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Article Info Abstract
Keywords:  Digital Transformation, The construction industry contributes approximately $10 trillion annually to global eco-
Construction 4.0,  BIM,  Internet nomic output yet remains one of the least digitized sectors worldwide, with labor pro-

of Things, Robotics, Automation,

: ) ductivity growth averaging only 1% per year over the past two decades compared with
Systematic Review.

3.6% in manufacturing. The sector also accounts for approximately 34% of global energy
demand and 37% of energy and process-related carbon dioxide emissions, underscoring
the environmental urgency of its transformation. The convergence of Building Information
Modeling (BIM), the Internet of Things (IoT), robotics, and process automation under the
Industry 4.0 paradigm, collectively termed Construction 4.0, offers a transformative pathway
for addressing this chronic productivity and sustainability deficit. This paper presents a
PRISMA-guided systematic review of peer-reviewed evidence on the adoption, integration,
© 2026 by the au aRnd 1mPact of these four core .dlg1tal. technologies in construction. Following the Prefened
thor's. The terms and conditions of eporting Items f(_)r Systematic Reviews and Metg—Analyses (PRISMA 2020) logic, 1,847
the Creative Commons Attribution (CC records were 1dent1ﬁed.fr.or‘n‘Scopus and Web of S%"lence for ppbhcatlor}s from 2016 to 2024.
BY) license apply to this open access After screening and eligibility assessment, 29 articles were included in the characteristics
article. and findings tables. Key findings demonstrate that BIM functions as the foundational
digital infrastructure for Construction 4.0, enabling lifecycle data integration; IoT enhances
real-time site monitoring, worker safety, and equipment management; robotics deliver gains
in productivity, precision, and hazard reduction; and process automation can reduce sched-
ule overruns and material waste. Across technology domains, persistent barriers include
high implementation costs, data interoperability deficits, workforce resistance, regulatory
fragmentation, and insufficient standards. Critical research gaps exist in developing-country
contexts, cross-technology integration frameworks, ethical dimensions of automation, and
long-term lifecycle outcomes.
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1. Introduction

The construction sector is the world’s largest industry by output, yet it paradoxically represents one of the most sluggish adopters of digital
technology. According to McKinsey Global Institute’s Industry Digitization Index, construction ranks second to last globally, and in last
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position in Europe, among all industries on measures of digital tool adoption, digital assets, and digital workforce capabilities [1]. The
consequences of this technological lag are stark: large projects across asset classes typically run 20% longer than scheduled and up to 80%
over budget, and global construction labor productivity has averaged only 1% annual growth over the past two decades, compared with 2.8%
for the broader world economy and 3.6% for manufacturing [1].

The emergence of Industry 4.0, characterized by cyber-physical systems, the Internet of Things, cloud computing, artificial intelligence,
and automation, offers a transformative pathway for the construction sector to address this chronic productivity deficit [2]. Scholars have
termed this construction-specific application of Industry 4.0 principles *Construction 4.0, defined as the integration of BIM, IoT, Al, robotics,
digital twins, and advanced manufacturing to create real-time cyber-physical systems spanning the entire lifecycle of construction projects
[3, 4].

Building Information Modeling is the cornerstone technology of this transformation. BIM creates structured, multidimensional digital
representations of construction projects, encompassing geometry, materials, cost, schedule, and environmental data, enabling unprecedented
coordination between architects, engineers, contractors, and owners [5]. The Internet of Things extends this digital model by connecting
physical elements to sensors and actuators, enabling real-time monitoring, predictive maintenance, and automated responses across the
construction site [6]. Robotics and automation introduce physical agency into the digital-physical integration, replacing or augmenting
human workers in tasks ranging from bricklaying and rebar tying to structural inspection and 3D printing of entire building components
[3,71.

The sector’s environmental footprint adds further urgency to this transformation: in 2022, buildings were responsible for 34% of global
energy demand and 37% of energy and process-related CO;, emissions (UNEP/GlobalABC, 2023). Despite growing scholarly interest in
these technologies individually, comprehensive systematic reviews synthesizing their integrated adoption, interoperability, documented
impacts, and shared challenges within the Industry 4.0 framework remain scarce (Naji et al., 2024). This paper presents a PRISMA-compliant
systematic review addressing five research questions: (RQ1) What is the current state of BIM, IoT, robotics, and automation adoption in
construction? (RQ2) What measurable benefits have these technologies delivered? (RQ3) What barriers impede their widespread diffusion?
(RQ4) How do these technologies interact and integrate within Construction 4.0 frameworks? (RQS5) What are the critical research gaps and
future directions?

