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Abstract: Despite persistent calls for cleaner production and improved automation of construction
processes, the adoption of the Internet of Things (IoT) in managing the supply chains of off-site
construction businesses has been discouraged due to various constraints. This paper methodically
identifies and prioritizes the crucial factors that impede the application of the Internet of Things
(IoT) in off-site construction. Content analysis and an expert-based evaluation strategy were used to
identify and evaluate the constraints affecting Internet of Things adoption in off-site construction.
The ISM, MICMAC, and DEMATEL techniques were used to analyze the data. This study identifies
the “lack of clear strategy for governing IoT utilization in supply chain management” as the most
significant factor that impedes the application of the Internet of Things (IoT) in off-site construction
businesses. The outcomes also provide a rich source of insights into off-site construction businesses to
clearly recognize the implications of utilizing IoT technologies in managing the supply chains of busi-
nesses and what to expect when applying IoT technologies and solutions. While this paper advocates
for improved green construction practices, cleaner production, and automation in the construction
industry, it has set the stage for integrating IoT technologies in the supply chain management of
off-site construction businesses.

Keywords: information technology; Internet of Things (IoT); off-site construction; supply chain
management; sustainable construction

1. Introduction

Saudi Vision 2030 is a national socioeconomic development plan that seeks to drive
the country into being one of the most developed in the world [1]. Infrastructure projects
have been springing up in recent years across a wide range of sectors comprising housing,
education, healthcare, transportation, and tourism, among others [2,3]. The demand for the
speedy delivery of more sophisticated socioeconomic infrastructure keeps getting higher,
and this has triggered a huge shift in demand for off-site construction in the country [4].
Meeting this huge demand will be quite challenging if the Kingdom’s construction industry
continues to use traditional in situ construction methods. Around the world, the off-site
construction system has been adopted by various countries that faced similar challenges [5].

The traditional construction technique (on-site) is arguably quite slow, prone to ac-
cidents, and wasteful, and it tremendously overburdens sustainable development, the
environment (air pollution), and social welfare [6,7]. In contrast, off-site construction
ushers in an innovative construction approach that embraces lean construction principles,
minimizing waste generation and promoting speedy project delivery, safety, efficiency,
quality, and the client and end user’s satisfaction by moving the construction process
away from the physical construction site to a more regulated factory environment [8–10].
Additionally, the central theme of off-site construction principles promulgates sustainable
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construction practices that pave the way for greener and smarter infrastructure construc-
tion [11]. Factory-based production (prefabrication) signifies some sort of automation that
moves specific phases of infrastructure project development from the physical construction
site to off-site factories. The various building elements are prefabricated in a factory set-up
and transported to the main project site for onward on-site assembly.

Despite the well-recognized benefits of the off-site construction approach and its
purported drive for sustainable development, the pace at which this technique is widely
implemented in the Kingdom’s construction markets appears to be lethargic [12]. Inefficient
management of the supply chain for the off-site construction system causes late delivery
of precast elements, project cost and time overrun, and repetitive handling operations,
among others [6]. Thus, the success of the off-site construction technique largely depends
on efficient management of its supply chains [11]. While the evolution of global business
markets for off-site construction created intense competitive business environments that
drive the flow of businesses through supply chains, contemporary supply chains have
been found to be complex, vulnerable, and costly to manage [13]. The off-site construc-
tion business requires interconnected systems of supply chains that will seek to provide
enhanced integration of information, communication channels, and business processes
in cyberspace [14]. For off-site construction organizations to survive in such complex
business environments, the authors of [8] emphasized that the supply chains need to be
more resilient and structurally flexible to adjust to major changes in the market by being
more responsive, reliable, resilient, and build effective partnerships with clients, end users,
and suppliers.

The Internet of Things (IoT), being a modern information technology transformation,
provides a fundamental change in various aspects of construction business, particularly
the efficient management of off-site construction organizations’ supply chains [15]. It
is best described as an innovative set-up of interconnected physical computing devices,
digitized machines, and people that provides an effective interoperability platform for
information transfer and the use of information over networks [16–18]. The IoT entirely
revolutionizes supply chain communication. It enables people-to-“things” communication
as well as autonomous organization and coordination among “things” and provides storage
and transportation mechanisms among the various units of business supply chains [19].
The Internet of Things offers new dimensions to supply chain visibility and flexibility
to effectively manage different aspects of supply chains [20]. The useful information
obtained from smart objects could ensure unique clarity to entire components of the supply
chain and provide a hint at any possible internal or external issues that may require urgent
attention [21]. As pointed out in [22], a timely response to these early warnings can improve
the efficacy of a supply chain to new heights.

Despite the various research works focusing on the apparent drivers and enablers of
IoT implementation in supply chain management and IoT utilization in managing off-site
construction, there is a clear disconnect between the IoT, supply chain management, and
off-site construction. Before now, there had been no major effort to integrate IoT technolo-
gies in managing supply chains of off-site construction as a single comprehensive study.
In light of this, a systematic assessment of the significant constraints that influence the
utilization of the IoT in managing the supply chains of off-site construction will be con-
ducted. This study will also seek to examine the interrelationships among the constraints,
since the interrelationships can have a huge effect on the adoption of the IoT in managing
the supply chains of off-site construction. The outcomes can serve as a useful guide to
regulatory authorities, construction practitioners, as well as key stakeholders in off-site
construction markets to promote the usage of the IoT in managing the supply chains of
off-site construction.

2. Integrating the IoT in Managing the Supply Chains of Off-Site Construction

The clear underperformance of the construction industry across the globe has not
gone unnoticed, with over USD one trillion being squandered yearly, owing to significantly
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decreasing levels of productivity [23]. In comparison with the manufacturing industry, the
authors of [24] noted that the construction industry accounts for about 60% of man-hours
wasted on non-value-added tasks compared with the manufacturing sector’s paltry 20%.
It becomes vital to integrate modern technology-enabled practices through the IoT into
the construction sector to minimize ambiguities and restructure construction activities
in an efficient way [25]. The efficient adoption of IoT technologies in construction will
seek to improve planning, monitoring, and control functions and stimulate organizational
efficiency, thereby enhancing the productivity levels of the entire workforce [26,27].

As industry practitioners and academics are making efforts to utilize the numerous
potential benefits of the Internet of Things, it is projected that the financial impact of
adopting the Internet of Things in construction may likely lead to about 30% savings in
a project’s total costs [28,29]. Similarly, the adoption of Internet of Things technologies
will provide effective management of huge data, processing velocity, and validation and
diversity of information, leading to enhanced accountability and transparency, especially
in problematic construction areas related to low productivity, compensation claims, and
disputes among construction parties [30,31].

However, due to the incessant demand for intra-organizational and inter-organizational
interconnectivity, which is propelled by innovative technology and astute business en-
gineering processes, construction supply chains are fast becoming more divergent and
complex [20]. Non-engineering business organizations are adopting new technologies to
deal with the ever-changing business environment and the urgent need to digitize supply
chains as well as improve competitiveness. The adoption of a variety of technologies along
with simple smart gadgets or things provides enhanced efficiency for value chain trading
collaborators [32,33]. With the aid of these technologies, new supply chain operations
are remolded through improved data gathering and the sharing of analyzed information
among key supply chain partners [34]. Likewise, these technologies improve transparency
of information, which results in enhanced mutual trust among the supply partners [35].

