strength of VRTS
lies in user interaction with the VR environment, as previously
mentioned. However, when CWs are exposed to VRTS, the following
situations may arise: Firstly, the 3D effect of VRTS can lead to
symptoms such as dizziness, fatigue, or nausea among CWs, thereby
affecting their overall experience (55-57). Secondly, the complexity of
VRTS can also impact the learning experience and satisfaction of CWs
(25). Consequently, CWs may avoid using VRTS if they perceive
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themselves as incapable of utilizing such technologies. Hence, it is
crucial to consider SE as an external variable. Those CWs with high
SE are more likely to find it easy to use the VRTS, an assumption
consistent with Mun Y. Yi, that users who possess a stronger sense of
efficacy regarding the target system perceive it are more user-friendly
(58). Therefore, the paper formulates the following hypotheses:

HI9. Self-efficacy has a positive effect on perceived ease of use.

Through the constructed hypothesis system, we recognize that in
the TAM, perceived ease of use, perceived usefulness, and attitudes
toward technology use are the key variables explaining an individual’s
acceptance of technology. Specifically, an individual’s willingness to
use a technology is driven by his or her perceived usefulness and
attitude toward using the technology. This attitude, in turn, is
influenced by perceived usefulness and perceived ease of use; in the
TPB, behavioral attitudes, subjective norms, and perceived behavioral
control are three core concepts that work together to influence
behavioral intentions and, ultimately, the behavior itself. In addition,
the study points out that risk perception can have a positive effect on
attitude toward use and intention to use; safety climate can have a
positive effect on risk perception, attitude toward use and perceived
usefulness; and self-efficacy has a positive effect on perceived ease of
use. This constitutes the structural model of the 19 pathways shown
in Figure 3. Theoretical framework of the extended TAM and TPB for
VRTS usage.

3 Materials and methods
3.1 Study area and data collection

VRTS has been widely applied in various pilot studies and
applications in Shenzhen, China. In the process of selecting the
sample, we employed stratified random sampling to ensure the
diversity and representativeness of the sample. We stratified the
construction workers based on the different construction projects they
were involved in. Subsequently, within each stratum, we randomly
selected a certain number of workers as the sample. This sampling
strategy helps to capture the acceptance of VRTS among workers from
different backgrounds and working environments, thereby making the
research results more generalizable and applicable. In this survey,
we randomly selected 528 CWs equipped with VRTS from different
large-scale construction projects in Shenzhen to participate in this
study (In the study, we displayed a photo depicting CWs using VRTS
in the Dameisha-Xiaomeisha Branch Comprehensive Pipeline
Corridor project, constructed by the Shenzhen branch of China
Metallurgical Group Corporation, as shown in Figure 4).

In order to ensure the fairness and consistency of the
experiments, in most cases, all subjects were required to use the
same VRTS. Since VRTS is usually highly customizable, the setting
of the training content can depend on the specific objectives of the
training, which will minimize potential interference due to system
differences. Prior to the commencement of the survey, workers were
informed of their right to withdraw from the study, and it was
assured that the collected data would be treated with anonymity
and confidentiality. This consent process was approved as part of
our study protocol by the Institutional Review Board. Before
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FIGURE 3
Theoretical framework of the extended TAM and TPB for VRTS usage.

FIGURE 4
Field use of VRTS training by CWs.

commencing the survey, we ensured that all methods were carried ~ University’s Institutional Review Board, ensuring adherence to
out in strict accordance with the guidelines and regulations set  ethical research practices.

forth by the ethical standards of Jilin Jianzhu University. The This paper conducts descriptive statistical analysis on the 515
experimental protocols, including the survey method and data  collected survey questionnaires. Detailed results of descriptive statistical
collection process, received prior approval from Jilin Jianzhu  analysis are presented in Figure 5. The data findings reveal the following:
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FIGURE 5
Participants’ demographic information (n = 515).

Percentage(%)

(1) Gender ratio: 91.26% of respondents were male. (2) The age
distribution survey revealed that the majority of respondents were
middle-aged, between 31 and 60 years old. (3) Regarding educational
level, most respondents had completed education up to the college level
or below, with a relatively small percentage holding a bachelor’s degree
or higher. (4) The research on marital status showed that the majority of
respondents were married, accounting for 66.02% of the total. (5) The
study on respondents’ working experience in the construction industry
revealed that 43.11% had 6-10 years of experience, or more than 10 years
of experience was relatively low. Having relevant working experience in
the construction industry positively influenced the respondents’
cognitive acceptance of VRTs. These findings align with the current
situation of construction workers in Shenzhen, China, which adds to the
validity and reliability of the questionnaire data to a certain extent.

3.2 Questionnaire design

The questionnaire comprised two parts. The first part aims to
gather background information about CWs, including their training-
related background such as gender and education level. The second
part involves a structured questionnaire that combines TAM and TPB
to assess CWs' acceptance of the VRTS. The details of all the
questionnaire items are presented in Table 1. A five-point Likert scale
ranging from 1 = ‘completely disagree’ to 5= ‘completely agree’ is
employed in this study to measure the intention of the scale variables.