2. Theoretical Framework

2.1. Industry 4.0 and Construction 4.0

Industry 4.0, a term coined at the 2011 Hannover Fair in Germany and theorized by Schwab (2016) [2], refers to the confluence of
cyber-physical systems, the Internet of Things, cloud computing, big data analytics, artificial intelligence, and advanced robotics. The
construction sector’s appropriation of these principles as Construction 4.0 represents a domain-specific adaptation of the Industry 4.0
framework [3, 4]. Construction 4.0 integrates cyber-physical systems, IoT, Al, and robotics to establish a real-time cyber-physical system
spanning the entire lifecycle of construction projects, with bidirectional, real-time data flows between physical construction processes and
their digital representations enabling continuous monitoring, simulation, and automated optimization [8, 9].

Chen et al. (2022) [3] offer one of the most theoretically integrative accounts, demonstrating that Construction 4.0, Industry 4.0, and
BIM are mutually reinforcing within the broader vision of the smart city. Their bibliometric analysis of research from 2014 to 2021 identifies
five major research clusters: smart city infrastructure, digital twin applications, sustainability and lifecycle modeling, collaborative design
and multi-stakeholder coordination, and prefabrication and off-site manufacturing. This clustering reveals that Construction 4.0 is not merely
a technology adoption challenge but a systemic transformation of industry structure, organizational relationships, and built environment
governance [4].

2.2. Digital Transformation as Conceptual Anchor

Digital transformation in construction encompasses three interrelated dimensions: the replacement of analog processes with digital tools
(digitization), the transformation of organizational workflows using digital capabilities (digitalization), and the fundamental reinvention of
business models and value creation structures enabled by digital technologies [10]. This conceptual distinction matters for the construction
sector, which has largely progressed through digitization but has only begun the more disruptive work of digitalization and transformation
proper [11]. Oesterreich and Teuteberg (2016) [4], in a foundational triangulation analysis, identified four pathways through which Industry
4.0 technologies transform construction: enhanced information transparency through BIM and sensor networks; decentralized decision-
making enabled by autonomous systems; technical assistance through AR and VR and collaborative robots; and interconnectivity through
IoT-enabled smart site ecosystems. Reis and Melao (2023) [10] conducted a meta-review of digital transformation literature using the
PRISMA protocol, identifying six dimensions relevant to construction: organizational, technological, social, strategic, sustainability, and
smart city dimensions. Their analysis notes that sustainability and smart city dimensions remain under-theorized despite their centrality to
construction’s societal mandate.

3. Methodology

3.1. Systematic Review Protocol

This study employs the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 protocol to ensure
transparency, reproducibility, and rigor in literature identification, screening, and synthesis [5, 10]. The PRISMA 2020 protocol represents the
current methodological gold standard for systematic literature reviews in engineering and management sciences and provides standardized
guidance for each phase of the review process.
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3.2. Search Strategy and Databases

Two primary databases were searched: Scopus (Elsevier) and Web of Science (Clarivate). These databases were selected on the basis of their
comprehensive coverage of peer-reviewed engineering, construction management, and information technology literatures, as well as their
integration of impact metrics enabling quality filtering [5]. The following search string was applied to title, abstract, and keyword fields:

("digital transformation” OR ”’Construction 4.0” OR ”Industry 4.0”) AND (”building information model*” OR ”"BIM” OR ”Internet of
Things” OR ”IoT” OR robotics” OR “automation”) AND (”construction” OR ”AEC industry” OR ”architecture engineering construction”).

The search was restricted to peer-reviewed publications between January 2016 and December 2024. The year 2016 was chosen as
the starting point because it marks both Schwab’s (2016) [2] Fourth Industrial Revolution and Oesterreich and Teuteberg’s (2016) [4]
foundational Industry 4.0 construction research agenda, two works that catalyzed the academic field of Construction 4.0.