Off-site construction businesses today form part of an all-encompassing supply chain
comprising a system of several businesses and market collaborations [6]. In modern-day
off-site construction business management, supply chains are now highly susceptible to all
sorts of risks, considering the dynamic business environment that supply chains operate
in [8]. Prominent among these risks are the incessant demand for product customization
by clients and end users, the complexity of products, and the markets continuously being
flooded with new products. In order to thrive and remain competitive in these strenuous
markets, the supply chains of off-site construction organizations need to be more resilient
and structurally flexible to adjust to major changes in the market by being more responsive,
reliable and resilient and building effective partnerships with clients, end users, and
suppliers [6].

Information technology remains one of the major drivers and enablers that essentially
promotes efficient supply chain management [21]. With information technology, supply
chains can effectively manage the business’s threats and weaknesses. Not that alone, the
various internal processes within organizations can be integrated, as well as integrating
the clients, end users, and vendors by obtaining and transmitting data and enhancing
effective communication [36]. This integration essentially promotes good decision making
and ultimately improves supply chain performance [13]. Ironically, the availability of
information has never been a major issue. However, for quite a long time, the unavailability
of technologies for capturing and processing huge amounts of data and the annoying delay
that occurs in between data collection and decision making have been persistently affecting
supply chain performance [37]. Thus, the Internet of Things seeks to minimize these delays
by ensuring that supply chains respond efficiently to changes in real time [19]. It will further
seek to simplify the remote management of supply chain processes, improve coordination
among collaborators, and enhance information accuracy for informed decision making [16].

For off-site construction organizations to have higher market shares and enjoy a
significant competitive advantage, smart innovations to supply value chains must be given
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due attention [37]. The incorporation of smart and inventive supply chain designs and
management as well as the Internet of Things will seek to pave the way for entry into new
markets, expanding market shares and opportunities and gaining a competitive business
advantage [21]. The modern-day smart supply chain for off-site construction requires
sophisticated equipment, interconnectivity, and intellect to foresee and avert disruptions
prior to their occurrence [16]. From prefabrication at the plant to warehousing and delivery,
the Internet of Things will enable the relevant collaborators to establish an intelligent supply
chain. This can be achieved by furnishing real-time data as well as a business acumen for
all the collaborators in the supply chain. Off-site construction organizations will require
investment in the Internet of Things to improve visibility of the material flow, decrease
material wastage to the barest minimum, and considerably minimize distribution costs [35].

Review of the Related Literature on Constraints Affecting the Utilization of the IoT in Managing
the Supply Chains of Off-Site Construction

The benefits of using the IoT in off-site construction supply chains have been ade-
quately reported [6,16,19]. Nevertheless, the published studies did not capture the in-
corporation of IoT technologies in managing the supply chains of off-site construction
systems, which is the gap this study is aiming to address. Considering the huge benefits of
incorporating the technologies of the IoT into the management of supply chains of off-site
construction systems, it is logical to assert that the effective use of technologies of the
IoT can strongly influence the transformation of off-site construction into an advanced
and technology-driven business venture. Thus, the constraints influencing the successful
deployment of IoT technologies in managing the supply chains of off-site construction
organizations should be closely examined. It should be noted that without comprehensive
knowledge of these constraints, the effective utilization of the IoT technologies to boost the
supply chains of off-site construction organizations will remain grossly constrained. It is
therefore paramount to examine these constraints and suggest sustainable strategies for
overcoming them to promote full adoption of IoT technologies.

Table 1 presents the list of constraints for the utilization of the IoT. This list was
generated by conducting a desktop search (content analysis) using the Scopus database
to retrieve articles published in peer-reviewed journals that were empirically relevant to
this study. The Scopus database was selected due to its wide usage, enormous collection
of research articles, and quicker indexing method that enhanced the chance of obtaining
recent scientific articles related to this study [38]. Similarly, peer-reviewed journal articles
were selected because the articles contained significant, reliable, and validated research
studies [39]. The most suitable peer-reviewed articles were retrieved after ensuring that
the articles were based on empirical arguments and centered mainly on the subject of this
paper. Based on these measures, a list of 24 constraints, presented in Table 1, was obtained
from the extracted peer-reviewed articles.

Despite the persistent calls for cleaner production and full automation in the construc-
tion industry, as well as the perceived significance of using the technologies of the IoT
in managing off-site construction supply chains, there is hardly any published research
that seeks to identify the dominant constraints to this cause. In general, the findings of
this paper will seek to address the research gap identified in the related literature on IoT
utilization in supply chain management. Accordingly, this paper will close the gap by
focusing on the utilization of IoT technologies in managing the supply chains of off-site
construction organizations.

Although these identified constraints are in some way closely related to this study, it
should be noted that the interconnectedness between the IoT technologies, supply chain
management, and off-site construction is glaringly missing. This creates a huge gap in the
literature that this study is seeking to address. Thus, it is considered highly essential to
come up with a comprehensive study that will seek to promote integration of the IoT into
the supply chain management practices of off-site construction systems.
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Table 1. List of the IoT utilization constraints extracted from the related literature.

Constraints Sources (Previous Studies)

Organizational

• Poor strategic management of IoT in business supply chains
• Difficulty in recruiting competent workforce
• Poor management of huge complex data
• Displacement of human resources

[36,40–47]

Operational

• High security risks
• Inefficient data synchronization
• Lack of clear implementation strategy
• No legal framework for governing IoT utilization
• Integration complexities
• Interoperability complications
• Segregation along various supply chains
• Weak structure for IoT throughout the supply chains

[6,48–59]

Economic

• High costs
• Indecisive return on investments
• Lack of business and economic models
• Fostering zero-sum competition

[54,55,60–63]

Environmental

• Difficulty in assessing environmental practices of suppliers
• High energy demands
• Increased waste disposal
• Suppliers’ poor knowledge of reverse logistic adoption

[60,61,64–68]

Social

• Privacy concerns
• Loss of trust and confidentiality
• Stakeholders’ strong resistance to new technologies and

systems
• Stakeholders’ low awareness of IoT benefits

[44,48,56,61,69,70]

3. Materials and Methods

To achieve the required objective of this paper, a synthesized assessment technique was
carefully utilized. This study adopted a three-stage approach that combined the interpre-
tive structural modeling (ISM), cross-impact matrix multiplication applied to classification
(MICMAC), and DEMATEL techniques. This hybrid approach was adopted in order to com-
prehensively define the relationship among various constraints by a multi-level hierarchical
structure, making the complex relationships easy to understand or interpret, classifying
and ranking the selected constraints, as well as assessing the interactive influence of the
constraints chosen quantitatively. The ISM technique was applied to analyze and clarify the
complex interrelationship among the different constraints using a multi-level hierarchical
structure and prioritize the identified constraints accordingly. To further organize and
classify the constraints according to the extent of their driving (independence) strength and
driven (dependence) strength, the MICMAC technique was used. The use of this technique
helped to provide an unambiguous profile of the interrelationship complexities among the
constraints. In addition, the DEMATEL method was adopted to determine the most influen-
tial and active constraints by quantitatively assessing the interactive impacts of the various
pre-determined constraints. The extensive adoption of a consolidated assessment technique
in construction related research has been well documented in the literature [69,71–82].

Due to the intricacies of the constraints under study, off-site construction managers
and practitioners now face difficulties in enhancing the performance of their business sup-
ply chains and the businesses entirely. Thus, the adoption of the consolidated assessment
technique to examine the constraints became absolutely necessary. This would help to
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conduct a thorough investigation of the hierarchical structure and interrelationship compli-
cations among the major hurdles that influence the utilization of the Internet of Things in
managing the supply chains of off-site construction.