3.3 SEM and ANN

Structural equation modeling (SEM) is employed to evaluate this
study, which involves a two-step process, measurement model
evaluation and structural model evaluation (59-61). The first step
involves the use of confirmatory factor analysis to assess the
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measurement model, focusing on assessing reliability and construct
validity (encompassing discriminant and convergent validity).
Specifically, convergent validity is assessed by calculating composite
reliability (CR) and factor loading values, and discriminant validity is
assessed by comparing the absolute value of the square root of the
Average Variance Extracted (AVE) for the latent variable to the
correlation coefficients between the other latent variables to ensure that
the questionnaire can effectively reflect the questions to be researched.
Another step involves performing structural model evaluation and
estimating the structural relationships between the structures to test
the hypotheses, using common fit metrics, e.g., X*/df, RMSEA, GFI,
TLI, CF]J, etc. to test the fit between the hypothesized theoretical model
and the actual data to increase the persuasiveness of the model. Data
analysis is carried out via SPSS 26.0 and AMOS 24.0 software.

The SEM approach has demonstrated substantial explanatory power
in elucidating the linear relationships among factors in the acceptance
model of VRTS for CWs. However, Jia Sim et al. (62) argue that such
conventional statistical methods oversimplify the intricate decision-
making processes of humans. The emergence of ANNS is perceived as
capable of more accurately representing the potential nonlinear
relationships among these variables and predicting the contributions of
individual factors. Consequently, this study adopts a hybrid analysis
method combining SEM and ANN in two stages, aiming to identify both
linear and nonlinear relationships between structures, facilitating a more
precise modeling and understanding of complex data relationships.

4 Results

4.1 Analysis of factors influencing CWs’
acceptance based on SEM

Firstly, a reliability test is conducted using Cronbach’s alpha to
assess the internal consistency reliability of the scale (63), with a
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TABLE 1 Summary of construction item statistics.

10.3389/fpubh.2024.1478615

Construct Item Item description Source
sc1 Construction enterprise will provide all the necessary equipment related to safety (53,79)
training regardless of cost.
When construction workers appear unsafe behavior (operation without safety
sC2 training), site safety personnel will immediately intervene and order them to stop
Safety climate (SC) X
operation.
3 The safety staff of the site management promptly addresses and resolves any safety
issues that arise, ensuring their long-term resolution.
SC4 The site management thinks that safety is more important than productivity.
SE1 I believe I can handle virtual reality hardware very well. (58, 80)
Self-efficacy (SE) SE2 I believe my performance in virtual reality to match that in real-life scenarios.
SE3 I believe VRTS can improve my operation level.
PU1 I believe that VRTS are more efficient than traditional trainings. (29,81)
PU2 I believe using VR hardware would help improve my training experience.
Perceived usefulness (PU)
PU3 I believe that VRTS could help me adapt workplace more quickly.
PU4 I believe that VRTS could help me reduce my unsafe behavior.
PEU1 I believe the VR hardware is easy to use. (29, 81)
Perceived ease of use (PEU) PEU2 I believe the content of VRTS is easy to understand.
PEU3 I believe that virtual reality training systems are flexible to interact with.
ATT11 I am satisfied with the content of virtual reality training systems. (29,78, 82)
I prefer the content presented in a VR technology environment compared to the
Attitude toward learning VR content ATTI2
traditional way of presenting training content.
(ATT1)
ATTI3 The way the content is presented in the VR technology environment will make
me more aware of the content.
ATT21 I prefer to use VR hardware for interaction when conducting VR technology
training.
Attitude toward using VR-hardware
I am satisfied with the effectiveness of training using virtual reality hardware
(ATT2) ATT22
when conducting virtual reality technology training.
ATT23 I think using VR hardware is a wise choice when training in VR technology.
1IUV1 I will accept VRTS within the foreseeable future. (29,78, 82)
Intention to use VR (TUV) uv2 I will recommend CWs to use virtual reality training systems.
Iuv3 Using virtual reality training systems in the foreseeable future is important to me.
N1 Your close family members, including parents, children, and spouse, would (16, 83, 84)
encourage your use of virtual reality training systems.
Your coworkers or supervisor, who have an influence on you, would support the
Subjective norm (SN) SN2
idea of using virtual reality training systems.
N3 Your parents, children, and spouse, who hold significance in your life, would
prefer that you should use VRTS.
PBC1 I can skillfully use virtual reality hardware. (16, 20)
Perceived behavioral control (PBC) PBC2 I have the resources, knowledge, and ability to use virtual reality.
PBC3 Using virtual reality hardware was entirely within my control.
How concerned or unsafe would you feel about potential negative consequences if you encounter the
following work events or situations?
RP1 Get directly involved in the field without accept virtual reality training systems.
Risk-perception (RP) (43, 48)
RP2 Without understanding the overall construction environment, directly participate
in the site work.
RP3 Without using more experiential VR hardware when received VRTS.
(Continued)
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TABLE 1 (Continued)

Construct Item Item description Source

How many times will you use virtual reality training systems during a week?

