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Abstract: In recent years, a growing amount of research has focused on improving the performance
of industrialized construction using emerging technologies. It is still necessary to have an in-depth
understanding of the industry practitioners’ perspectives on the application of emerging technologies.
Thus, a well-designed survey was distributed to industry practitioners who have been involved
in industrialized construction projects. Then, a set of data analysis methods were utilized on the
collected data to address the proposed four specific research questions. Results indicate that 3D
and nD models, sensing techniques, and business information models are the technologies with
the highest current utilization level. Extended reality, additive manufacturing, and advanced data
analytics are the technologies with the highest development potential. Project inputs (e.g., cost, time,
and labor), as well as implementation cost and software constraints (e.g., capital costs, software
upgrading, and compatibility), are the main factors that affect practitioners’ decisions to adopt
emerging technologies in industrialized projects. Inter-group comparison results indicate that
company background has little significant influence on practitioners’ perspectives, while personal
career profiles can significantly affect practitioners’ perspectives. Significantly, by uncovering the
suggestions and viewpoints of practitioners, this paper aligns academic research with industry needs,
ultimately providing guidance on future research directions and applications.
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1. Introduction

Industrialized construction is a method of construction that promotes the advancement of the
process from design through construction by employing intelligent manufacturing and automation.
Many other interchangeable terms have been used to describe industrialized construction, such as
off-site construction [1], prefabricated construction [2], modular construction [3], and manufactured
homes [4]. There are differences between the definition and scope of these terms. In addition,
industrialized construction works can be divided into four categories depending on the level of
prefabrication (Figure 1).
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Figure 1. Level of prefabrication (adopted from [5]).

The benefits of industrialized construction have been well-explored. Some common arguments
for industrialized construction being better than traditional construction include reducing construction
cost, reducing construction time, and reducing labor [6–9]. Therefore, industrialized construction
projects have increased gradually in the United States. According to the 2018 Manufactured Housing
Institute (MHI) report, 93,000 new modular residential homes were produced in 2017, approximately
9% of new single-family homes in the United States. However, industrialized construction still suffers
from some issues such as lack of mutual communication, lack of manufacturing and installation quality
inspection systems, and low supply chain efficiency [10–12]. These issues may hamper the performance
of industrialized construction and hinder the process of replacing traditional construction methods.
Meanwhile, the factory-based nature of industrialized construction makes it easier to adopt the Industry
4.0 emerging technologies than traditional construction. The application of emerging technologies
has the potential to mitigate the influence of these issues and further promote the development of
industrialized construction.

Industry 4.0 is used to describe the tendency towards digitization, automation of the manufacturing
environment. Many emerging technologies that enable the development of an automated and
digital manufacturing environment are included within the concept of Industry 4.0 [13]. In recent
years, many new emerging technologies have been implemented into the modular construction
production process in order to better exploit the advantages and overcome the challenges brought
by industrialization. For example, [6] proposed a prefabricated component management system
framework with the assistance of RFID (Radio Frequency Identification) and BIM (Building Information
Modeling) technology. [14] adopted visual sensors for quality supervision on light-gauge steel frame
production. Several researchers [1,15] claim that the combination of new technologies can significantly
improve the management level of the industrialized construction project.

Despite the increasing amount of research in academia, the studies focusing on the development
of emerging technology in the actual industrialized construction industry is limited. Our preliminary
study [16,17] distributed a questionnaire survey to the construction practitioners in the United States
to collect practitioners’ perceptions toward emerging technologies. Results indicate a discrepancy
in the needs of emerging technology in industrialized construction between academia and industry.
Specifically, the majority of the respondents agreed that the applications of technologies in the actual
industrialized construction industry are relatively scarce. However, our preliminary research is based on
a limited number of cases (i.e., 20 valid responses). Some gaps also still exist by reviewing recent years’
research and practice: (1) previous research (e.g., [18]) have systematically categorized the emerging
technologies in the manufacturing industry. However, the current mainstream technologies and the
technologies with the greatest development potential in the actual industrialized construction industry
remain unknown; (2) there have been limited studies focusing on the perceptions of practitioners
towards potential barriers and benefits of emerging technologies in the industrialized construction
despite these barriers and benefits having been identified in previous studies (e.g., [19,20]); (3) there
have been limited investigations on whether practitioners’ company background and career profile can
affect their perceptions on the implementation of emerging technologies in industrialized construction.
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Filling these gaps can help adjust current research focus and give guidance on future research direction
within the domain. It is also essential for the development and adoption of new technology.

Therefore, this paper aims to provide an in-depth understanding of industry practitioners’ attitudes
towards the adoption of emerging technologies in the U.S. industrialized construction. The main
objective of this paper is to answer the following four research questions:

1. What are the technology types with the highest current utilization level and future
investment level?

2. What are the major factors, including benefit and challenge variables that affect the
implementation of emerging technologies in industrialized construction?

3. Does the company background (i.e., type and size) of the practitioner affect their perceptions
on the implementation of emerging technologies in industrialized construction?

4. Does the career profile (i.e., experience and position) of the practitioner affect their perceptions
on the implementation of emerging technologies in industrialized construction?

This paper collectively adopts industrialized construction to contain all-inclusive terms referring
to the process of production, transportation, and assembly of either prefabricated systems, components,
or building structures. It includes all levels of prefabrication and types of off-site construction practices.
This paper contributes to the body of knowledge of the industrialized construction by conducting a
qualitative study that identifies the current and promising technologies, discusses the major benefits
and barriers of implementing emerging technologies, and addresses practitioners’ perceptions of
emerging technology.

2. Background

Recently, the manufacturing industry is experiencing the fourth Industrial Revolution, also referred
to as Industry 4.0, that revolves around cyber-physical systems (e.g., the Internet of Things and
Artificial Intelligence) and the tendency towards digitization and automation of the manufacturing
environment [21]. Various types of emerging technologies under the concept of Industry 4.0 have been
used in manufacturing sectors for the purpose of productivity improvement. Despite the construction
industry often being blamed for its reluctance to implement emerging technologies and non-traditional
management methods, some recent research attempted to integrate Industry 4.0 emerging technologies
to keep up the pace with the other manufacturing sectors. Some technologies that are specific to the
construction industry have also been developed. The incorporation of emerging technologies can help
realize the expected performance improvement and benefits brought by industrialized construction.
Meanwhile, the implementation of emerging technology might also bring some challenges to existing
industrialized construction industry. The following sections will briefly introduce the emerging
technologies existing in the manufacturing sector and what benefits and challenges they bring into the
construction industry.