To reduce further complexities due to the direct and indirect interrelationships among
the constraints in a clear, structured form and provide clear interpretations of these interre-
lations, the consolidated assessment technique will be adopted. This will help to create a
structural model for the constraints based on their direct and indirect interrelationships.
This is pertinent, as the interrelationships among the constraints will provide clear ex-
planations on the complications surrounding the utilization of the IoT in managing the
supply chains of off-site construction much more accurately than the individual constraints
considered individually. Ultimately, this can be valuable to policy makers and regulatory
authorities in conducting effective policy analysis and deciding crucial aspects for policy
actions and directions, which will be useful in achieving set objectives and goals.

3.1. Identification of the Constraints

Content analysis was used to identify the constraints affecting Internet of Things
adoption in off-site construction and the constraints influencing the utilization of the IoT
in managing supply chains. This approach was also utilized to determine the constraints
affecting supply chain management strategies for off-site construction. The content analysis
method was used, considering its usefulness in determining research problems through
gathering, examining, and analyzing information from different literature sources. While
there are abundant constraints in the literature that relate to “Internet of Things adoption
for off-site construction”, “Internet of Things utilization in supply chain management”,
and “sustainable supply chain management practices for off-site construction”, there is a
huge paucity of literature on the systematic assessment of the significant constraints that
influence the utilization of the Internet of Things in managing the supply chains of off-site
construction. In light of this shortfall, the content analysis approach was considered inade-
quate and required further strengthening. Thus, the study shifted focus to an expert-based
strategy of data collection, where the opinions of specialists in areas related to this study
would be used to provide informed analysis and enhance validity to the study findings.

The expert-based approach for enhanced data collection targeted 150 specialists across
the entire sectors of the off-site construction industry and research and academic commu-
nities in the Gulf Cooperation Council region (Figure 1). This number was considered
adequate as the judgmental sampling technique was adopted [83–85].

The study sample predominantly encapsulated the opinions of professionals from
Saudi Arabia, the UAE, and Qatar, as these countries remain the biggest construction
hubs across the region and are at the forefront in promoting sustainable construction,
especially the adoption of off-site and modular construction. Accordingly, this study’s
outcomes could be applied across the region, since the constraints are peculiar to the
realities of off-site construction in the region’s construction markets. Note that alone,
countries in the region share homogeneity in rapid growing urbanization, socioeconomic
and cultural considerations, and the common drive for promoting green construction. All
the respondents were qualified professionals related to the research subject with more than
10 years of experience in the construction sector.

During the expert-based survey, the participants assessed the significance of the
various constraints obtained from the content analysis conducted earlier and attempted to
inter-connect some of the various constraints that are related to the subject of the study. To
further complement and validate the outcomes of the expert-based survey, comprehensive
interview discussions were conducted with some of the participants that contributed to the
survey (Figure 1) to acquire broader viewpoints from the specialists. The central theme of
the discussions was for the experts to determine the importance of each constraint, include
other relevant constraints that might have been omitted, determine if the constraints were
concisely expressed, determine similar constraints, indicate the constraints to be unified,
review the categorization of the constraints, and most importantly, decide if the constraint
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substantially affects the utilization of IoT technologies in managing the supply chains of
off-site construction. Eventually, a list of 22 constraints that influence the utilization of the
Internet of Things in managing the supply chains of off-site construction was generated.
These constraints are presented in Table 2.
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Table 2. Final list of the IoT utilization constraints with their codes.

Constraints Description of the Constraints

CS1 Complexity in assessing and monitoring environmental practices of suppliers
CS2 Complications with just-in-time manufacturing due to dynamic changes in production schedule
CS3 Difficulties in recruiting competent supporting staff
CS4 High costs with indecisive return on investments
CS5 High security risks for devices, networks, supply chain nodes, and links
CS6 Increased e-waste disposal and high energy demands
CS7 Inefficient data synchronization with cloud-based networks
CS8 Integration complexities with technologies and operations beyond areas of operation
CS9 Interoperability complications between various applications, sensors, network systems, and technologies
CS10 Lack of business and economic model to support a market-oriented ecosystem
CS11 Lack of legal framework and strategy for governing IoT utilization in supply chain management
CS12 Limited data storage platforms that are secured and reliable
CS13 Loss of trust, privacy, and confidentiality
CS14 No universal standard for IoT communication protocol for smart systems
CS15 Poor integration of information, communication channels, and business processes in cyberspace
CS16 Poor management of huge data, processing velocity, validation, and diversity of information
CS17 Reluctance to take responsibility for mistakes
CS18 Segregation along various supply chains with diverse operation models, technologies, and data services
CS19 Stakeholders’ low awareness of IoT benefits in managing business supply chains
CS20 Stakeholders’ intense aversion to new technologies and systems
CS21 Suppliers’ poor knowledge of reverse logistic adoption
CS22 Weak structure for IoT throughout the supply chains
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3.2. The ISM Method

The interconnection intricacies among the identified constraints were examined using
the ISM method. This was essential to establish the structural hierarchy and to concisely
explain the correlation complexities among the constraints. This was considered one of
the main justifications for adopting this unique technique, as other techniques (weighted
score and mean value) do not provide clear and accurate analysis of the intricate interrela-
tionships among the constraints. In addition, this method was adopted due to its strong
reliability attribute, particularly where a relatively mid-size judgmental sampling is used,
as the quality of the responses is always preferred over a large volume of responses that
may not be reliable, consistent, or valid. As pointed out by Shen [77], two experienced
respondents are enough to use the interpretive structural modeling method to examine the
structural hierarchy between the constraints.

3.3. The MICMAC Method

To avoid providing an ambiguous profile of the interrelationship complexities among
the constraints and sort the constraints in accordance with their respective driving and
dependence strengths, the MICMAC approach was heavily utilized. The pre-determined
constraints were classified as linkage, driven, autonomous, and driving constraints [21].

3.4. The DEMATEL Approach

This approach was methodically applied to further strengthen the outcomes of the
ISM method. While the ISM method analyzes and clarifies the complex interrelationship
among the constraints using a multi-level hierarchical structure, the DEMATEL technique
quantifies the impact level of these interrelationships to determine the dominant and
active constraints. The DEMATEL technique is based on matrices that illustrate a con-
textual interrelationship and is used to change the cause-and-effect interrelationship of
constraints into distinct structural models. Owing to its perceived numerous benefits,
this technique has been applied in various research areas in construction, supply chain
management, technology management, and waste management among others [21,86,87] to
help researchers obtain a comprehensive understanding of the complex interrelationship
among the constraints and impediments to particular systems.

4. Consolidated Assessment of the Constraints

The synthesized assessment of the constraints is presented in this section. The hierar-
chical formation of the constraints was examined using the ISM method, while grouping
of the constraints from driving to driven perspectives was conducted using the MICMAC
technique. The DEMATEL approach was, on the other hand, deployed to quantify the
impact level of the interrelationships among the constraints to determine the dominant and
active constraints.

4.1. Determining the Hierarchy Formation: ISM Technique

The constraints’ hierarchy formation was developed using the interpretive structural
modeling technique. Creating this structure is essential to understand and explain the
interrelationship complications among the constraints.