1. Not at all.

2. About once a week.

AVU1
3.2-3 times a week.

4. 4-5 times a week.

5. About once a day.

How many hours will you use virtual reality training systems every week?

1.<1h

2.1-5h

Actual VR usage (AVU) AVU2

3.5-10h

4.10-15h

5.>15h

How much time will you use before entering the site?

1. <10 min

2.10-20 min

AVU3
3.20-30 min

4. 30-40 min

5.>40 min

predefined threshold of 0.7. As shown in Table 2, the Cronbach’s alpha
values of all constructs are between 0.753 and 0.880, and the reliability
of each dimension of the variables reaches above 0.7, demonstrating
the high reliability of the questionnaire and its design.

Next, the paper conducts structural validity tests. Factor analysis
is a commonly used method to assess structural validity, which is
further confirmed through convergent validity and discriminant
validity. Convergent validity assesses the consistency of different
measures when evaluating the same constructs. To verify, it is
recommended that each construct has a composite reliability (CR)
value and factor loading value exceeding 0.7, and an average variance
extracted (AVE) value greater than 0.5 (59). The results of the
convergent validity test are shown in Table 3. All principles are
satisfied, indicating good convergent validity of the questionnaire
data. Discriminant validity refers to the extent of a test to differentiate
between distinct factor traits (64). The technique is utilized to establish
the discriminant validity of the measure by comparing the square root
of the AVE of the latent variable with the absolute value of the
correlation coefficient between the other latent variables (59), and the
results of the test for discriminant validity are shown in Table 2. The
square root of the AVE for all latent variables exceeds the absolute
value of the correlation coefficients between each latent variable,
indicating sound discriminant validity among the constructs. Hence,
the structure of the model in this study is established with scientific
rigor and logical coherence.

And the next step is to conduct fitness tests on the evaluation
model; x*/df, RMSEA, GFI, TLI, CFJ, and IFL.

Absolute fitting index: This type of indicator directly measures the
difference between the model and actual data. The smaller the value,
the better the fit of the model.

Chi square/degree of freedom ratio (X?/df): This ratio is used to
evaluate the fit of the model. Generally speaking, a ratio of less than 3
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is considered acceptable, while a ratio of less than 5 indicates a good
fit of the model. RMSEA: The sum of squared residuals divided by the
square root of the model’s degrees of freedom. If the RMSEA value is
less than or equal to 0.05, it is considered that the model has a good
fit; If it is less than or equal to 0.08, it is considered that the fit of the
model is still acceptable.

Incremental fitting index: This type of indicator compares the
fitting degree of the benchmark model and the target model. The
larger the value, the better the fitting degree of the model. CFI
(Comparative Fit Index): The closer the value is to 1, the better the
fitting effect of the model. If the CFI value is greater than or equal to
0.9, it is considered that the model has a good fit.

Simplicity fitting index: This type of indicator evaluates the degree
of simplicity of the model, that is, the simplicity of the model
parameters while maintaining the model fitting degree. GFI
(Goodness of Fit Index): a correction to the chi square value, which
reflects the difference between observed data and theoretical models.
The closer the value is to 1, the better the model fitting effect. TLI
(Tucker Lewis Index): The closer the value of TLI is to 1, the better the
model fitting effect. When TLI > 0.90, the model fitting effect is
usually good. A value greater than 0.80 is acceptable. The model fit
index values and the requirements to meet the recommendations are
shown in Table 4, indicating a satisfactory fit index of the model.

Based on the above results, the relationship between each variable
by the path coeflicient and its significance is tested. The results of
model validation are obtained as shown in Table 5 below, and the
findings indicates that 15 hypotheses are statistically significant except
for hypotheses H5 (Perceived ease of use has a positive impact on the
attitude toward learning VR content) and H17 (Safety climate has a
positive effect on attitude of using VR hardware). PEU positively
influenced the attitudes of PU and CWs toward using VR hardware.
Following the obtained results, the significance of the relationship
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between each variable using path coefficients is assessed. The ATT, SN,
and PBC of CWs positively influence their willingness to use the
VRTS. The willingness of CWs to use the VRTS has a positive impact
on their actual usage. RP has a positive influence on both CWs’
attitudes toward the VRTS and their willingness to use them. SC has
a significant positive effect on PU, CWS attitudes toward VR content
and RP. These results are shown in Figure 6.

4.2 Importance analysis of factors
influencing CWs’ acceptance based on
ANN

The primary steps of the research are outlined as follows: First,
based on the path analysis results derived from SEM, three distinct
ANN models are constructed, illustrated in Figures 7-9, to depict the
intricate nonlinear relationships between construction workers’
attitudes and willingness to use VRTS and various variables, thereby
delving further into the underlying mechanisms of their acceptance
of the system. Next, the root mean square errors (RMSE) of the 10
networks are computed to evaluate the predictive accuracy of the
generated ANN models. Lastly, sensitivity analyses are conducted on
the ANN models to ascertain the importance of each input variable to
the output variable, thereby elucidating the factors crucial to the
acceptance of the VRTS among CWs.