The new generation of smart machinery of Industry 4.0 is capable of monitoring the physical
environment, performing functions with little or no direct human control, and also interacting with the
cloud databases to create a gateway for implementing Cyber-Physical Systems (CPS) [19]. Various
simulation and optimization algorithms are applied intensively to optimize the products, material,
and production processes by mirroring the physical world in a virtual model [22]. Advanced data
analytic techniques such as big data and machine learning are adopted in order to deal with the
complex and intensive knowledge, and data that appeared within the Industry 4.0 [19,20].

One of the base techniques to support Industry 4.0 is digital fabrication, which is a fabrication
process controlled by a computer [19]. Another base technique to support Industry 4.0 is the Internet of
Things (IoT), referring to numerous connected devices that rely on sensory, communication, networking,
and information techniques [19,20]. Regarding sensing technologies, many sensing techniques such as
digital imaging and laser scanning are often applied to collect data from real project conditions [18].
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2.1. Technologies in the Construction Sector

Technologies and techniques from the manufacturing sector have been increasingly adopted into
the construction industry. This new wave, called Construction 4.0, adopts automation, lean principles,
digital technologies, and manufacturing techniques for offsite construction [23]. Information and
communication technologies that enable smart and connected cities, such as Cyber Physical Systems
(CPS) and the Internet of Things (IoT), are also on the rise [24]. The information integration
system is also emerging in the construction industry for coordination, design documents sharing,
and communication between project sectors. Effective information sharing and integration can be
realized by existing Cloud-based business information models such as Enterprise Resource Planning
(ERP), and self-designed system integration applications. Additive manufacturing refers to the
manufacturing technique that builds 3D objects by adding layer-upon-layer of material, which enables
the automatic manufacturing of complex architectural components without extra labor costs.

Digital design, known as Building Information Modeling (BIM), is the central technology for
the digitization of the construction environment and project delivery. The emergence of BIM tools
also adds parametric and standard features into the 3D geometries and expands the application
of 3D models. BIM enables the fusion of other technologies needed for various applications for
construction [25,26]. The development in BIM now goes beyond 3D and creates the 4D (time), 5D (cost),
or 6D (quality) models. Furthermore, Augmented Reality (AR), Virtual Reality (VR), and Mixed Reality
(MR) are getting attention for visualization of design information, creating real-and-virtual combined
environments, and human-machine interactions.

2.2. Benefits and Challenges

The variety of technologies and techniques can bring a multitude of benefits to the industrialized
construction industry. IoT technologies have been shown to increase construction safety and
productivity [27]. The quality of component manufacturing [14] and on-site installation [28] can be
improved based on the quality inspection system using laser scanning, industrial cameras, and BIM.
The total construction cost and time can also be reduced through the application of optimization
and algorithms [29,30]. In addition, the requirements on labors can be eliminated through digital
fabrication and automation techniques. 3D visualization techniques can help to train construction
workers to understand the component assembling sequence better and thus enable the effective
transfer of industrialization knowledge [31]. Other benefits that emerging technologies can bring to
the industrialized construction include sustainability and improved flexibility [32].

Even with the multitude of benefits, there have been many challenges for integrating new
technologies. Pervasive conservatism in the construction industry may become one of the challenges.
Companies and workers from the construction industry are often unwilling to accept the innovation
due to the reasons including lack of reliable hardware or software [33], increased capital cost [14],
increased operation complexity [34], lack of standards [34], unawareness of the benefits [35],
worker push-back [36], and unwillingness to change [37]. In addition, the lack of interoperability
(i.e., compatibility) between various software and equipment is another major challenge that needs to
be addressed [24]. The isolation between different systems would cause errors, omissions, or data loss
when information is transferred from the application to application [34]. Furthermore, information
privacy and security issues are also the challenges that might impede the development of interoperability
between different technologies [19].

3. Research Methodology

This paper aims to have an in-depth understanding of industry practitioners’ attitudes towards
the adoption of emerging technologies in industrialized construction in the United States. In order
to answer the four research questions proposed in the Introduction section, this research applies
the following methodology: (1) literature review; (2) interviews; (3) questionnaire survey design,
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distribution, and collection; and (4) data analysis. The scope of this research focuses on analyzing
industry practitioners’ current state and future expectation of technology applications, and their
views on the general benefits and technologies that emerging technologies could bring. The benefits
and challenges specific to each technology are not included. In addition, this research only focuses
on the U.S. construction industry and thus all the respondents are working in the United States.
Due to the difference in the economy, society, and culture, the results and discussion obtained from
this research may not be applicable to other countries. Industry practitioners are asked through a
survey to evaluate their implementation of emerging technologies from four aspects, including current
technology utilization level, future technology investment level, potential benefits, and challenges.
The specific applied methods are presented in the following subsections.

3.1. Pilot Study

The pilot study focused on collecting the information necessary for designing the survey by
reviewing academic literature and interviewing industry experts. Based on preliminary research [16,17],
technologies that have already been applied or have the potential to be applied in the industrialized
construction industry were grouped into twelve categories (See Table 1). Similarly, nine major benefit
variables and ten major challenge variables that might be encountered during the implementation of
the emerging technologies in industrialized construction were also summarized (See Table 2).

Table 1. Technology categorization.

Label Category Example

T1 Business information system
Enterprise Resource Planning (ERP), Geographical
Information Systems (GIS), and Product Life-cycle

Management (PLM)

T2 Self-designed system integration Cloud-based life-cycle prefabricated component
management system

T3 3D and nD model BIM-based 3D, 4D (time), 5D (cost) or 6D (quality) models
T4 Design optimization Automated rule checking and constructability validation

T5 Extended reality Augmented Reality (AR), Virtual Reality (VR), and Mixed
Reality (MR)

T6 Sensing technology Photogrammetry, digital imaging, laser scanning, and
temperature sensors.

T7 IoT (Internet of Things) IoT network, Wireless Sensor Networks (WSN) devices,
RFID and Bluetooth

T8 Optimization model and simulation Constraint optimization, linear programming,
and genetic algorithm

T9 Advanced data analytic Big data and artificial intelligence

T10 Digital fabrication
Computer Numerical Controlled (CNC) machine,

Programmable Logic Controllers (PLC), and Production
Control System (PCS)

T11 Smart machinery Automatic guided vehicle and drones
T12 Additive manufacturing 3D printing

Table 2. List of benefit and challenge variables.