4.1.1. Developing the Structural Self-Interaction Matrix (SSIM)

The SSIM was created using the interpretive structural modeling method to clearly
define the comparative interconnection between the identified constraints by obtaining
the experts’ judgments. Considering the contextual interrelationship for each constraint,
the interrelationship among any two given constraints (i and j) as well as the associated
direction of the interrelationship is carefully examined using four symbols, where “P”
indicates that constraint i has a direct effect on constraint j, “I” signifies that constraint j has
a direct effect on constraint i, and “N” implies that constraint i and j have direct effect on
each other, while “Q” denotes that constraints i and j do not have a direct effect on each
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other. The SSIM for the constraints is presented in Table A1 of Appendix A. The usage of
the symbols (P, I, N, and Q) in the matrix is briefly described below:

• A high security risk for devices, networks, supply chain nodes and links (CS5) has a
direct effect on stakeholders’ strong resistance to new technologies and systems (CS20),
so the interrelationship among these constraints is denoted by “P” in the matrix.

• A weak structure for the IoT throughout the supply chains (CS22) has a direct effect
on high security risks for devices, networks, supply chain nodes, and links (CS5), and
thus the interrelationship among these constraints is denoted by “I” in the matrix.

• A high security risk for devices, networks, supply chain nodes, and links (CS5) and
reluctance to take responsibility for mistakes (CS17) have a direct effect on each other.
Thus, the interrelationship among these constraints is denoted by “N” in the matrix.

• A high security risk for devices, networks, supply chain nodes, and links (CS5) and
suppliers’ poor knowledge of reverse logistic adoption (CS21) do not have any direct
effect on each other. Thus, the interrelationship among these constraints is denoted by
“Q” in the matrix.

4.1.2. Formation of the Reachability Matrices

The SSIM was used to form the initial reachability matrix. To start with, the initial
arrangement of the SSIM was modified into the structure of a preliminary reachability
matrix format by changing the symbol in each cell in the SSIM into zeros and ones in the
initial reachability matrix. These changes were made based on the following rules:

• Symbol P: Cell (i, j) = 1 and Cell (j, i) = 0.
• Symbol I: Cell (i, j) = 0 and Cell (j, i) = 1.
• Symbol N: Cell (i, j) = 1 and Cell (j, i) = 1.
• Symbol Q: Cell (i, j) = 0 and Cell (j, i) = 0.

The participants used the pairwise comparison technique to examine the correlation
between all the constraints and to further establish any likely direct impact among any two
given constraints. The outcome of the assessments is presented in Table A2.

Table A3 presents the final reachability matrix that was developed after checking for
transitivity in the preliminary reachability matrix, which was introduced on the notion
that if Constraint 1 was influenced by Constraint 2, and Constraint 2 was influenced by
Constraint 3, then, Constraint 1 was necessarily influenced by Constraint 3.

4.1.3. Determining the Constraints’ Hierarchical Formation: Level Segmentation

The segment level for each constraint was identified to determine the hierarchical
formation among the entire constraints.

This involved identifying the constraints that had similar constraints in both their
reachability and intersection sets. The first identified constraint that met this requirement
was partitioned as the Level 1 constraint, which was then removed from further evaluation.
This applied to the remaining constraints at Level 2 and up to Level 11, as summarized in
Table 3.

Thus, the hierarchical structure among the 22 constraints presented in Figure 2 was
established based on the interpretive structural modeling as well as the results of the level
segmentation among the constraints provided in Table 4.
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Table 3. Summary of the level segmentation of the final reachability matrix.

Constraint Reachability Group Antecedent Group Intersection Group Level

CS1 1 1, 2, 3, 6, 8, 10, 11, 14, 16, 18, 19, 21, 22 1 L1
CS2 2, 4, 13 2, 3, 4, 7, 8, 10, 11, 13, 14, 15, 16, 18, 19, 22 2, 4, 13 L2
CS6 6, 17, 20, 21 6, 7, 8, 10, 11, 17, 18, 19, 20, 21, 22 6, 17, 20, 21 L3
CS3 3, 12 3, 12, 15, 16, 18, 19 3, 12 L4
CS19 10, 11, 19, 22 10, 11, 19, 22 10, 11, 19, 22 L5
CS5 5, 7, 8, 9, 15, 16 5, 7, 8, 9, 10, 11, 14, 15, 16, 18, 22 5, 7, 8, 9, 15, 16 L6
CS7 5, 7, 8, 9, 15, 16 5, 7, 8, 9, 11, 14, 15, 16, 18 5, 7, 8, 9, 15, 16 L6
CS8 8, 9, 14, 15, 16 8, 9, 10, 11, 14, 15, 16, 18, 22 8, 9, 14, 15, 16 L7
CS9 8, 9, 14, 15, 16 8, 9, 10, 11, 14, 15, 16, 18, 22 8, 9, 14, 15, 16 L7
CS15 8, 9, 14, 15, 16 8, 9, 10, 11, 14, 15, 16, 18, 22 8, 9, 14, 15, 16 L7
CS16 8, 9, 14, 15, 16 8, 9, 10, 11, 14, 15, 16, 18, 22 8, 9, 14, 15, 16 L7
CS14 11, 14, 18, 22 11, 14, 15, 16, 18, 22 11, 14, 18, 22 L8
CS22 10, 18, 22 10, 11, 18, 22 10, 18, 22 L9
CS10 10, 11 10, 11, 18 10, 11 L10
CS11 11, 18 11, 18 11, 18 L11
CS18 11, 18 11, 18 11, 18 L11
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Table 4. Level segmentation for the complete constraints.

Segmentation Level Constraint Constraint Description

L1 CS1 Complexity in assessing and monitoring environmental practices of suppliers

L2
CS2 Complications with just-in-time manufacturing due to dynamic changes in

production schedule
CS4 High costs with indecisive return on investments
CS13 Loss of trust, privacy, and confidentiality

L3

CS6 Increased e-waste disposal and high energy demands
CS17 Reluctance to take responsibility for mistakes
CS20 Stakeholders’ intense aversion to new technologies and systems
CS21 Suppliers’ poor knowledge of reverse logistic adoption

L4
CS3 Difficulties in recruiting competent supporting staff
CS12 Limited data storage platforms that are secured and reliable

L5 CS19 Stakeholders’ low awareness of IoT benefits in managing business supply chains

L6
CS5 High security risks for devices, networks, supply chain nodes, and links
CS7 Inefficient data synchronization with cloud-based networks

L7

CS8 Integration complexities with technologies and operations beyond areas of operation

CS9 Interoperability complications between various applications, sensors, network
systems, and technologies

CS15 Poor integration of information, communication channels, and business processes
in cyberspace

CS16 Poor management of huge data, processing velocity, validation, and diversity
of information

L8 CS14 No universal standard for IoT communication protocol for smart systems

L9 CS22 Weak structure for IoT throughout the supply chains

L10 CS10 Lack of business and economic model to support market-oriented ecosystem

L11
CS11 Lack of strategy for governing IoT utilization in supply chain management

CS18 Segregation along various supply chains with diverse operation models, technologies,
and data services

From the information provided in Figure 2 as well as Table 4, it can easily be deduced
that the highest level (L11) and most highly prioritized constraints were CS11 (lack of
strategy for governing IoT utilization in supply chain management) and CS18 (segrega-
tion along various supply chains with diverse operation models, technologies, and data
services). Therefore, these constraints were considered to be the most critical utilization
constraints. This further emphasizes the strong influence these constraints have in promot-
ing IoT utilization in managing the supply chains of off-site construction and the urgent
need to effectively overcome and manage these constraints accordingly. In other words, the
level of proficiency applied in mitigating and overcoming these crucial constraints is likely
to have huge impact on promoting the utilization of the Internet of Things in managing
the supply chains of off-site construction. Figure 2 and Table 4 further reveal that CS1
(complexity in assessing and monitoring the environmental practices of suppliers) was
the lowest level (L1) and the least most prioritized constraint, which strongly indicates
that “complexity in assessing and monitoring the environmental practices of suppliers” is
a superficial constraint that is affected by the rest of the constraints. Not that alone, the
information provided in the Figure and Table also show that CS5 (high security risks for
devices, networks, supply chain nodes, and links) and CS7 (inefficient data synchronization
with cloud-based networks), which are mid-level constraints, contributed to the apparent
loss of trust, privacy, and confidentiality (CS13), interoperability complications between
various applications, sensors, network systems, and technologies (CS9), and integration
complexities with technologies and operations beyond the areas of operation (CS8). Ulti-
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mately, this resulted in an unnecessary reluctance to take responsibility for mistakes (CS17)
and strong resistance to new technologies and systems by the stakeholders (CS20).