Firstly, models A, B, and C are subjected to scrutiny under an
Artificial Neural Network (ANN) Multilayer Perceptron framework.
To enable the ANN model to exhibit nonlinearity, the Sigmoid
function is employed as the activation function in both the hidden and
output layers. Furthermore, to enhance the accuracy of the nonlinear
model (65). And a two-layer deep ANN is adopted in the hidden layer
in order to mitigate the issue of overfitting, a 10-fold cross-validation
method is employed using a deep ANN Multilayer Perceptron
algorithm (66). This involves utilizing 90% of the data for the training
phase, while reserving the remaining 10% for testing. The maximum
number of iterations is set at 5,000, with a learning rate of 0.05.

Subsequently, the Root Mean Square Error (RMSE) is calculated
for 10 network sets each comprising training and testing datasets, to
assess the predictive accuracy of the ANN models. A lower RMSE
value, closer to zero, signifies a better fit of the model and higher

TABLE 2 Correlations among constructs.

10.3389/fpubh.2024.1478615

accuracy. The RMSE results for each of the three models across their
respective 10 neural networks are presented in Table 6.

The reported test and training values, all ranging between 0.2 and
0.5, adhere to empirical rules suggesting that the models can predict
data with considerable accuracy. Moreover, the deep Multilayer
Perceptron of the ANN achieved an average accuracy of 87.34%
during Model A training phase, which was closely matched by an
87.22% average accuracy in testing. For Model B, it yielded an average
training accuracy of 79.04%, dropping slightly to 77.83% in testing.
Similarly, Model C also demonstrated an average training accuracy of
79.04%, with a test accuracy of 77.83%. These outcomes substantiate
the exceptional performance of the ANN as a supervised nonlinear
classification algorithm via its Multilayer Perceptron in forecasting the
utility of perceptions.

Lastly, to elucidate the disparities within the inherent structure and
to gauge the relative significance of predictor variables, sensitivity analysis
was conducted. This involved analyzing the normalized importance
percentages of the explanatory variables to gauge each factor’s
contribution. The subsequent results of the relative importance analysis
for the input variables across the three neural network models are
presented in Table 7. This analysis provides insights into how each variable
influences the prediction outcomes, thereby enhancing our understanding
of their predictive power within the context of the models.

5 Discussion and policy implications

This paper explores the acceptance of VRTS among CWs by
combining the extended TAM and TPB with RP, SC, and SE. Data
from 528 CWs were collected in Shenzhen to test and empirically
validate. The results show that CWs have moderately high attitudes
and IU to VRTS. While previous studies explored the advantages and
effectiveness of VRTS in construction fields (6, 67, 68), which had
been proved as the limited research focusing on the actual willingness
and acceptance of CWs in order to advance the application of virtual
reality training and explore the associated behavior-driven
mechanisms. Conducting this research in Shenzhen (a highly
developed city situated in the southern coastal region of China, where
the implementation and popularity of VRTS are relatively high) will
bridge the existing research gap.

RP SC SE PU PEU ATT1 ATT2 UV AVU SN PBC
RP 0.769
SC 0.438 0.81
SE 0.393 0.294 0.797
PU 0.429 0.294 0.374 0.776
PEU 0.334 0.275 0.336 0.329 0.789
ATT1 0.433 0.363 0.448 0.518 0.286 0.765
ATT2 0.319 0.254 0.42 0.377 0.261 0.385 0.754
UV 0.499 0.486 0.523 0.48 0.359 0.543 0.437 0.714
AVU 0.392 0.426 0.432 0.459 0.312 0.408 0.252 0.575 0.799
SN 0.413 0.381 0.395 0.358 0.287 0.444 0.232 0.56 0.477 0.826
PBC 0.289 0.242 0.276 0.218 0.166 0.267 0.205 0.674 0.32 0.332 0.826
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5.1 CWs’ acceptability and determinants

In this paper, TAM and TPB are combined for the first time
and three external influences, RP, SC and SE, are included to
construct a model of construction workers’ acceptance of VRTS,
and has tests and empirical researches on the obtained 515
valid questionnaires.

This study shows that the acceptance of VRTS training by CWs
shows a more positive trend. First of all, this paper observes higher
mean scores in the questionnaire results, e.g.: Mean AVU = 3.56,

TABLE 3 Reliability and convergent validity assessment results.