Label Benefit Label Challenge

B1 Improved quality C1 High capital costs
B2 Reduce construction cost C2 Continuous demand for upgrading hardware and software

B3 Reduce construction time C3 Lack of software or hardware compatibility, applicability,
and practicability

B4 Reduce labor C4 Lack of skilled workers and experienced professionals
B5 Improve flexibility C5 Cultural resistance to change
B6 Environmentally friendly C6 Information security limitation and cybersecurity risk
B7 Improved safety C7 Difficulty in measuring profit and assessing investments
B8 Promotion of industrialization C8 Lack of standards, laws, and regulations
B9 Better information sharing and collection C9 Lack of software or hardware reliability

C10 Lack of technical training and high cost of education
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Afterward, four experts experienced in industrialized construction, including two construction
management professors and two project managers from the modular construction company,
were invited to a pilot interview to evaluate the rationality of the collected information. The purpose
of this pilot interview was to evaluate whether the information retrieved from the literature is in
line with the actual situation. The results of the interview validated the feasibility of the technology
categorization and the existence of the selected benefits and challenges in the actual industry.

3.2. Survey Design

Based on the information collected from the pilot study, a four-part online survey was designed
to collect industry practitioners’ perspectives. The first part introduced the objectives of this survey
and had a brief introduction of the concepts about industrialized construction and each category
of emerging technologies. The second part asked the respondents’ basic background information,
which included company type, their company annual revenue, occupation type, and working
experience. This part also has some multiple-choice questions that collect respondents’ past experience
on industrialized construction projects (e.g., Have you utilized any industrialized construction
strategies? Which type of projects have you utilized industrialized construction strategies?) and
the locations of their industrialized construction projects. Question types included single-choice,
multiple-choice, and text entry. The third part of the survey asked the respondents to rate their current
utilization level and expected future investment level for each technology type in industrialized
construction projects separately using a four-point scale (i.e., 1 = none, 2 = low level, 3 = medium level,
4 = high level). In the fourth part, respondents were requested to rate the impacts of identified benefit
and challenge variables on their decisions to adopt emerging technologies using a four-point rating
scale (i.e., 1 = none impact, 2 = low impact, 3 = moderate impact, 4 = high impact). A four-point rating,
instead of a five-point or three-point rating, was used because it could avoid respondents’ selecting
middle, non-committing answers [38].

Afterward, the survey was sent to the same two project managers interviewed in the pilot to solicit
feedback on the design, format, and content. In particular, some concepts extracted from academic
literature might be a bit obscure for industry practitioners. These concepts were either reworded or
clarified in additional notes. The survey was then updated accordingly, and the final version was
published on the professional platform Qualtrics for distribution.

3.3. Survey Distribution and Collection

A snowball sampling method was utilized to distribute the survey. This method ensured a
comprehensive and extensive delivery to people within the same domain [39]. Twenty people,
including eight manufacturers, four designers, and eight project managers from several modular
construction companies in Florida, were selected as the initial respondents. They were then requested
to answer the survey and distribute it to other knowledgeable participants working in the United States
such as developers, modular homes designers, prefabricated components manufacturers, and the
prefabrication general contractors. The respondents were sent e-mails containing the hyperlinks to
access the survey. The survey distribution lasted for one month, starting from August 9 to September
9, 2019. The exact number of distributions could not be determined because according to the snowball
distribution method, the initial respondents have been requested to distribute the survey link to any
others they thought were appropriate.

3.4. Data Analysis

Respondents were also requested to evaluate their application of emerging technologies on
four aspects: current technology utilization level, future technology investment level, benefits,
and challenges. Some statistical methods were implemented to analyze the collected rating scores,
including Cronbach’s coefficient alpha, average score ranking analysis, Shapiro–Wilk test, Analysis of
Variance (ANOVA), Kruskal–Wallis test, and factor analysis.
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3.4.1. Data Reliability

It was necessary to check the reliability of the scaled responses before the detailed analysis.
The Cronbach’s coefficient alpha for internal consistency test was applied to test each item to ensure the
reliability of the data. The value of Cronbach’s coefficient alpha should fall between 0 and 1. The closer
the score is to 1, the greater the reliability of the data.

3.4.2. Average Score Ranking

The average score ranking analysis was applied to compare the importance level of specific items.
The technology type with a high average score in current utilization and future investment level was
regarded as the technology type that practitioners put a priority on. Technology type with a low score
would indicate that it is not widely used. In addition, another indicator named development potential
level was applied, which was the difference between the future investment level and current utilization
level. It was assumed that the higher the development potential level is, the greater the potential is
for the future development of the corresponding technology. Among benefit and challenge variables,
those with the highest score were regarded as the major variables that influenced the adoption of
emerging technologies. By comparison, a low impact level or lack of sufficient understanding from the
respondents were considered to be the reasons that caused the low scores of specific variables. Results
of the average score ranking analysis can be used to answer the first and second research questions.

3.4.3. Inter-Group Comparison

In addition to the overall analysis, it was necessary to investigate whether there existed significant
differences in the perspectives of respondents from different companies or with different positions.
Two methods that were commonly used for inter-group comparison: Analysis of Variance (ANOVA),
which is a commonly used parametric statistical method that can investigate the differences between
group means, and the Kruskal–Wallis test, which is a rank-based non-parametric statistical test.
The application of parametric statistical tests was based on the assumption that data are normally
distributed while non-parametric tests have no such assumption. Thus, it was necessary to adopt
the Shapiro–Wilk test to test the normality of the data and therefore determine which method would
be used for inter-group comparison [40]. If the p-value of the Shapiro–Wilk test was less than 0.05,
then the data were not normally distributed, and the Kruskal–Wallis test would then be applied for
inter-group comparison. Otherwise, the ANOVA would be adopted.

The respondents were grouped separately according to company type, company size, occupational
positions, and working experience. Under each grouping, the research hypotheses would be set that
practitioner’s perceptions are affected by the corresponding case. An ANOVA or Kruskal–Wallis
test would then be applied to investigate whether there were significant differences on the ratings of
respondents from different subgroups. If the generated p-value (i.e., probability value) was less than
0.05, then the null hypotheses were rejected and the research hypotheses were supported, which means
there existed significant differences among the respondents’ attitudes from different groups. Results of
the inter-group comparison would be used to answer the third and fourth research question.