4.2. Determing the Constraints’ Categories: MICMAC Technique

Table A3 presents the categorization of the constraints based on the independence
(driving) and dependence (driven) intensity of the constraints using the MICMAC tech-
nique. The independence (driving) intensity of a particular constraint denotes the aggregate
constraints that it influences horizontally in Table A3. The dependence (driven) intensity
on the other hand implies the total constraints affecting that specific constraint vertically
in Table A3. Thus, the independence (driving) and dependence (driven) intensities for all
constraints are shown in Table 5.

Table 5. Constraints’ driving and driven powers.

Constraints Description of Constraints Driving Power Driven Power

CS1 Complexity in assessing and monitoring environmental practices
of suppliers 1 13

CS2 Complications with just-in-time manufacturing due to the ever-changing
schedule of production 4 13

CS3 Difficulties in recruiting competent supporting staff 9 10
CS4 High costs with indecisive return on investments 5 15
CS5 High security risks for devices, networks, supply chain nodes, and links 10 14
CS6 Increased e-waste disposal and high energy demands 5 12
CS7 Inefficient data synchronization with cloud-based networks 12 10

CS8 Integration complexities with technologies and operations beyond areas of
operation 14 12

CS9 Interoperability complications between various applications, sensors,
network systems, and technologies 11 11

CS10 Lack of business and economic model to support market-oriented ecosystem 18 6

CS11 Lack of legal framework and strategy for governing IoT utilization in supply
chain management 21 6

CS12 Limited data storage platforms that are secured and reliable 9 7
CS13 Loss of trust, privacy, and confidentiality 6 15
CS14 No universal standard for IoT communication protocol for smart systems 16 7

CS15 Poor integration of information, communication channels, and business
processes in cyberspace 13 12

CS16 Poor management of huge data, processing velocity, validation, and
diversity of information 14 12

CS17 Reluctance to take responsibility for mistakes 6 16

CS18 Segregation along various supply chains with diverse operation models,
technologies, and data services 20 5

CS19 Stakeholders’ low awareness of IoT benefits in managing business supply
chains 10 6

CS20 Stakeholders’ intense aversion to new technologies and systems 8 20
CS21 Suppliers’ poor knowledge of reverse logistic adoption 7 7
CS22 Weak structure for IoT throughout the supply chains 17 7

The next stage involved the positioning of each constraint in the two-dimensional
diagram shown in Figure 3, which was performed using the driving and driven powers
presented in Table 5.
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As shown in Figure 3, the constraints were categorized into four different categories:
linkage, driven (dependent), autonomous, and driving constraints:

i. Linkage constraints: These are constraints that have high-level driving and driven
powers at the same time and are considered highly responsive and volatile, thereby
impeding the utilization of IoT technologies in managing the supply chains of off-site
construction. Thus, any slight action on these constraints will immediately affect
them as well as the other constraints. As shown in Figure 3, the identified linkage
constraints were CS5, CS7, CS8, CS9, CS15, and CS16 and they were adjudged to
have direct and instant influence on themselves as well as other constraints that
affected the utilization of the Internet of Things in managing the supply chains of
off-site construction. Due to their sensitivity and the nature of their impact, these
constraints require special consideration when creating guidelines and strategies
for promoting the utilization of IoT technologies in managing the supply chains of
off-site construction.

ii. Dependent (driven) constraints: These constraints possess high driven (dependence)
power as well as low driving power (e.g., CS1, CS2, CS4, CS6, CS13, CS17, and CS20)
as shown in Table 5 and Figure 3. The influence of these constraints on promoting
the utilization of the Internet of Things in managing the supply chains of off-site
construction is mainly dependent largely on the other constraints. This is to say that
overcoming the other non-dependent constraints will simply lead to overcoming
this set of constraints accordingly. In essence, the influence of these constraints on
the utilization of the Internet of Things in managing the supply chains of off-site
construction was unanimously regarded as inconsequential, which justifies their
relatively low position on the hierarchy formation.

iii. Autonomous constraints: These possess low-level driving power as well as driven
(dependence) power (e.g., CS3, CS12, CS19, and CS21) (Figure 3). These constraints
were quite detached from the system they were associated to, within which they had
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little or no interrelationships. The constraints share a weak interrelationship with the
other constraints and may not be consequential in promoting IoT utilization.

iv. Driving constraints: These possess strong independence intensities as well as low
driven dependence intensities and can influence other constraints. These dominant
constraints, as presented in Figure 3, include CS10, CS11, CS14, CS18, and CS22. It is
expected that policy makers and practitioners pay close attention to these constraints
and prioritize them as the primary dominant constraints that have significant influence
in promoting the utilization of the IoT in managing the supply chains of off-site
construction.

4.3. Determining the Constraints’ Effect on Each Other: DEMATEL Technique

The outcomes of the ISM approach have suggested the presence of an interrelationship
among the constraints while the levels of their dependencies were not established. Although
it is remarkable that the use of the ISM technique helped to establish a hierarchical structure
of the interrelationship among the constraints, yet evaluating the level of influence of
these constraints on each other became a major constraint for the ISM approach. The
ISM approach is grounded in the premise that if there is a relationship between any two
constraints, a score of one is assigned, while a score of zero is assigned to indicate the
absence of any relationship. Nonetheless, it is quite unlikely for these constraints to have
an equal level of influence on each other, as some relationships may be weaker and some
may be stronger [18]. In light of this limitation, it became necessary to use the DEMATEL
technique to address this shortfall by quantitatively assessing the impact level of these
interrelationships to identify the leading and influential constraints and to provide a
comprehensive hierarchical interrelation among the constraints. The level of influence
all constraints have on each other was established using the DEMATEL approach. At
first, the direct effect matrix was developed. The respondents evaluated the direct impact
between any two constraints using a scale from 0 to 3, where 0 implies no influence and
3 signifies high influence, and the results are presented in Table A4 in the form of a direct
effect matrix. Furthermore, the total effect matrix was established and presented in Table A5.
Conclusively, the effect level of all the constraints is presented in Table 6.

Table 6. The effect levels.