10.3389/fpubh.2024.1478615

Mean ATT1 = 3.66, Mean IU = 3.43, Mean ATT2 = 3.58, and they are
in the medium-high range, which is in line with the results of the
previous study consistent with previous findings that VR-based
training is more popular (12). These findings indicate a notably
positive tendency among Chinese construction workers toward the
adoption of VRTS, concurrently reflecting a level of acknowledgment
by the workers, as the primary beneficiaries, of the system’s advantages
and effectiveness within the construction sector. This recognition
underscores the significant potential for VR technology-based safety
training systems to be implemented and popularized within China’s

Construct Standard Factor Cronbach’s
deviation loading alpha
RP1 3.54 1.339 0.805
Risk perception (RP) RP2 3.58 1.307 0.685 0.592 0.812 0.810
RP3 3.28 1.236 0.811
SC1 3.17 1.452 0.630
SC2 3.45 1.359 0.902
Safety climate (SC) 0.656 0.882 0.880
SC3 3.52 1.374 0.765
SC4 3.55 1.366 0.910
SE1 3.49 1.390 0.703
Self-efficacy (SE) SE2 3.83 1.373 0.894 0.635 0.838 0.835
SE3 3.64 1.341 0.782
PU1 3.86 1.237 0.508
Perceived usefulness PU2 3.79 1.147 0.892
0.602 0.850 0.840
(PU) PU3 3.77 1.156 0.632
PU4 3.30 1.377 0.977
PEU1 3.70 1.336 0.863
Perceived ease of use
PEU2 3.59 1.301 0.649 0.622 0.830 0.824
(PEU)
PEU3 3.72 1.369 0.837
ATT11 3.59 1.322 0.706
Attitude toward VR
ATTI12 3.83 1.356 0.708 0.585 0.807 0.798
content (ATT1)
ATT13 3.58 1.597 0.869
ATT21 3.67 1.331 0.837
Attitude toward VR
ATT22 3.52 1.523 0.788 0.569 0.796 0.786
hardware (ATT2)
ATT23 3.55 1.358 0.620
U1 3.36 1.503 0.761
Intention to use VR
102 3.60 1.508 0.738 0.510 0.757 0.753
(IuUv)
1U3 3.32 1.500 0.638
AVU1 3.44 1.398 0.766
Actual VR-usage
AVU2 3.65 1.437 0.863 0.638 0.840 0.835
(AVU)
AVU3 3.58 1.617 0.763
SN1 3.54 1.552 0.934
Subjective norm (SN) SN2 3.22 1.616 0.798 0.683 0.865 0.856
SN3 3.56 1.528 0.734
PBC1 2.98 1.371 0.873
Perceived behavioral
PBC2 3.06 1.420 0.775 0.682 0.865 0.863
control (PBC)
PBC3 3.08 1.379 0.827
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construction industry, thereby enhancing safety training practices and
contributing to a safer working environment. The discovery holds
substantial implications for promoting the application of advanced
technologies in addressing occupational safety challenges, fostering a
culture of safety awareness, and ultimately improving safety standards
across the construction landscape in China.

In the part of TAM, we find that, firstly, PU has a significant
positive effect on ATT and IU, which plays a key role in determining
whether CWs use VRTS or not and contradicts the findings of Ming
et al. Their hypothesis that PU has a positive effect on IU was rejected,
and who argued that CWs would not use VR training just to improve
the effectiveness of the training (12). The reason for this difference
may be that the CWs who participated in this study used VR training
with the addition of VR hardware, which increased PU. Thus, this
paper argues that the higher the PU, the more likely it is that CW's will
recognize the potential benefits of VRTS and be willing to try it out to
be more productive. Next, the hypothesis that PEU has a positive
impact on ATT1 is not valid, which is inconsistent with Davis’s
hypothesis in TAM, and this result suggests that even though the
VRTS about the content presentation is convenient, CWs still face
some difficulties in understanding the VR content, which is due to the
fact that at this stage, the cultural level of the CWs in China is still
limited, and they have been in a long period of time in the traditional
way of training with the help of trainers’ explanations. This conclusion
is similar to the research content of C. Shi et al. VRTS will
be introduced into the Chinese construction field as a new product
and is in the growth stage of the product lifecycle, and the vast
majority of CWs are still in the wait-and-see stage of its use (69), and
its development is bound to be a long term process, and it is not
possible to completely replace the traditional training methods in a
single step. However, this is contrary to the belief of Estefany that VR
training could replace traditional training, which also shows that there
is a great gap in the development of VRTS in different countries (70).
At this stage, we can integrate VRTS with traditional training and
gradually lead them to shift to the training model of VRTS. The aim
is to help CWs better adapt to and accept the VRTS training method,
so as to promote the steady growth and development of VRTS in the
Chinese market, and then bring innovative changes and progress to
the training industry. Except for the hypothesis of PU on ATTI1
mentioned above, the rest of the results are consistent with Davis’
hypothesis in TAM that PEU positively affects PU, and IUs using
VRTS are positively affected by ATT, and ATT1 is more significant in
positively affecting IUs than ATT2, which is a very important finding.
It suggests that CW's perceive the acquisition of knowledge during the
training process as a better way to enhance individuals’ operation on

TABLE 4 Structural model assessment results.

Model fit Value Recommended Result
index value

X*/df 1.589 <3 Acceptable
RMSEA 0.034 <0.08 Acceptable
GFI 0.918 >0.80 Acceptable
TLI 0.962 >0.90 Acceptable
CFIL 0.968 >0.90 Acceptable
IFI 0.968 >0.90 Acceptable
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construction sites to reduce the occurrence of their own unsafe
behaviors than the immersion brought by hardware devices. This
finding also reminds VRTS designers that they cannot focus solely on
the performance and technology of the hardware and neglect the
importance of the content.