3.3. Inclusion and Exclusion Criteria

Inclusion criteria were

(a) Empirical, theoretical, or mixed-methods studies examining at least one of the four focal technologies in construction contexts

(b) Peer-reviewed publications in English

(c) Studies providing extractable findings related to adoption, implementation, outcomes, integration, or barriers

(d) Publication in Q1 or Q2 journals by Scimago Journal Rank, or full papers in leading construction-technology conference proceedings
such as ISARC and CIB.

Exclusion criteria were

(a) Studies focusing exclusively on non-construction sectors

(b) Opinion pieces, editorials, news items, or non-peer-reviewed reports

(c) Studies published in predatory journals

(d) Duplicate records

(e) Papers that mentioned the focal technologies without reporting usable findings for construction practice or research synthesis.

3.4. Screening and Selection Process

The initial database search yielded 1,847 records from Scopus (n = 1,103) and Web of Science (n = 744). After deduplication, 1,421 unique
records remained. Title and abstract screening reduced this set to 287 potentially eligible studies. Full-text review yielded 76 articles
meeting the eligibility criteria. Because many eligible records overlapped conceptually, repeated the same technology-domain evidence, or
functioned primarily as background sources, the characteristics and findings tables report a focused set of 29 articles selected for detailed
extraction. Backward citation checking was used to verify foundational sources and reference completeness, but citation-chained sources
were not counted as included studies. Figure 1 presents the revised PRISMA-style flow diagram, and Table 1 summarizes the review protocol
parameters.

3.5. Data Extraction and Synthesis

Data extraction followed a standardized coding protocol capturing study design, geographic context, technology focus, data sources or
sample characteristics, key findings, quantitative outcomes where reported, and identified barriers or facilitators. Synthesis was conducted
thematically and organized around the four focal technologies and their intersections. Because outcome definitions, project types, geographic
contexts, and measurement scales varied substantially across studies, formal quantitative meta-analysis was not appropriate; instead, the
review reports recurring patterns, representative quantitative outcomes, and areas of convergence and disagreement across the literature.

3.6. Quality Appraisal and Synthesis Boundaries

Methodological quality was assessed through journal ranking, publication type, transparency of method, relevance to construction contexts,
and the availability of extractable findings. For empirical studies, additional attention was given to clarity of sampling, appropriateness of
measures, analytic transparency, and whether reported outcomes were supported by project- or respondent-level evidence. For review and
conceptual studies, appraisal emphasized search transparency, theoretical contribution, and relevance to Construction 4.0 integration. The Q1
or Q2 filter was used as a quality threshold, but not as a substitute for substantive appraisal; studies that met bibliometric thresholds but
lacked extractable construction-specific findings were excluded during full-text review.

The review therefore synthesizes the best available peer-reviewed evidence while acknowledging three boundaries. First, the English-
language restriction may underrepresent studies published in countries where Construction 4.0 experimentation is active but not reported in
English. Second, the heterogeneity of technologies, outcomes, and project types limits causal comparison across studies. Third, citation
checking may privilege highly visible research streams. These limitations are addressed by making the search pathway transparent,
distinguishing the database-screening process from background citation checking, and interpreting quantitative outcomes as documented
evidence rather than universal effect sizes.
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Table 1: Systematic Review Protocol Parameters and Articles Included in the Characteristics Table

Parameter

Details

Rationale

Value / n

Databases

Scopus; Web of Science

Comprehensive coverage;
impact metrics available

2 databases

Search period January 2016 to Coincides with emergence 9 years
December 2024 of Construction 4.0 literature

Language English Methodological consistency  English only

Quality filter Q1 or Q2 Scimago or Ensures peer-reviewed rigor Q1 or Q2
leading conference
proceedings (ISARC, CIB)

Initial records Scopus: 1,103; Broad net before screening 1,847
Web of Science: 744

After deduplication 426 duplicates removed 1,421

After title/abstract 1,134 excluded on 287

screening title/abstract

After full-text review 211 excluded on full text 76

Citation checking

Used to verify foundational
sources and reference
completeness

Not counted as included
studies

Not counted

Atrticles characterized

Articles included in the
characteristics and
findings tables

Focused evidence extraction
and narrative synthesis

29

Identification

Recordsslcd:;:tsﬁ(end_fr;n;oc;a)tabases Records removed before screening
e o — Duplicate records removed
Web of Science (n = 744) P (n = 426)
Total records (n = 1,847)
Screening l
Records excluded (n = 1,134)
Records screened Nat construction-related (n = 612)
(title and abstract) — Not about focal technologies (n =
= 298)
(n=1,421) Non-English (n = 44)
Opinionfeditorial (n = 180)
Eligibilit
9 Yy Full-text articles excluded (n =
Full-text articles assessed for Technology isolated to non-
caibil > construction (n = 63)
(er':g;h;la'_t’s; Insufficient quality/not Q1-Q2 (n =
No extractable findings (n = 42}
Predatory journalfoutlet (n = 24)
OQutside scope after full-text review
(n=24)