3.4.4. Factor Analysis

In addition, this research had listed multiple benefit and challenge variables during the
implementation of emerging technologies. Collapsing a large number of original variables into
a few interpretable underlying factors would enable a better understanding of the situation and put
forward associated measures to promote the development of emerging technologies in industrialized
construction. Factor analysis is a statistical method to describe variability among observed, correlated
variables in terms of a potentially lower number of unobserved variables called factors [41]. In previous
studies, factor analysis techniques were adopted to identify the factors associated with potential
barriers that influence the adoption of offsite methods in housing construction [38,42]. This research



Buildings 2020, 10, 85 8 of 21

adopted factor analysis to extract the major factors that promote or impede the application of
emerging technologies in industrialized construction from the listed benefit and challenge variables.
The Kaiser–Meyer–Olkin (KMO) measure of sampling adequacy and the Bartlett test of sphericity
were also conducted to examine the feasibility of conducting a factor analysis method. The KMO
statistic varies between zero and one. A KMO value close to one would indicate a strong correlation
among variables and would verify the appropriateness for factor analysis. It was believed that the
sample would be appropriate for factor analysis if KMO value was larger than 0.5 [43]. Bartlett’s test
of sphericity focused on testing whether a correlation matrix was an identity matrix, which would
indicate that the variables were unrelated and thus not appropriate for factor analysis. If the p-value of
Bartlett’s test was smaller than 0.05, then the population correlation matrix would not be an identity
matrix, and thus it would be suitable for factor analysis.

4. Results

This section presents the respondents’ demographic information as well as the data analysis
results. Specifically, the overall analysis results of technology utilization can help answer the first
research question (“What are the technology types with the highest current utilization level and future
investment level?”); the inter-group comparison results of technology utilization level help answer the
third research question (“Does the company background (i.e., type and size) of the practitioner affect
their perceptions on the implementation of emerging technologies in industrialized construction?”);
the overall analysis results of benefit and challenge variables answer the second research question
(“What are the major factors, including benefit and challenge variables, that affect the implementation
of emerging technologies in industrialized construction?”); and the inter-group comparison results
of benefit and challenge variables answer the fourth research question (“Does the career profile
(i.e., experience, position) of the practitioner affect their perceptions on the implementation of emerging
technologies in industrialized construction?”).

4.1. Respondents’ Demographics

A total of 99 responses are received, in which 81 respondents (82%) are regarded as valid responses
since they meet the criteria. As seen in Figure 2, the component manufacture and sub-assembly
technique, that is the lowest level of prefabrication, is the most widely applied prefabrication
technique. Additionally, commercial/institutional, multi-family, and education projects are the top
three industrialized project types that respondents have participated. In addition, the locations of
respondents’ industrialized projects are scattered in different places in the United States.

Respondents are from different types of companies, in which more than half are from the
construction company (Table 3). The annual revenue of respondents’ organization is used to serve
as an indicator of company size: the companies with annual revenue less than $100 million USD
are categorized into small-size; those with annual revenue within the range of $100 million to
$1 billion USD are medium-size; those with annual revenue greater than $1 billion USD are large-size.
The working positions of respondents are also divided into different types where engineering and
designing include civil engineer, mechanical engineer, electrical engineer, architect, interior designer,
and structural designer; the project management group includes project manager, assistant project
manager, and project executive; the management group contains the other managerial positions
besides the project managers. In addition, the respondents are divided into three groups according to
their working experience: the respondents with industry working experience less than 5 years are
categorized as junior; those with industry working experience within the range of 5 and 15 years are
categorized as middle; those with experience greater than 15 years are categorized as senior.
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Table 3. Respondents’ demographics.

Background Frequency Percentage

Company Type
Component Manufacturer 8 9.9%

Construction Company 43 53.1%
Consultant Organization 15 18.5%

Developer 15 18.5%
Company Size

Small-Size 23 28.4%
Medium-Size 25 30.9%

Large-Size 33 40.7%
Working Position

Engineering and Designing 25 30.9%
Management 21 25.9%

Project Management 35 43.2%
Working Experience

Junior 35 43.2%
Middle 15 18.5%
Senior 31 38.3%
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4.2. Technology Utilization

4.2.1. Overall Analysis

First, Cronbach’s coefficient alpha values for all twelve technology types in utilization level and
future investment level are all around 0.92, which identifies the reliability of the data. Based on average
score ranking analysis on total data, Figure 3 summarizes the average current utilization level and
average future investment level of 12 technology types. The standard deviations for these technology
types are all around 0.9. Due to limited space, all technology types are represented by corresponding
labels, and readers can refer to Table 1 for the meaning of each label. Accordingly, 3D and nD (T3),
business information model (T1), and sensing technology (T6) have the highest scores in both the
average current utilization level and average future investment level.

 
Figure 3. Average scores of current utilization level and future investment level. 
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Figure 3. Average scores of current utilization level and future investment level.

4.2.2. Inter-Group Comparison

Shapiro–Wilk test results indicate that for all technology types, the p-values are all smaller than
0.05, which means data are not normally distributed, and the Kruskal–Wallis test should be used for
inter-group comparison. Respondents are divided into different groups according to different company
types, company sizes, position types, and working experience. Tables 4 and 5 present each group’s
average current utilization level and average future investment level of each technology type, as well
as the overall average scores of all technology types. Kruskal–Wallis test results for the inter-group
comparisons are also presented in Tables 4 and 5.

First, among four types of company, component manufacturers have the highest score of overall
average current utilization level (2.14) and overall average future investment level (2.96). By comparison,
developers have the lowest overall average current utilization level (1.67), and construction companies
have the lowest overall average future investment level (2.5). Kruskal–Wallis test results indicate that
other than autonomous machinery (T11), there is no significant difference on the current utilization
level and future investment level of each technology type between four company types.
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Table 4. Comparison of utilization level between different groups of respondents.