For the TPB component, intention to use VRTS is positively
influenced by ATT, SN, and PBC, a result consistent with the TPB
presented by Ajzen. Among these three drivers, PBC has the most
significant positive effect on IU (16). Similar findings are obtained in
the acceptance study on Siu Shing Man et al. PBC has the greatest
impact on the acceptance of construction workers’ PPE (19). This
suggests that when CWs perceive that their current level of operational
competence and knowledge will enable them to achieve the desired
results when training with VRTS, their IU will subsequently increase,
which in turn will drive them to participate in the training more
actively and conscientiously in order to achieve the best results. In
contrast, the positive effect of SN on IU is slightly less significant, but
it is worth noting that this result suggests that more and more
companies and organizations are beginning to recognize the potential
of VRTS technology for training, and that they are encouraging CW's
to learn and master this technology.

The model of CWs’ acceptance of VRTS training constructed in
this paper considers three external influences in addition to the
combination of TAM and TPB described above. Firstly, RP positively
affects both ATT and IU, whereas the dimension of risk perception
has not been considered in previous studies on VR training acceptance
(18, 19), which shows that when construction workers perceive that
they have not been trained in VRTS and the risk of entering the site,
they become more cautious and vigilant. This enhanced perception
will motivate them to be more active in finding and using tools or
techniques that can reduce risk, ie., increase their attitude and
willingness to use VRTS. Secondly, the dimension of SC is considered
in the model of construction workers’” acceptance of VRTS training,
and the positive effect of SC on PU is significant, consistent with the
findings of Xiaowen Hu et al. They report that organizational safety
climate positively influences perceived usefulness of the risk-
awareness procedure among miners (71). In addition, the positive
effect of SC on RP is similarly significant, which is consistent with
Bhavana et al’s finding that safety climate can increase risk perception
among US construction workers (53). In previous studies, safety
climate tends to have a positive effect on attitudes (20, 72). In contrast,
the positive effect of SC on attitudes is only partially validated in this
study, with a positive effect holding for ATT1, but no significant
positive effect for ATT2. After in-depth analysis, this paper finds that
the safety climate of construction enterprises (Mean SC = 3.42) isata
medium-high level, which to a certain extent reflects the in-depth
understanding and practice of safety training in construction
enterprises. However, at present, Chinas CWs have not yet fully
realized the transformation from the traditional training mode to the
VRTS training mode, and they still believe that the learning of
theoretical knowledge is more important, and that the acquisition of
knowledge is an effective way to improve their safety perception.
While VRTS-based safety trainings not only focus on the transfer of
theoretical knowledge, but also strengthen the training of practical
operation. We predict that the SC’s assumptions about ATT2 will
be gradually verified over time. Currently CWs are more influenced
by PUs and PEUs for ATT2, and if the hardware itself suffers from
insufficient performance, complexity of operation, or poor comfort,
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TABLE 5 Hypotheses testing results.

Hypothesis

10.3389/fpubh.2024.1478615

Standardized path Result

coefficient

p-value

H1. Perceived ease of use has a positive effect on perceived usefulness. 0.277 <0.001 Supported
H2. Perceived usefulness has a positive effect on attitude of VR content. 0.379 <0.001 Supported
H3. Perceived usefulness has a positive effect on attitude of using VR hardware. 0.257 <0.001 Supported
H4. Perceived usefulness has a positive effect on the intention to use. 0.164 <0.001 Supported
H5. Perceived ease of use has a positive effect on attitude of VR content. 0.086 0.074 Not supported
He. Perceived ease of use has a positive effect on attitude of using VR hardware. 0.132 0.013 Supported
H7. Attitude of VR content has a positive effect on the intention to use. 0.175 <0.001 Supported
H8. Attitude of using VR hardware has a positive effect on the intention to use. 0.148 0.001 Supported
H9. Subjective norm has a positive effect on intention to use. 0.275 <0.001 Supported
H10. Perceived behavioral control has a positive effect on intention to use. 0.482 <0.001 Supported
H11. Intention to use has a positive effect on actual usage. 0.588 <0.001 Supported
H12. Risk perception has a positive effect on attitude of using VR content. 0.177 0.001 Supported
H13. Risk perception has a positive effect on attitude of using VR hardware. 0.129 0.029 Supported
H14. Risk perception has a positive effect on the intention to use. 0.138 0.002 Supported
H15. Safety climate has a positive effect on perceived usefulness. 0.253 <0.001 Supported
H16. Safety climate has a positive effect on attitude of using VR content. 0.178 <0.001 Supported
H17. Safety climate has a positive effect on attitude of using VR hardware. 0.105 0.072 Not supported
H18. Safety climate has a positive effect on risk perception. 0.466 <0.001 Supported
H19. Self-efficacy has a positive effect on perceived ease of use. 0.371 <0.001 Supported

CW s may have reservations about the use of VR hardware, even in an
environment with very high SC. Finally, external incentives on the
ease of use of VRIS have rarely been investigated, this study
introduces SE as an external incentive, and we find that SE has a
significant positive effect on PEU. And the SE of CWs (Mean
SE = 3.65) is above average, which indicates that they have strong
control over the VRTS, and this higher self-confidence not only
promotes their acceptance of the VRTS, but also motivates them to
proactively explore new features and application scenarios of
the VRTS.