Constraints Row Aggregate (R) Column Aggregate (C) (R + C) Scores (R − C) Scores Categorization

CS1 0.00 0.34 0.34 −0.34 net receiver
CS2 0.06 0.30 0.36 −0.24 net receiver
CS3 0.24 1.00 1.23 −0.76 net receiver
CS4 0.12 0.27 0.39 −0.15 net receiver
CS5 0.65 0.24 0.89 0.41 net causer
CS6 0.24 0.29 0.53 −0.05 net receiver
CS7 0.43 0.78 1.20 −0.35 net receiver
CS8 0.70 0.70 1.40 0.01 net causer
CS9 0.84 0.17 1.01 0.67 net causer

CS10 1.57 0.40 1.97 1.17 net causer
CS11 1.52 0.69 2.22 0.83 net causer
CS12 0.71 0.16 0.87 0.55 net causer
CS13 0.18 0.25 0.43 −0.07 net receiver
CS14 1.19 0.76 1.95 0.43 net causer
CS15 0.74 0.52 1.26 0.22 net causer
CS16 0.81 0.59 1.40 0.22 net causer
CS17 0.08 0.50 0.58 −0.42 net receiver
CS18 1.42 0.79 2.21 0.63 net causer
CS19 0.25 0.75 1.00 −0.50 net receiver
CS20 0.18 0.59 0.77 −0.41 net receiver
CS21 0.27 0.42 0.69 −0.15 net receiver
CS22 1.20 0.59 1.80 0.61 net causer
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The D + R scores provided in Table 6 demonstrate the significance level of each
constraint. A constraint that had a higher positive R + C score was considered to have a
higher level of importance, while lower scores indicated a lower level of significance. Thus,
from the scores provided in the table, it can be said that the five most significant constraints
were prioritized as follows: CS11 > CS18 > CS10 > CS22 > CS14, whereas the five least
significant constraints were prioritized as CS1 < CS2 < CS4 < CS13 < CS6. This implies that
the lack of a legal framework and strategy for governing IoT utilization in supply chain management
(CS11) is the most significant constraint with an R + C score of 2.22, while complexity in
assessing and monitoring the environmental practices of suppliers (CS1) was adjudged to be the
least significant constraint, with an R + C score of 0.34.

Similarly, the table further provided the R − C scores of the constraints, which reveals
the net effect that a particular constraint had on the remaining constraints. These scores
were further used to categorize the constraints into two distinct groups, namely net causers
(influencers) and net receivers. A constraint with positive R − C score was categorized as a
net causer, while a negative score would make a constraint be categorized as a net receiver.
In essence, higher positive R − C scores indicate a higher level of influence, while higher
negative scores suggest a lower level of influence by the constraints. Referring to Table 6,
the net causers or influencers in descending order of influence are CS10, CS11, CS9, CS18,
CS22, CS12, CS14, CS15, CS16, and CS8. The net receivers, on the other hand, are CS3, CS19,
CS17, CS5, CS7, CS1, CS2, CS4, CS13, and CS6 in ascending order of influence.

5. Discussion

While the benefits of utilizing off-site construction in the GCC region, particularly
in Saudi Arabia, significantly conform with the requirements of the huge housing deficit,
urbanization, and sustainable development, the wide adoption of off-site construction has
simply remained a mirage. The organizations and other key stakeholders involved in the off-
site fabrication business are in search of various green alternatives to compete and meet up
with the ever-increasing demand posed by clients, especially the government. These green
strategies vary from procurement to development and innovation of products. Prominent
among the evolving green schemes is the consideration for promoting the use of the IoT in
managing the supply chains of off-site construction business. Nevertheless, these initiatives
are technology-driven, capital intensive, and predominantly people-oriented. The adoption
of IoT technologies enables organizations to comprehensively understand their line of
businesses and related supply chains. In the near future, the information technology-
driven off-site construction business will be prominent in the major construction markets
in the region, thereby forcing construction firms that do not apply IoT technologies out of
business [21].

The results identified the lack of a clear strategy for governing IoT utilization in sup-
ply chain management (CS11) and segregation along various supply chains with diverse
operation models, technologies, and data services (CS18) as the most significant constraints
affecting the utilization of IoT technologies in managing the supply chains of construction
businesses. The perceived benefits of utilizing IoT technologies is increasingly becoming
ingrained in the management of business supply chains. Off-site construction businesses
are in dire need of adopting IoT-driven business models to continue to reap a competitive
market advantage and increase market shares. Promoting the utilization of IoT technolo-
gies in managing the supply chains of construction businesses requires a well thought
out and efficient strategy that will direct and move businesses toward their goals and
visions. Despite the IoT gaining a lot of ground these days, many business enterprises have
been quite reluctant to establish an integrated strategy for its utilization in their off-site
construction businesses.

Adopting a strategy for promoting the utilization of IoT technologies in managing
the supply chains of construction businesses requires taking an incremental approach for
IoT scenarios. This is essential in managing the supply chains of off-site construction
businesses, as the people on the supply chains can be guided to walk along the learning
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curve progressively from one stage to the next. Thus, people gradually come to appreciate
the power of IoT technologies and work toward establishing a well-planned IoT utilization
strategy, which can be rolled out on a large scale. For off-site construction businesses to
transform their existing business models, they need to ensure that they produce products
and services that are technology-driven, and these must be considered as part of their
business portfolios. This can be achieved by adopting value-oriented strategies that are IoT-
driven and support clearly defined business goals. In essence, the Internet of Things is fast
becoming an integral component of a digital strategy that will provide the much-needed
organizational transformations to promote efficiency in off-site construction businesses.

By implication, the lack of a clear strategy for governing IoT utilization in supply chain
management has a strong driving impact that can directly weaken the structure for the IoT
throughout the supply chains, increase security risks for devices, networks, and supply
chains, and breed a loss of trust, which ultimately leads to stakeholders’ strong resistance to
IoT technologies and its utilization in the supply chain management of off-site construction
businesses. Trust remains the basis for information sharing and a precondition for IoT
utilization in managing the supply chains of off-site construction. Although trust is vital to
the huge amount of data generated when end users use IoT technologies, the utilization
of the IoT raises concerns about privacy in general. This obvious paradox underlines
the requirement for a security system to protect privacy and ensure confidentiality of
information [55].

The next most perceived IoT utilization constraint was segregation along various sup-
ply chains with diverse operation models, technologies, and data services. The successful
wide adoption of the IoT in managing supply chains of off-site construction businesses is
being marred by the persistent difficulties in consolidating IoT technologies alongside the
existing operational and strategic systems within supply chains [36,88]. This constraint is
so critical and dominant in the sense that it directly causes inefficient data synchroniza-
tion with cloud-based networks, interoperability complications between various network
systems and technologies, poor management of huge amounts of data, poor integration
of information and business processes in cyberspace, and complications with just-in-time
manufacturing due to the ever-changing schedule of production. As a result, these chal-
lenges make it difficult to ascertain a point of responsibility in case of mistakes and makes
the concerned parties reluctant in taking responsibility for their mistakes.

Another dominant constraint was the lack of business and economic models to sup-
port a market-oriented ecosystem. This is essential, as it allows the off-site construction
business and its supply chains to manage new smart products and market-oriented ecosys-
tems [61]. The development and utilization of business and economic models will enable
the participants in the business supply chains to recognize the unique attributes of IoT
applications, which will help to boost the profit margin of the business. The lack of busi-
ness and economic models to support market-oriented ecosystems leads to an indecisive
return on investment, higher costs due to the risk of price changes, and increased financial
intricacies [40,60].