Label
Company Type a Company Size b Working Experience c Position d

CM CC CO D Ke L M S Ke S M J Ke E M P Ke

T1 2.25 2.26 2.73 2.07 0.40 2.65 2.16 2.18 0.22 2.40 2.37 2.19 0.77 2.62 2.28 2.12 0.36
T2 2.63 2.26 2.00 1.87 0.47 2.35 2.28 1.97 0.46 2.60 2.29 1.84 0.10 2.46 2.00 1.91 0.34
T3 3.13 2.77 3.00 2.20 0.16 2.91 2.52 2.79 0.47 2.73 2.86 2.61 0.69 3.31 2.33 2.53 0.03
T4 2.13 2.33 2.40 1.80 0.51 2.61 2.08 2.06 0.22 2.53 2.23 2.06 0.50 2.38 2.06 1.76 0.02
T5 1.38 1.65 1.73 1.60 0.81 1.87 1.60 1.48 0.24 1.33 1.86 1.52 0.08 1.69 1.56 1.62 0.74
T6 2.88 2.37 2.40 2.00 0.42 2.35 2.32 2.39 0.97 2.53 2.34 2.29 0.81 2.31 2.22 2.12 0.33
T7 2.00 2.19 2.07 1.87 0.82 2.39 1.96 1.97 0.32 1.60 2.34 2.03 0.10 2.69 2.11 1.88 0.22
T8 1.75 1.95 1.87 1.87 0.97 1.87 1.88 1.94 0.97 2.47 1.83 1.71 0.10 1.77 1.89 1.59 0.24
T9 1.25 1.72 1.60 1.67 0.72 1.87 1.60 1.52 0.46 1.80 1.74 1.45 0.44 1.85 1.67 1.50 0.66

T10 2.25 1.58 1.93 1.47 0.19 1.70 1.80 1.61 0.76 1.53 1.71 1.74 0.79 2.31 1.50 1.50 0.02
T11 2.75 1.47 1.73 1.73 0.02 1.61 1.64 1.79 0.79 2.00 1.60 1.65 0.45 1.92 1.39 1.47 0.07
T12 1.25 1.53 1.53 1.67 0.75 1.70 1.52 1.42 0.51 1.87 1.43 1.48 0.23 1.62 1.44 1.35 0.23

Overall 2.14 2.01 2.08 1.67 0.72 2.16 1.95 1.93 0.49 2.12 2.05 1.88 0.53 2.24 1.87 1.78 0.05

Table 5. Comparison of future investment level between different groups of respondents.

Label
Company Type a Company Size b Working Experience c Position d

CM CC CO D Ke L M S Ke S M J Ke E M P Ke

T1 3.13 2.72 3.40 2.80 0.18 3.13 2.80 2.82 0.49 2.90 2.93 2.89 0.99 3.23 3.06 2.65 0.11
T2 3.25 2.67 2.47 2.60 0.52 2.65 2.72 2.67 0.98 2.48 3.27 2.60 0.11 3.00 2.83 2.32 0.06
T3 3.63 3.26 3.47 3.07 0.61 3.35 3.32 3.24 0.93 3.29 3.27 3.31 0.99 3.92 2.94 3.12 0.06
T4 2.50 2.65 2.93 2.47 0.75 2.78 2.76 2.48 0.59 2.52 2.67 2.77 0.71 2.92 2.56 2.32 0.04
T5 2.75 2.51 2.47 2.67 0.92 2.70 2.56 2.45 0.75 2.42 2.13 2.86 0.09 2.69 2.33 2.53 0.38
T6 3.63 2.63 3.00 2.60 0.18 2.78 2.76 2.82 0.99 2.81 2.73 2.80 0.98 2.54 2.72 2.53 0.36
T7 2.88 2.63 2.93 2.40 0.66 2.87 2.56 2.61 0.66 2.61 2.20 2.91 0.18 3.23 2.78 2.41 0.10
T8 2.50 2.26 2.87 2.40 0.40 2.35 2.40 2.48 0.91 2.35 2.67 2.37 0.67 2.69 2.33 2.15 0.13
T9 2.00 2.30 2.67 2.33 0.65 2.35 2.28 2.39 0.94 2.13 2.60 2.43 0.42 2.62 2.39 2.12 0.34

T10 3.00 2.07 2.53 2.27 0.21 2.04 2.52 2.27 0.42 2.39 2.27 2.20 0.83 2.92 2.11 2.03 0.04
T11 3.38 2.12 2.60 2.40 0.07 2.22 2.32 2.55 0.62 2.35 2.73 2.26 0.48 2.46 2.11 2.18 0.23
T12 2.88 2.14 2.60 2.40 0.28 2.13 2.40 2.45 0.56 2.29 2.73 2.23 0.34 2.46 2.22 2.15 0.28

Overall 2.96 2.5 2.83 2.53 0.44 2.61 2.62 2.60 0.99 2.55 2.68 2.64 0.87 2.83 2.53 2.38 0.05

Note (these rules are applicable for Tables 4–7.): a Respondents are grouped according to company type. CM represents construction manufacturers; CC represents construction companies;
CO represents consultant organizations; D represents developers. b Respondents are grouped according to company size. L represents large-size companies; M represents medium-size
companies; S represents small-size companies. c Respondents are grouped according to working experience. S represents the senior group; M represents the middle group; J represents the
junior group. d Respondents are grouped according to position type. E represents the engineering and designing group; M represents the management group; P represents the project
management group. e Denotes significance level of Kruskal–Wallis test. The bold-type values are those with values less than 0.05, which means that there exists a significant difference
between different groups.
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Then, in terms of different company sizes, it is found that large-size companies have the highest
overall average current utilization level (2.16). Regarding the overall average future investment
level, three groups are very close to each other. Moreover, the small-size companies have the lowest
overall average current utilization level and future investment level (1.93) of all technology types.
The differences in current utilization level and future investment level between companies of different
sizes are not significant according to Kruskal–Wallis test results.

In terms of working experience, the senior group is with the highest overall average current
utilization level (2.12). The junior group lags in the overall average current utilization level (1.88)
behind the middle and senior group. In addition, the middle group is in the leading position in the
overall average future investment level (2.68), with the senior group having the lowest score (2.55).
Kruskal–Wallis test results indicate no significant differences in the current utilization level and future
investment level of each technology type between practitioners with different working experience.
In addition, it is surprisingly found that the future investment level of machinery (T11) and additive
manufacturing (T12) have achieved relatively high scores in the middle group. The junior group has a
relative high score on the future investment level extended reality (T5).