5.2 Implications

Firstly, this study broadens the field of VR training researches.
Current research on VR technology training mainly focuses on the
validation of effectiveness, while the acceptance of CWs has rarely
been explored. This paper aims to more accurately capture the
acceptance of CWs to VRTS by establishing a theoretical framework
explaining the acceptance of VRTS, adopting structural equation
modeling to analyze the linear relationship between the factors in the
theoretical model, and using attitudes and behavioral intentions. The
results of the questionnaire completed by the CWs show a high level
of acceptance of the VRTS, indicating that CWs believes that the
immersive experience provided by the VRTS not only allows them to
conduct hands-on training in a safe environment, but also helps to
improve their safety awareness and skill levels. This finding lays a
certain foundation for promoting VRTS within China.

Secondly, the conclusions drawn from this study will provide
strong policy guidelines and recommendations to support the
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promotion of the widespread use of VRTS in the construction
industry. (1) On the enterprise side: the hypothesis of H5 does not
reflect the fact that CWs in China have been in traditional training for
along time. And they believe that a better way to acquire knowledge
is the explanation of trainers, which requires construction enterprises
to make a good transition from traditional VRTS, not only to equip
professional safety trainers to explain the content shown in VRTS, but
also to evaluate and summarize the CWs’ performances in this virtual
environment and give timely feedback. SC is an external influence that
positively affects PUs, RPs, and AT Ts1, so to promote the sustainable
development of VRTS, enterprises must be committed to improving
the level of SC. In other words, enterprises must take the enhancement
of safety culture as one of their core tasks, and improve the safety
awareness of CWs through continuous optimization of safety
management measures (regular safety inspections, creation of a safer
working environment, etc.) and enhancement of the publicity based
on VRTS safety training to promote the enhancement of utilization
rates. In addition, operators need extra time to familiarize themselves
with and master the operation and application of VRTS. Enterprises
should design training programs to minimize disruption to operators’
daily work. A phased training approach can be adopted to allow
employees to learn and adapt to the new system gradually without
affecting the production schedule. (2) On the part of VRTS designers:
SE has a positive impact on PEU. And PEU has a positive impact on
ATT?2. Increased SE promotes successful technology acceptance (73),
and studies have shown that pleasure has a positive effect on SE (74,
75). Therefore, designers may consider gamifying the scenarios of
accident scene simulations in VRTS to increase CWs sense of
enjoyment and willingness to use virtual reality technology (76-78).
Meanwhile, presenting the same VR content on different devices may
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produce different training effects. Therefore, when designers enhance
and improve VR content, they should also consider the design
elements of VR hardware, and strive for a seamless combination of
content and hardware to achieve an immersive experience.

(3) Government level: At the governmental level: VRTS, as a
new training model, often involves multiple factors such as
equipment procurement, talent introduction, and equipment

Frontiers in Public Health

maintenance when implemented in construction enterprises,
leading to a significant increase in operational costs. As a result, in
many cities, the adoption of VRTS by some small construction
enterprises is still limited due to economic cost considerations to
promote the popularization of this technology, local governments
should provide active financial subsidies and organize visits for
construction companies to those that have successfully implemented
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integrated VRTS. Such initiatives can help enterprises recognize the
returns on long-term investments, such as enhanced safety and
reduced accident costs. Additionally, the government should offer
cost-sharing or leasing options for small and medium-sized
enterprises to alleviate their financial pressure. Furthermore, some
enterprises may lack the infrastructure and technical knowledge to

Frontiers in Public Health

support the implementation of VRTS. To address this challenge, the
government can conduct technology assessments, review existing
VRTS systems to assist construction enterprises in identifying the
need for upgrades to their systems, and provide necessary technical
services to help them overcome

training or support

technological barriers.
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TABLE 6 RMSE values of the ANN Model A-C.

10.3389/fpubh.2024.1478615

Network Model A Model B Model C
RMSE (training) RMSE RMSE (training) RMSE RMSE (training) RMSE
(testing) (testing) (testing)
1 0412 0361 0.389 0376 0.327 0.339
2 0.385 0.354 0.358 0.368 0321 0.385
3 0.353 0.342 0.335 0.347 0.347 0.339
4 0.406 0.363 0.374 0.367 0.308 0.372
5 0.378 0.364 0.372 0.356 0.272 0.366
6 0.383 0.388 0.366 0.393 0.343 0.314
7 0.405 0.340 0.351 0.404 0.326 0.353
8 0.369 0.363 0.388 0.386 0.281 0.336
9 0.376 0372 0.423 0.355 0.287 0.329
10 0.364 0.356 0.397 0.368 0314 0.369
Mean 0.383 0.360 0.375 0.372 0.313 0.350
SD 0.018 0.013 0.024 0.017 0.026 0.033
TABLE 7 Sensitivity analysis for the ANN Model A-C.