To overcome these constraints and promote the effective adoption of IoT technologies
in managing the supply chains of construction businesses, it is expected of regulatory
authorities in the industry to come up with a guideline for an IoT communication pro-
tocol for smart systems that will provide enhanced security and interoperability among
various supply chain nodes, technologies, and networks. This in turn can propel off-site
construction organizations to establish effective structures for the IoT throughout their
business supply chains, which will help to enhance seamless integration of information and
business processes in cyberspace and enable effective management of huge amounts of data,
thereby minimizing the problems of loss of trust, privacy, and confidentiality. On the other
hand, off-site construction organizations and their business supply chains are expected
to establish strategies for governing IoT utilization in managing business supply chains,
develop IoT-driven business and economic models to support market-oriented ecosystems,
and educate their personnel, clients, customers, and their supply chain partners on the
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significance of adopting the IoT in managing their business supply chains and operations.
This can significantly help to soften stakeholders’ strong resistance to new technologies and
systems, reduce e-waste disposal as well as high energy demands, and make the business
operations cost-effective with a substantial level of return on investment.

One of the most prominent limitations of this study is that while the research meth-
ods provided clear procedures for the identification, analysis, and prioritization of the
constraints, there is the possibility of comparative weak interrelationships among some
constraints due to the differences in the judgments of the experts during the pairwise
comparison process. In essence, the contextual interrelationship between the constraints is
mainly due the experts’ perceptions, which may be biased due to their proficiencies and
professional backgrounds.

6. Conclusions and Implications

The Internet of Things has turned out to be an advanced technology capable of en-
hancing the flow of information along the supply chains of off-site construction businesses.
It is a digital interconnected environment that provides seamless integration between lo-
gistics processes and the supply chains of off-site construction businesses. Nonetheless,
methodical investigation of implementing IoT technologies for managing the supply chains
of off-site construction businesses has not been investigated or reported. In light of this,
this study determined and prioritized the dominant constraints to the utilization of IoT
technologies in managing the supply chains of off-site construction businesses. Although
the perceived benefits of using IoT technologies in managing the supply chains of off-site
construction businesses were outlined in this paper, its wide utilization has not been par-
ticularly encouraging. This is mainly due to the various critical constraints, which should
be decisively addressed to effectively boost the broad application of the technologies in
managing the supply chains of off-site construction businesses. In light of this, 22 crucial
constraints that affect the utilization of IoT technologies in managing the supply chains of
off-site construction businesses were determined in this study.

This study adopted a synthesized three-stage approach that combines the ISM, MIC-
MAC, and DEMATEL methods. The findings of this paper identified the five most dominant
constraints affecting the utilization of IoT technologies in managing the supply chains of
off-site construction businesses. These included “lack of clear strategy for governing IoT
utilization in supply chain management”, “segregation along various supply chains with
diverse operation models, technologies, and data services”, “lack of business and economic
models to support market-oriented ecosystems”, “weak structure for the IoT throughout
the supply chains”, and “lack of standards for an IoT communication protocol for smart sys-
tems” as the most dominant constraints to the utilization of IoT technologies in managing
the supply chains of off-site construction businesses.

The primary impact and contribution of this paper lies in assessing the crucial con-
straints that off-site construction businesses could come across when applying IoT tech-
nologies in managing their business supply chains. The findings of this paper provide a
supportive platform to off-site construction managers as well as other relevant practitioners
to get enlightened on the critical and dominant constraints affecting the utilization of the
IoT in managing the supply chains of their businesses. This much-needed understand-
ing is considered vital, as it will help to establish informed strategies to overcome these
constraints and promote effective IoT utilization in their lines of business. The outcomes
of this study provide a rich source of insights to top management of off-site construction
businesses to clearly recognize the business implications of utilizing IoT technologies in
managing the supply chains of their businesses and what they are expected to take into
consideration when applying IoT technologies and solutions.

While this paper advocates for improved green construction practices, cleaner pro-
duction, and automation in the construction industry, it has set the stage for integrating
IoT technologies in the supply chain management of off-site construction businesses. The
findings of the paper can further be explored to provide insights into the development of
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effective strategies to overcome these constraints and promote the wide utilization of IoT
technologies in the supply chain management of off-site construction businesses. To sum
up, the study findings presented in this paper satisfactorily improve existing the literature
related to IoT adoption for managing the supply chains of off-site construction business.

6.1. Managerial Implications

By way of highlighting the managerial implications of this study, supply chain man-
agers in off-site construction organizations can use the findings of this study to guide and
prioritize IoT implementation and come up with sustainable approaches for going forward
with IoT settings. This can be achieved by using the criticality of the constraints identified
in this study and the interdependencies among them from the technological and organiza-
tional perspectives. More importantly, it should be noted here that IoT technologies are
rapidly advancing and need a high level of technological expertise, competent personnel,
and investment costs. Thus, off-site construction organizations are expected to develop
a continuous learning culture for their personnel and establish collaborative IoT-driven
strategies among various partners on the organizations’ supply chains. In essence, the
organizations can seek to ensure that an all-encompassing partnership with different down-
stream and upstream organizations are continuously developed and sustained. On the other
hand, the managerial implications for policy makers will focus more on the need for policy
makers to be more dynamic in establishing IoT standards for off-site construction businesses
and to consider providing tax rebates and financial incentives to stimulate investments in
IoT adoption in managing the supply chains of off-site construction businesses.

6.2. Academic Implications

Not that alone, this study also has managerial implications for the academia. From the
outcomes of this study, it can be implied that offsite construction organizations need to be
more proactive in IoT adoption to manage their supply chains. Thus, the direction of future
academic research should be geared toward full IoT implementation as the technology
evolves rapidly. Likewise, the technology curricula of academic institutions should be
reviewed in due course to ensure strategic restructuring of the national higher education
system and promote lifelong learning due to the rapid advancements in IoT technologies.

7. Future Research Suggestions

Future research can be conducted on developing income-centric business models for
IoT applications in managing the supply chains of off-site construction organizations and
the evaluation of possible advantages. Another study could also aim at examining the
privacy concerns of IoT applications and investigating the interrelationship of privacy,
security, and trust issues and developing sustainable strategies for mitigating these issues.
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Appendix A

Table A1. Structural self-interaction matrix.
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CS5 I Q P Q I N N N I N I I I I N N I
CS6 I I N I I N Q Q Q Q Q I I Q I I
CS7 Q Q P Q I P N N I P I I Q N N
CS8 I Q P Q I P N N N P I I I N
CS9 I Q P Q I P N N N P Q I Q
CS10 N P N N I P P P Q Q P I
CS11 P P P N N P P P N P P
CS12 I Q P Q I Q P P Q P
CS13 Q Q P Q N N I I I
CS14 P Q P Q N P N N
CS15 Q Q P Q I P N
CS16 I Q P Q I P
CS17 I Q P Q I
CS18 N Q P Q
CS19 N N N
CS20 N N
CS21 Q
CS22

Table A2. Preliminary reachability matrix.

CS
22

CS
21

CS
20

CS
19

CS
18

CS
17

CS
16

CS
15

CS
14

CS
13

CS
12

CS
11

CS
10

CS
9

CS
8

CS
7

CS
6

CS
5

CS
4

CS
3

CS
2

CS
1

CS1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1

CS2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1

CS3 0 1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 1 1

CS4 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0

CS5 0 0 1 0 0 1 1 1 0 1 0 0 0 0 1 1 0 1 1 0 0 0

CS6 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 1

CS7 0 0 1 0 0 1 1 1 0 1 0 0 0 1 1 1 1 1 1 0 1 0

CS8 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 1 0

CS9 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 0 1 1 0 0 0

CS10 1 1 1 1 0 1 1 1 0 0 1 0 1 1 1 0 1 1 1 0 1 0

CS11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1

CS12 0 0 1 0 0 0 1 1 0 1 1 0 0 0 1 1 0 1 0 0 0 0

CS13 0 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0

CS14 1 0 1 0 1 1 1 1 1 1 0 1 0 1 1 1 0 1 1 0 0 0

CS15 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 0 1 1 0 1 0

CS16 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 0 1 1 0 1 0

CS17 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 1 1 0 1 0 0

CS18 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

CS19 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 1

CS20 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0

CS21 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1

CS22 1 0 1 1 1 1 1 0 0 0 1 0 1 1 1 0 1 1 0 0 1 1



Buildings 2022, 12, 388 20 of 24

Table A3. Final reachability matrix.