Regarding different working positions, the engineering and designing group has the highest score
in both the overall average current utilization level (2.24) and overall average future investment level
(2.83), with the project manager group being the lowest (1.78 and 2.38). Based on Kruskal–Wallis
test results, other than 3D and nD models (T3), design optimization (T4), and digital fabrication
(T10), respondents from different positions have not presented significant disagreements on current
utilization level and future investment level of the rest of technology types.

4.3. Benefits and Challenges

4.3.1. Overall Analysis

The Cronbach’s coefficient alpha value for all benefit and challenge variables’ ratings are all around
0.90, which identify the reliability of the data. Nine benefit and ten challenge variables are ranked
according to average scores of total data, which are presented in Figure 4. The standard deviations for
these benefits and challenges are all around 1. The top three benefit variables with the highest average
scores are reducing construction cost (B2), reducing construction time (B3), and improved quality (B1).
In addition, three challenge variables with the highest average scores include high capital costs (C1),
continuous demand for upgrading hardware and software (C1), and lack of software or hardware
compatibility, applicability, and practicability (C3).

4.3.2. Inter-Group Comparison:

Shapiro–Wilk test results indicate that the p-values are all smaller than 0.05 for all benefit and
challenge variables, which means that the Kruskal–Wallis test should be used for inter-group comparison.
The average scores of each variable and the overall average scores of all variables for different groups,
as well as Kruskal–Wallis test results, are presented in Tables 6 and 7. Among four different company
types, the overall average score of all benefit variables (3.17) for consultant organizations are the highest
and developers are the lowest (2.93). For the overall average score of challenge variables, component
manufacturers are the highest (3.16), with developers still being the lowest (2.83). With p-values all
larger than 0.05, it indicates no significant differences in the rating for benefit and challenge variables
between four company type groups.

Regarding different sizes of company, large-size companies still lead in the overall average scores
of benefit (3.22) and challenge variables (3.02), with the medium-size companies have the lowest value
(2.91 and 2.74). Kruskal–Wallis test results indicate that differences on the rating for each benefit and
challenge variable between three groups are not statistically significant.

In terms of three groups according to working experience, the senior group has the largest score
in overall average scores of benefit (3.23) and challenge (3.07) variables, and the middle group has the
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lowest value (2.91 and 2.74). Kruskal–Wallis test results show that respondents with different working
experiences show disagreement on several benefit (e.g., B3, B4, B6, and B9) and challenge (e.g., C1, C2,
C4, and C10) variables.

Among three groups with different position types, the engineering and designing group has the
highest value in overall average benefit (3.4) and challenge (3.12) variables, and the managerial group
has the lowest value (2.87 and 2.48). It is presented by the Kruskal–Wallis test that respondents from
different positions present significant disagreements on challenge variables (e.g., C4, C5, and C10).
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Table 6. Comparison of benefit variables between different groups of respondents.

Label
Company Type a Company Size b Working Experience c Position d

CM CC CO D Ke L M S Ke S M J Ke E M P Ke

B1 3.63 3.19 3.67 3.13 0.17 3.57 3.08 3.30 0.16 3.45 3.07 3.29 0.37 3.54 3.11 3.29 0.43
B2 3.50 3.58 3.53 3.27 0.74 3.70 3.28 3.55 0.30 3.58 3.13 3.60 0.23 3.38 3.33 3.68 0.58
B3 3.25 3.42 3.40 3.53 0.92 3.52 3.24 3.48 0.49 3.68 2.80 3.46 0.01 3.54 3.28 3.53 0.66
B4 3.38 3.19 3.13 3.27 0.94 3.43 3.00 3.21 0.31 3.48 2.60 3.23 0.01 3.38 3.06 3.38 0.22
B5 2.38 3.14 3.40 3.00 0.12 3.30 2.88 3.09 0.34 3.10 2.67 3.26 0.15 3.46 2.89 3.24 0.26
B6 2.63 2.86 2.80 2.67 0.90 2.91 2.76 2.73 0.80 2.94 2.13 2.94 0.03 3.23 2.50 2.82 0.24
B7 3.25 3.28 3.47 2.73 0.21 3.13 3.16 3.30 0.79 3.42 2.67 3.26 0.05 3.54 2.78 3.38 0.11
B8 2.88 2.56 2.73 2.53 0.80 2.83 2.60 2.48 0.44 2.74 2.33 2.63 0.42 3.15 2.22 2.62 0.12
B9 3.50 3.09 3.27 2.73 0.30 3.22 2.96 3.12 0.67 3.19 2.27 3.37 0.00 3.38 2.67 3.21 0.12

Overall 3.17 3.06 3.21 2.93 0.82 3.22 2.91 3.10 0.45 3.23 2.50 3.18 0.01 3.4 2.87 3.24 0.14

Table 7. Comparison of challenge variables between different groups of respondents.

Label
Company Type a Company Size b Working Experience c Position d

CM CC CO D Ke L M S Ke S M J Ke E M P Ke

C1 3.75 3.28 3.47 3.53 0.53 3.57 3.16 3.48 3.57 3.68 2.80 3.43 0.01 3.54 3.06 3.47 0.17
C2 3.50 3.16 3.20 3.07 0.77 3.39 2.84 3.30 3.39 3.29 2.60 3.34 0.03 3.15 2.67 3.32 0.10
C3 3.50 3.07 3.27 3.07 0.60 3.26 2.88 3.27 3.26 3.32 2.67 3.20 0.06 3.38 2.67 3.21 0.05
C4 3.13 3.12 3.33 3.00 0.82 3.35 2.96 3.12 3.35 3.42 2.40 3.20 0.00 3.38 2.78 3.26 0.03
C5 3.13 2.93 2.93 2.80 0.91 3.04 2.76 2.97 3.04 3.00 2.40 3.09 0.07 3.31 2.44 3.12 0.03
C6 2.25 2.60 2.80 2.27 0.42 2.65 2.40 2.58 2.65 2.58 2.00 2.74 0.06 2.77 2.17 2.62 0.18
C7 3.38 2.79 2.67 2.73 0.42 2.91 2.56 2.94 2.91 2.87 2.33 2.97 0.16 2.92 2.50 2.91 0.44
C8 3.13 2.35 2.40 2.67 0.16 2.52 2.40 2.55 2.52 2.68 2.20 2.46 0.27 2.77 2.11 2.50 0.17
C9 2.75 2.56 2.27 2.40 0.66 2.61 2.48 2.42 2.61 2.61 1.93 2.63 0.05 2.54 2.11 2.53 0.37

C10 3.13 2.95 3.13 2.73 0.66 2.87 2.96 3.03 2.87 3.23 2.33 3.00 0.01 3.46 2.33 3.18 0.00
Overall 3.16 2.88 2.95 2.83 0.70 3.02 2.74 2.97 0.35 3.07 2.37 3.01 0.02 3.12 2.48 3.01 0.01
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4.4. Factor Analysis

Factor analysis is implemented on benefit and challenge variables separately, whose results are
presented in Tables 8 and 9. When conducting the factor analysis on benefit variables, the KMO value
is 0.88 and the significance level of Bartlett’s test is 0.00, which all prove the appropriateness of using
factor analysis. The factor analysis extracted two factors in explaining approximately 67% of variances.
The first factor is named “project input” and consists of B2, B3, and B4. The second factor is named
“project output”, including B1, B5, B6, B7, B8, and B9.