Eligible peer-reviewed articles from
database search
(n=76)

Included for detailed dharacterization

Articles included in the
characteristics and findings tables
(n=29)

Citation checking used for
background verification and
reference completeness; not
counted as included studies.

Figure 1: PRISMA 2020 flow diagram for the systematic review of digital transformation in construction

Note: The flow diagram follows PRISMA 2020 reporting logic while reporting the final count only for the articles summarized in the
characteristics and findings tables. Citation checking was used for background verification and reference completeness and was not counted

as part of the final included-study total.
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4. Building Information Modeling: The Digital Backbone of Construction 4.0

4.1. Conceptual Evolution and Scope

Building Information Modeling is a process and technology enabling the creation, management, and sharing of structured, multidimensional
digital representations of construction assets throughout their entire lifecycle [5]. Over recent decades, BIM has fundamentally transformed
the architecture, engineering, and construction industry by shifting from traditional two-dimensional drawing-based paradigms to integrated,
data-rich workflows that foster collaboration among architects, engineers, and contractors [12]. The dimensionality framework for BIM
has evolved significantly: 3D BIM provides geometric modeling; 4D BIM integrates scheduling; SD BIM adds cost estimation; 6D BIM
incorporates sustainability and energy analysis; and 7D BIM encompasses facility management across the operational lifecycle [28]. Recent
integrations with Al, machine learning, and IoT have further extended BIM’s capabilities into predictive analytics, real-time data sharing,
and automated decision-making [19, 26].

4.2. BIM Adoption Across Project Lifecycle Stages

Naji et al. (2024) [5] conducted the most comprehensive recent systematic review of digital transformation in construction, analyzing
over 200 papers from 2008 to 2023 published in IEEE Access, and finding that BIM functions as the foundational digital infrastructure
across three major lifecycle phases: pre-construction, construction execution, and facility management. In the pre-construction phase, BIM
enables clash detection, constructability analysis, cost estimation automation, and regulatory compliance checking. During construction,
BIM supports progress monitoring, site logistics, safety planning, and quality control. In facility management, BIM transitions to asset
management, energy optimization, and maintenance planning [28].

Specific quantitative outcomes documented in the literature include BIM adoption reducing design coordination errors by 35 to 40
percent, decreasing project delivery times by 10 to 20 percent, and lowering lifecycle costs by 15 to 25 percent in documented case studies
[5]. Chen et al. (2022) [3]identified BIM’s integration with IoT for real-time monitoring as the most frequently studied configuration,
followed by BIM with Al for predictive analytics. A PRISMA-based review of BIM adoption in infrastructure projects synthesized 74
documented barriers across 11 studies, revealing that perceived cost barriers are highest in developing country contexts, while regulatory
mandate absence is most significant in European markets outside the United Kingdom [27].

4.3. BIM and AI Integration

Pan and Zhang (2021) [6], in a systematic review published in Automation in Construction (volume 122, article 103517), documented six
key Al application domains within construction: smart robotics, cloud-based virtual and augmented reality, Artificial Intelligence of Things,
digital twins, 4D printing, and blockchain. Their analysis across 1,312 papers identified safety monitoring, progress tracking, and automated
defect detection as the primary Al application areas within BIM environments. Pan and Zhang (2023) [26] subsequently mapped ten
functional BIM-ALI integration dimensions: design automation, clash detection, energy modeling, structural analysis, construction scheduling,
safety management, facility management, sustainability assessment, cost estimation, and scan-to-BIM point cloud processing. Baduge et al.
(2022) [19] confirmed that deep learning architectures, particularly convolutional neural networks, now achieve crack detection accuracy of
89 to 96 percent in documented construction applications, illustrating the practical maturity of AI-BIM integration in quality control.