CS
22

CS
21

CS
20

CS
19

CS
18

CS
17

CS
16

CS
15

CS
14

CS
13

CS
12

CS
11

CS
10

CS
9

CS
8

CS
7

CS
6

CS
5

CS
4

CS
3

CS
2

CS
1

CS1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

CS2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 1

CS3 0 1 1 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 1 1 1 1

CS4 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 0

CS5 0 0 1 0 0 1 1 1 0 1 0 0 0 1 1 1 0 1 1 0 0 0

CS6 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1

CS7 0 0 1 0 0 1 1 1 0 1 0 0 0 1 1 1 1 1 1 0 1 0

CS8 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 1 1

CS9 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 0 1 1 0 0 0

CS10 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1

CS11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1

CS12 0 0 1 0 0 0 1 1 0 1 1 0 0 0 1 1 0 1 0 1 0 0

CS13 0 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0

CS14 1 0 1 0 1 1 1 1 1 1 0 1 0 1 1 1 0 1 1 0 1 1

CS15 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 0 1 1 1 1 0

CS16 0 0 1 0 0 1 1 1 1 1 0 0 0 1 1 1 0 1 1 1 1 1

CS17 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 1 1 0 1 0 0

CS18 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

CS19 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 1 1 1

CS20 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 1 0 0

CS21 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 1

CS22 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 0 1 1 0 0 1 1

Table A4. Direct effect matrix.

CS
22

CS
21

CS
20

CS
19

CS
18

CS
17

CS
16

CS
15

CS
14

CS
13

CS
12

CS
11

CS
10

CS
9

CS
8

CS
7

CS
6

CS
5

CS
4

CS
3

CS
2

CS
1

CS1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CS2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0

CS3 0 2 1 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2

CS4 0 0 3 0 0 3 0 0 0 0 3 0 0 0 0 0 0 0 0 1 0 0

CS5 0 0 3 0 0 3 0 0 0 3 0 0 0 0 0 0 0 0 2 0 0 0

CS6 0 0 1 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 3

CS7 0 0 2 0 0 2 3 3 0 3 0 0 0 1 0 0 0 0 0 0 3 0

CS8 0 0 1 0 0 1 3 3 0 0 0 0 0 3 0 3 0 3 0 0 3 3

CS9 0 0 1 0 0 3 3 3 1 3 0 0 0 0 1 3 0 1 1 0 0 0

CS10 3 3 3 3 0 1 3 0 0 0 3 0 0 0 0 0 2 0 3 0 3 3

CS11 3 3 3 3 3 3 3 3 3 3 3 0 3 3 3 3 3 3 3 0 3 3

CS12 0 0 1 0 0 0 3 3 0 1 0 0 0 0 1 3 0 2 0 0 0 0

CS13 0 0 3 0 0 3 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0

CS14 3 0 3 0 3 3 3 3 0 3 0 3 0 3 3 3 0 3 3 0 3 3

CS15 0 0 0 0 0 3 3 0 0 3 0 0 0 3 3 3 0 3 2 0 3 0

CS16 0 0 2 0 0 2 0 3 0 3 0 0 0 3 3 3 0 3 2 0 3 1

CS17 0 0 1 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0

CS18 3 0 3 0 0 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

CS19 1 3 3 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 1 1

CS20 1 3 0 2 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 2 0 0

CS21 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 3 0 3 0 0 3

CS22 0 3 3 3 3 3 3 3 0 3 3 0 3 3 3 0 3 3 0 0 3 3
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Table A5. Total effect matrix.

CS
22

CS
21

CS
20

CS
19

CS
18

CS
17

CS
16

CS
15

CS
14

CS
13

CS
12

CS
11

CS
10

CS
9

CS
8

CS
7

CS
6

CS
5

CS
4

CS
3

CS
2

CS
1

CS1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CS2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00

CS3 0.00 0.04 0.02 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.04 0.04

CS4 0.00 0.01 0.06 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.01

CS5 0.00 0.01 0.06 0.00 0.00 0.06 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.01

CS6 0.00 0.01 0.03 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.01 0.06

CS7 0.00 0.01 0.05 0.00 0.00 0.04 0.06 0.06 0.00 0.06 0.00 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.06 0.02

CS8 0.01 0.01 0.04 0.01 0.01 0.04 0.07 0.07 0.00 0.02 0.01 0.01 0.01 0.07 0.02 0.07 0.01 0.07 0.02 0.00 0.07 0.07

CS9 0.01 0.01 0.03 0.00 0.00 0.07 0.06 0.06 0.02 0.06 0.01 0.00 0.00 0.01 0.02 0.06 0.01 0.03 0.03 0.00 0.02 0.02

CS10 0.06 0.06 0.07 0.06 0.01 0.04 0.06 0.01 0.00 0.01 0.06 0.00 0.01 0.01 0.01 0.01 0.04 0.01 0.06 0.00 0.07 0.07

CS11 0.07 0.07 0.10 0.06 0.06 0.10 0.09 0.08 0.06 0.09 0.07 0.01 0.07 0.08 0.07 0.08 0.07 0.08 0.09 0.01 0.09 0.09

CS12 0.00 0.00 0.03 0.00 0.00 0.01 0.06 0.06 0.00 0.03 0.00 0.00 0.00 0.01 0.02 0.06 0.00 0.04 0.01 0.00 0.02 0.01

CS13 0.00 0.00 0.06 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.01 0.00 0.01 0.01

CS14 0.06 0.02 0.09 0.01 0.06 0.09 0.08 0.08 0.00 0.08 0.01 0.06 0.01 0.07 0.07 0.07 0.02 0.08 0.08 0.00 0.09 0.08

CS15 0.01 0.01 0.02 0.01 0.00 0.07 0.07 0.02 0.00 0.07 0.01 0.01 0.01 0.07 0.06 0.06 0.01 0.07 0.06 0.00 0.07 0.02

CS16 0.01 0.01 0.06 0.01 0.01 0.06 0.02 0.07 0.00 0.07 0.01 0.01 0.01 0.07 0.07 0.07 0.01 0.07 0.06 0.00 0.08 0.04

CS17 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CS18 0.07 0.02 0.09 0.02 0.01 0.09 0.09 0.08 0.06 0.09 0.07 0.06 0.07 0.08 0.08 0.08 0.07 0.08 0.08 0.06 0.09 0.09

CS19 0.02 0.05 0.06 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02

CS20 0.02 0.05 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00

CS21 0.00 0.01 0.03 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.00 0.05 0.00 0.01 0.06

CS22 0.02 0.07 0.09 0.06 0.06 0.09 0.08 0.07 0.01 0.08 0.07 0.01 0.06 0.07 0.07 0.02 0.07 0.08 0.03 0.01 0.09 0.09
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