Table 8. Factor analysis on benefit variables.

Benefits
Latent Factors

Factor 1 Factor 2

B2 0.874 0.118
B3 0.873 0.309
B4 0.769 0.327
B8 0.058 0.839
B9 0.207 0.754
B6 0.43 0.686
B5 0.483 0.641
B7 0.538 0.574
B1 0.428 0.562

Eigenvalues 5.017 1.051
Percentage of Variance (%) 55.749 11.679

Cumulative Percentage of Variance (%) 55.749 67.428

Table 9. Factor analysis on challenge variables.

Challenges
Latent Factors

Factor 1 Factor 2 Factor 3

C4 0.858 0.198 0.232
C10 0.810 0.340 0.239
C5 0.707 0.060 0.461
C9 0.094 0.744 0.302
C6 0.47 0.702 –0.180
C8 0.19 0.676 0.325
C7 0.131 0.631 0.411
C3 0.287 0.181 0.807
C2 0.212 0.243 0.780
C1 0.236 0.355 0.519

Eigenvalues 4.855 1.033 1.001
Percentage of Variance (%) 48.545 10.325 10.007

Cumulative Percentage of Variance (%) 48.545 58.871 68.878

For the factor analysis in challenge variables, the generated KMO value is 0.84, and Bartlett’s
test significance level is 0.000, which also proves the feasibility of factor analysis. Three factors have
been extracted, which explain approximately 69% of variances. The first factor is named as skills
and attitudes, which is comprised of C4, C10, and C5. The second factor is named as potential risks,
including C9, C6, C7, and C8. The third factor includes C1, C2, and C3, which is referred to as cost and
software constraints.

5. Discussion

Through the use of a questionnaire survey and various data analysis methods, this research
focuses on answering the four research questions proposed in the Methodology section. The results
can help identify the current development status and future development tendencies of emerging
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technologies in industrialized construction. The following subsections focus on summarizing several
major trends revealed from data analysis results and explaining the answers to four research questions.
Recommendations for future research directions are also proposed.

5.1. Current and Future of Technology Development

According to the ranking analysis, 3D and nD models, sensing techniques, and business
information models are the top three technology types with the highest current utilization level
and future investment level. It indicates that these three technologies are the most widely applied
techniques by practitioners in the industrialized construction projects. By comparison, the extended
reality, additive manufacturing, and advanced data analytics have the lowest current utilization level
but have the largest development potential level (i.e., gaps between future investment and current
utilization level). Therefore, more efforts are deserved to explore their applications in industrialized
construction projects. Extended reality, often combined with 3D models, has the potential to be applied
for construction safety improvement. Advanced data analytics, such as big data technology, has been
investigated for its application in the construction data-driven decision-making process. Additive
manufacturing techniques such as 3D printing is already being used in construction material property
testing. These techniques have the potential to enhance the industrialization performance further and
overcome the challenges that are difficult to be solved by currently mainstream techniques. Future
research is suggested to investigate the influence of these technologies into industrialized construction.

5.2. Factors that Affect Practitioners’ Decisions

5.2.1. Benefits that Affect Practitioners’ Decisions

First, factor analysis divided the nine benefit variables into two broad factors. Three variables
in the first factor (i.e., project input), namely reduce construction cost, reduce construction time,
and reduce construction labor, are also the benefits with the highest score. Variable improved quality
from the second factor (i.e., project output) is also among the top-scoring variables. These four benefit
variables can be regarded as the variables that practitioners are most concerned about when they
decide to adopt the emerging technologies in their industrialized construction projects. Research that
highlights these benefits can be better recognized by practitioners and better promoted in the industry.
Some benefits, such as the promotion of industrialization, environmental friendliness, and improved
flexibility, have not gained too much attention from practitioners.

For existing research, it is necessary to develop the measurement criteria that mainly evaluate
how emerging technology can affect the construction cost, time, labor requirement, and quality of the
industrialized construction project. The reduction in cost, time and labor, and an improvement of
quality should become the main goal and starting point of future research.

5.2.2. Challenges that Affect Practitioners’ Decisions

Factor analysis divided the ten challenge variables into three factors. It is found that three variables
in the third factor (i.e., cost and software constraints), that is high capital cost, continuous software
upgrading, and lack of software compatibility are exactly the top three variables with the highest scores.

First, the increased cost caused by the introduction of emerging technologies is made up of the
purchase of equipment, the building of software, personnel training, operation, and maintenance.
Recommendations for future research include conducting cost-benefit comparisons to prove the
feasibility of the system and introducing cost-effective technology types.

Next, information incompatibility between different systems and different versions of the same
system is another major challenge. Isolated systems can result in significant increases in cost and
resource consumption for actual practice. Therefore, it is necessary to connect sub-systems into a
single larger system that functions as one in future research. The integration of different standalone
systems can reduce the training time for administers to use multiple tools, getting access to data easier,
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better collecting, and analyzing of real-time data. Techniques such as ontologies and the semantic web
are encouraged to create the domain knowledge database to ensure the information interoperability
between isolated sub-systems.

5.3. Practitioners’ Perspectives Comparison between Different Groups

The Kruskal–Wallis test has been used to compare the differences between the views of respondents
from different groups. Kruskal–Wallis test results indicate that that practitioners’ company background
(i.e., type and size) may have little significant influence on their opinions towards the application of
emerging technologies, while their personal career profiles (i.e., working experience and position type)
may have significant influences on part of their perspectives.