4.4. Digital Twins

Digital twins represent the highest-order integration of BIM with real-time data from IoT sensors, robotics, and Al processing. The defining
characteristic distinguishing a digital twin from advanced BIM is bidirectional, real-time data flow: the physical asset continuously feeds
data to the digital model, which in turn provides analysis, simulation, and control signals back to physical operations [8]. Jiang et al. (2024)
[9] proposed a roadmap for digital twin-enabled synchronized construction management, finding that most current implementations operate
at Levels 2 to 3 on Deng et al.’s five-level maturity ladder, capable of BIM-supported simulation and IoT-enabled monitoring, but not
yet achieving Level 4 (Al-driven predictive analytics) or Level 5 (automated control) integration. Key barriers include the computational
demands of real-time multi-sensor data fusion, the absence of standardized ontologies for heterogeneous data integration, and the high cost
of comprehensive sensor instrumentation [9, 12].

5. Internet of Things in Construction

5.1. IoT Architecture in Construction Contexts

The Internet of Things encompasses networks of physical devices embedded with sensors, actuators, software, and connectivity enabling
collection and exchange of data [16]. In construction contexts, IoT implementations typically involve four architectural layers: the physical
layer with sensors, wearables, RFID tags, and GPS trackers; the network layer with wireless protocols including LPWAN, Wi-Fi, 5G, and
Zigbee; the platform layer with cloud and edge computing infrastructure; and the application layer with dashboards, alerts, BIM integration,
and automated control systems [5, 24]. The global 10T in construction market was projected to reach $26.5 billion by 2027, registering a
compound annual growth rate of 16.5% from 2022 to 2027, reflecting growing recognition of IoT’s transformative potential in the sector [5].

5.2. Worker Safety Monitoring
Worker safety is the most documented IoT application domain in construction research [S]. A structural equation modeling study published

in Scientific Reports confirmed that environmental monitoring (path coefficient = 0.38), safety monitoring (0.369), equipment management
(0.343), and predictive analytics and maintenance (0.222) represent the primary pathways through which IoT integration leads to safer and
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more productive construction operations, with all path coefficients statistically significant at p <.01 [16]. Early case study evidence also
indicates that wearable safety monitoring systems have been associated with accident reductions of up to 30% across multiple construction
sites [16]. Smart helmets with multimodal sensing capabilities now enable continuous tracking of worker health indicators such as heart rate,
body temperature, fatigue markers, and exposure to hazardous conditions [17]. Chung et al. (2020) further demonstrated that IoT-based
safety monitoring systems reduced unsafe behavior incidents by 42% across three Hong Kong construction project deployments.

5.3. Equipment Management and Predictive Maintenance

IoT-enabled fleet management is among the most commercially mature applications in construction IoT [5]. Sensors attached to construction
vehicles and heavy equipment track real-time locations, fuel consumption, operating hours, engine health diagnostics, and maintenance
schedules, enabling construction firms to reduce unplanned downtime and extend equipment lifecycles [24]. Achouch et al. (2022) [18]
reviewed evidence of up to 35% downtime reduction in documented machine learning-based predictive maintenance deployments across
industrial contexts, with emerging applications in construction. These efficiency gains are directly relevant to construction’s chronic
productivity deficit, as equipment idle time and unscheduled maintenance are among the leading contributors to schedule overruns [1].

5.4. BIM-IoT Integration

The integration of BIM and IoT represents the technical realization of cyber-physical construction sites, enabling bidirectional information
exchange between physical construction processes and their digital representations [9]. Despite its theoretical promise, this integration
faces documented challenges. The static, object-oriented data model of BIM based on Industry Foundation Classes lacks native support
for dynamic, real-time loT data streams, requiring bridging middleware and semantic web extensions [24]. Pan et al. (2024) [28] confirm
that data exchange consistency remains a primary challenge when integrating IoT and BIM across platforms, even with IFC as the primary
interoperability format. The computational demands of real-time BIM model updates from IoT data streams and the absence of unified
digital standards for BIM-IoT data exchange represent persistent technical barriers that limit the practical realization of cyber-physical
construction sites [9, 12].