Influences Mean importance Normalized importance Sequence

PBC 0.462 100.00% 1

SN 0.204 44.20% 2

ATTI 0.125 27.10% 3
Model A

RP 0.086 18.60% 4

PU 0.068 14.80% 5

ATT2 0.055 11.80% 6

PU 0.536 100.00% 1
Model B SC 0.251 39.90% 2

RP 0214 46.50% 3

PU 0.478 100.00% 1
Model C PEU 0.242 50.60% 2

RP 0.280 58.70% 3

Finally, the study also has a certain social impact. The construction
industry is one of the important pillars of the national economy, which
is important for promoting economic development and improving
people’s livelihood. Improving the use of CWs on VRTS increases the
level of safety awareness and skills, which not only reduces the
occurrence of safety accidents, but also improves the quality and
efficiency of construction projects and promotes the sustainable
development of the construction industry. Therefore, the research in
this paper not only has academic value, but also has far-reaching
social significance.

6 Conclusion

The study, through a two-stage analysis employing SEM-ANN on
an established theoretical model, provides in-depth insights into the
current level of acceptance of VRTS among construction workers in
China, along with pertinent underlying factors. It further outlines
strategies and recommendations from technological, corporate, and

Frontiers in Public Health

governmental perspectives. The research yields the following
conclusions and achievements.

Validation of Theoretical Models: Our findings endorse the
applicability of both Technology Acceptance Model (TAM) and
Theory of Planned Behavior (TPB) in examining the acceptance of
VRTS by construction workers. A key revelation is that Perceived Ease
of Use (PEU) significantly positively influences attitudes toward using
VR hardware, suggesting a distinction between attitudes toward VR
content and hardware is meaningful. This finding implies that, at
present, VRTS should not fully replace conventional safety training in
China but be integrated effectively to form a complementary and
reinforcing training approach.

Importance of RP, SC, and SE: The research underscores the
significance of Reward (RP), Social Influence (SC), and Self-Efficacy
(SE) in shaping CW5’ attitudes and intentions toward using VRTS. RP
positively impacts both usage attitude and intention, highlighting that
awareness of risks associated with forgoing VR-based safety training
enhances caution. Counter to expectations, high SC does not
guarantee positive attitudes toward VR hardware when the hardware
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itself presents issues like poor performance or discomfort. Meanwhile,
SE significantly enhances PEU, implying that fostering self-efficacy
within VRTS encourages exploration and thereby increases perceived
ease of use and overall acceptance.

ANN Model Performance and Insights: By segmenting SEM path
analysis results into distinct ANN models, complex nonlinear
relationships between variables were elucidated, with root mean
square errors ranging from 0.2 to 0.5, evidencing a good fit. These
models prove effective in predicting CWs’ attitudes and intentions.
Sensitivity analysis identified Perceived Behavioral Control as a pivotal
factor for usage intention and Perceived Usefulness as critical for
usage attitude. Recognizing these, tailored policies and suggestions
from design, corporate, and policy angles were formulated to facilitate
the effective implementation of VRTS in the construction sector.

These findings contribute to the feasibility assessment of VRTS
investment by construction firms, laying a theoretical groundwork for
wider VRTS deployment. Ultimately, they aim to promote sustained
VRTS usage among workers, thereby reducing unsafe behaviors and
preventing potential accidents in the construction industry.

7 Limitations and future research

Despite the remarkable results of this study, there are limitations
that need to be recognized. Firstly, the study focuses primarily on the
external motivations of RP, SC and SE influencing CWs’ acceptance of
VRTS and fails to adequately consider variables such as playfulness
and emotional stimulation. Secondly, the respondents’ industry roles
are limited to CWs, excluding other important roles and identities in
the construction industry. This may affect the generalizability and
applicability of the findings, as different roles and identities may have
different perceptions and acceptance of VRTS. In addition, the single
location of the questionnaire survey is limited to Shenzhen, China,
and CWs from different cities or countries may have different
perspectives on VRTS. Therefore, these findings may not be applicable
to the construction industry in other regions or countries.

In future studies, it is recommended that the scope of the study
be further expanded to cover more variables and influencing factors in
order to gain a more comprehensive and in-depth understanding of the
intrinsic and extrinsic motivations of CWSs acceptance of
VRTS. Meanwhile, in order to eliminate single-source bias, it is
recommended that the sample source and coverage be expanded by
inviting CWs from different cities and countries to participate in the
survey, so as to obtain more diversified and comprehensive data.
Consideration can also be given to expanding the scope of the study to
other important players in the construction industry, such as architects,
engineers, project managers, etc., in order to understand their
perceptions and acceptance of VRTS. This will help promote the further
development and application of VRTS technology and enhance the
productivity and quality level of the construction industry.
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