However, some trends can be obtained by observing the slight differences between each group’s
overall average scores of four aspects (i.e., current utilization level, future investment level, benefit,
and challenge variables).

In terms of different company types, component manufacturers and consultant organizations
are ahead of the construction companies and developers in overall average scores of all four aspects.
This indicates that component manufacturers and consultant organizations are more inclined to
adopt technologies and have a clearer understanding of how each factor could affect the adoption of
technologies in industrialized projects. Developers have the lowest overall average scores in three
out of the four aspects (i.e., current utilization level, benefits, and challenges), which presents their
relatively lower utilization level of technologies and unknown of the related knowledge. However,
the overall average future investment level of developers is larger than construction companies.
This phenomenon expresses their relative interest in leveraging emerging technologies to facilitate their
work. Some technology-based applications, such as high-efficiency business information management
systems, have the potential to improve the working efficiency of the developers.

In terms of different company sizes, large-size companies lead in overall average scores of three
out of four aspects (i.e., current utilization level, benefits, and challenges). It implies that the companies
with higher revenue are more likely to adopt emerging technologies in their industrialized projects.
By comparison, the small-size companies put relatively fewer efforts on emerging technologies and thus
lack sufficient knowledge about potential benefits and challenges brought by emerging technologies.
However, the overall average future investment level of both the medium-size and small-size companies
are very close to that of the large-size company, which expresses their interest in the application of
emerging technologies in the future. As presented in Figure 4, high capital costs and lack of technical
training and the high cost of education are among the top-ranked barriers that affect the adoption
of technology for both medium and small-size companies. Therefore, more research is needed to
design appropriate training programs for project practitioners to effectively learn how to apply these
techniques and how the techniques can benefit their working procedures. Moreover, some measures,
such as the applications of low-price technology and effective cooperation between companies, should
be encouraged in order to promote the development of emerging technologies for medium-size and
small-size companies.

Compared to others, the senior group leads in overall average scores of three out of the four
aspects (i.e., current utilization level, benefits, and challenges). It could be explained by longer working
experience leading to more opportunities to get exposed to various types of technologies. However,
the practitioners with a lot of working experience lag behind in their expectations on future investment
levels of technologies. Smart machinery, additive manufacturing, and extended reality have received a
high level of future investment expectation from the middle group and junior group. This indicates that
practitioners with less working experience are more likely to hold open attitudes towards the adoption
of emerging technologies. There are relatively fewer expectations from practitioners with long working
experience on the future application of emerging technologies. The potential reason is that they are
conservative and reluctant to accept new working methods. According to this result, future research
can seek support from junior practitioners in the development and validation of research achievements.
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In terms of different working positions, engineers and designers lead in all four aspects. Overall
average current utilization level and overall average future investment level for managers and project
managers is relatively low. They also present a lack of knowledge about how technologies can benefit
or challenge their works in industrialized projects. However, various managers often play an important
role in deciding to adopt emerging technologies in the whole industrialized construction projects.
It is necessary to investigate how to apply various types of technologies to support the organization
management works of managerial practitioners. Therefore, they can better understand how various
types of technologies can support the whole industrialized construction. For example, advanced
data analytics can help the managers to understand employee behaviors, organization operation,
and market trends better. For project managers, they can also benefit from some technology-based
applications such as construction process tracking.

6. Conclusions

In recent years, the application of emerging technologies from Industry 4.0 has gradually received
attention from academia. However, research that investigates industry practitioners’ perspectives
towards the application of emerging technologies is lacking. Based on preliminary research, a survey
was designed and distributed to the industrialized construction industry practitioners through snowball
sampling methods. Respondents were requested to rate their technology utilization level and the
factors that affect their adoption of emerging technologies using a 1–4 scale. Based on the survey
results, it was identified that the current mainstream technology (i.e., 3D and nD models, sensing
techniques, and business information models) and the technology type with high development
potential in the future (i.e., extended reality, additive manufacturing and advanced data analytic).
By analyzing the benefit and challenge variables, it was found that project input (e.g., cost, time,
and labor), cost and software constraints (high capital costs, continuous software upgrading, and lack
of software compatibility) are the key factors that affect practitioners’ decisions to adopt emerging
technologies. Based on inter-group comparison, company background (i.e., type and size) had little
significant influence on practitioners’ opinions towards the application of emerging technologies,
while their personal career profiles (i.e., working experience and position type) could significantly
affect their perspectives. Even so, some tendencies were observed when comparing the overall
average scores of different groups. For example, developers were among the lowest for all of the
four aspects, with component manufacturers among the highest; large-size companies led in three
of all four aspects with the small-size company being lowest in all four aspects; the senior group
led three out of the four aspects except for future investment level; the engineer and designer group
perceived a higher score for all of the four aspects compared to project manager and manager. Based on
the results, several specific recommendations on future research have been summarized including:
(1) increasing the exploration of extended reality, additive manufacturing and advanced data analytics
in industrialized construction; (2) the reduction of cost, time and labor, as well as the improvement
on quality should become the main indicators to evaluate the practicability of the developed system;
(3) research on information interoperability should be emphasized; (4) designing technology-based
applications that can improve the working efficiency for managers or developers; (5) introducing
cost-effective technology types; (6) seeking for the support from junior practitioners in the development
and validation of research achievements.

The major contributions of this paper include: (1) identifying the current mainstream emerging
technologies and promising technologies in the actual industrialized construction; (2) identifying the
major benefits and barriers of implementing emerging technologies in the industrialized construction
projects; (3) identifying subgroup variations of perceptions towards applying emerging technologies in
the industrialized construction. Significantly, such a comprehensive analysis of practitioner viewpoints
can help promote the development of emerging technologies in the actual construction industry.
Moreover, it can help adjust the current research focus and give guidance on future research direction
within the domain.
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Despite the great benefits, this paper still has a few limitations. First, it is found that nearly half
of the respondents are from construction companies, which could cause bias in the survey results.
Second, the language and format of the survey still needs to be improved since some of the feedback
from the respondents present that they are unclear of the concepts of some technology types. Third,
this research just investigates the overall impact of using technology. The in-depth interviews can
be performed in the next step to specify impacts of each technology type further. Future research
should also focus on expanding sample size to improve the reliability of the survey data. In addition,
a model that specifies the relationship between the practitioners’ technology utilization level and their
company background and career profiles should be set up, which could become a useful utilization
level prediction and assessment tool.
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