6. Robotics and Automation in Construction

6.1. State of Construction Robotics

Construction robotics encompasses autonomous machines, collaborative robots, mobile robotic platforms, and drone-based systems designed
to perform construction tasks with minimal human intervention [14]. A bibliometric review of 212 publications from 2002 to 2024 identified
a 320% increase in robotics research output from 2015 to 2022, with dominant clusters focusing on autonomous navigation, human-robot
collaboration, and sustainability-driven automation [7, 14]. Despite this exponential research growth, actual deployment remains concentrated
in a narrow range of tasks and geographic markets, primarily Japan, South Korea, Singapore, and the United States, with a notable absence
of deployment research from African and lower-income country contexts [7, 15]. The most commercially advanced robotic systems include
bricklaying robots capable of laying up to 3,000 bricks per day compared with 500 for skilled human masons; autonomous excavators for
earthmoving and foundation work; robotic welding systems for steel structural work; and unmanned aerial vehicles for progress monitoring,
safety inspection, and surveying [7, 14].

6.2. Performance Outcomes

Documented performance outcomes from construction automation implementations are substantial. Firms utilizing automation have been
shown to experience up to 30% faster project completion times, 40% reductions in material waste, and 50% decreases in workplace accidents
attributable to Al-powered safety analytics and autonomous machinery operation [6, 15]. Three-dimensional concrete printing can reduce
construction time by 25% compared to conventional methods, reduce labor costs by 50 to 70% of project value for applicable building types,
and minimize material waste through digitally optimized deposition [21, 22]. McKinsey & Company (2019) [11] estimates that digital
transformation broadly, including automation, can result in productivity gains of 14 to 15% and cost reductions of 4 to 6% for engineering
and construction firms.

6.3. UAV-BIM Integration

Automated drone-BIM workflows enable drones to conduct aerial scanning and computer vision analysis to automatically generate and
update as-built BIM models, directly addressing one of BIM’s most persistent practical limitations: the labor-intensive and error-prone
process of updating models to reflect actual construction progress [23]. Halder and Afsari (2023), reviewing 148 papers, document automated
drone-BIM workflows reducing site survey labor by 60 to 80% while achieving typical positional accuracy of 3 to 8 millimeters under
controlled site conditions. These capabilities are particularly valuable for progress monitoring and as-built documentation in large-scale
infrastructure and commercial construction projects [6].

6.4. Human-Robot Collaboration

Parascho (2023) [14], in a review published in Annual Review of Control, Robotics, and Autonomous Systems, articulates a framework
positioning construction robotics along a spectrum from full automation to human-robot collaboration. Collaborative paradigms, in which
robots handle physically demanding, repetitive, or hazardous task components while humans provide cognitive judgment, adaptability, and
problem-solving, are likely to achieve wider near-term adoption than full autonomy [14]. Construction sites are unstructured, variable, and
unpredictable environments that challenge robotic perception and navigation, making full autonomy technically difficult [15]. Workforce
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concerns about job displacement also constitute a significant social barrier, particularly among trade union-represented workers, and must be
addressed through proactive workforce development and reskilling programs [6, 13].

7. Cross-Cutting Integration: Toward a Construction 4.0 Ecosystem

7.1. Technology Convergence Dynamics

The full realization of Construction 4.0 requires not merely the adoption of individual technologies in parallel, but their systematic integration
into an interconnected ecosystem [12]. Sacks et al. (2020) positioned BIM as the data substrate, Al as the analytic intelligence, and IoT and
robotics as the physical actuation layer, each dependent on the others for full functionality. A review of intelligent models in construction
processes analyzing 115 studies found that BIM and IoT together accounted for approximately 49% of all reviewed digital construction
studies, and identified integration rather than individual technology adoption as the most important future research direction, noting that the
current literature disproportionately focuses on isolated technology demonstrations rather than systemic integration [5] (MDPI Processes,
2025). The digital twin concept operationalizes this integration, with [9] finding that together, these components create a closed-loop system
where automation responds dynamically to digital insights, and digital twins evolve continuously through automated updates.

7.2. Standardization and Interoperability

Standardization is the most frequently cited systemic enabler across all four technology domains reviewed [4]. Industry Foundation Classes
have been widely adopted to enable consistent representation and transfer of building information across BIM platforms, providing a
standardized structure for data exchange [12]. However, IFC’s limitations as a static, object-oriented exchange format are well documented:
it lacks native support for dynamic IoT data streams, Al model outputs, or robotic control signals, requiring bridging standards and semantic
web extensions [24, 28]. ISO 19650, the international standard for information management over the whole life cycle of built assets using
BIM, represents a major step toward standardizing BIM workflows, with adoption mandated in the United Kingdom and progressively
adopted in Nordic countries, Singapore, and other markets [27, 28]. Government mandates have proven the most powerful enabler of BIM
adoption at national scale: the United Kingdom’s BIM Level 2 mandate for all centrally funded public sector projects, enacted in April 2016,
catalyzed industry-wide adoption, with BIM usage rising from 54% to 62% within a year of the mandate coming into force [30]. Singapore’s
Building and Construction Authority implemented the BIM Roadmap targeting 80% industry adoption and launched the S$250 million
Construction Productivity and Capability Fund, with over 80% of larger consultancy firms subsequently adopting BIM [27] (BCA, 2015).

7.3. Sustainability Dimensions

Chen et al. (2022) [3] demonstrate that BIM, Construction 4.0, and smart city frameworks are inherently connected through the lens of
sustainable development, particularly in relation to global climate goals. In 2022, buildings were responsible for 34% of global energy
demand and 37% of energy and process-related CO, emissions, and the sector remains a key contributor to the global climate crisis despite
incremental efficiency improvements [29]. Digital construction technologies contribute to sustainability through multiple mechanisms:
BIM enables lifecycle energy modeling and carbon footprint analysis; IoT-enabled smart buildings reduce operational energy consumption
through real-time monitoring and automated control; 3D concrete printing minimizes material waste; and digital project management reduces
construction waste and rework [3, 20]. Pan et al. (2024) [28] confirm that BIM adoption for sustainability and energy modeling is growing
globally, with ISO 19650 providing the standardization framework needed to achieve consistent environmental performance outcomes across
construction projects.

8. Barriers, Enablers, and Future Research Directions

8.1. Persistent Barriers to Adoption

Across all four technology domains, the review identifies a convergent set of barriers limiting translation of research demonstrations into
widespread industry practice. Financial barriers represent the most commonly cited constraint: high initial investment costs for BIM
software licenses, [oT sensor networks, robotic systems, and system integration infrastructure create prohibitive entry barriers for small
and medium enterprises, which constitute the structural majority of the global construction sector [13, 15]. Technical barriers center on
interoperability, data quality, and the complexity of construction environments. The fragmented, project-based structure of the industry, in
which diverse subcontractors using incompatible software and data systems collaborate on temporary project organizations, creates structural
impediments to digital continuity [4, 24]. Bademosi and Issa (2021) [15] identified high implementation costs and the fragmented nature of
the construction industry as the two most significant barriers to robotics adoption among 167 US construction professionals using regression
analysis.

Human and organizational barriers include workforce resistance, skills deficits, and leadership risk aversion [6, 13]. The absence
of Construction 4.0 competencies in training curricula creates a talent gap that constrains adoption even where financial and technical
barriers are overcome. Regulatory and institutional barriers reflect the slow pace of standards development relative to technology evolution;
construction regulations in many jurisdictions were designed for pre-digital practice and do not readily accommodate BIM-based design
submissions, autonomous robotic site operations, or Al-assisted structural calculations [26, 27]. Developing country contexts represent a
distinct barrier cluster: the current literature shows a notable absence of deployment research in African and lower-income country contexts
[7], and IoT adoption studies highlight data privacy concerns, high implementation costs, and shortages of skilled personnel as particularly
severe barriers in low-resource settings [5].
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8.2. Critical Enablers

Regulatory mandates have proven the most powerful enabler of BIM adoption at national scale, as demonstrated by the United Kingdom’s
BIM Level 2 mandate and Singapore’s BCA BIM Roadmap [27, 27, 30]. Standardization and open interoperability frameworks are critical
technical enablers; ISO 19650 provides the international backbone for consistent BIM information management, and its progressive adoption
across the UK, Singapore, the UAE, and Germany is expanding its impact [28]. Workforce development and education are essential social
enablers; Chen et al. (2022) [3] recommend integration of Construction 4.0 technologies into engineering and architecture curricula as a
prerequisite for sustained industry transformation. McKinsey & Company (2019) [11] estimates that digital transformation can result in
productivity gains of 14 to 15% and cost reductions of 4 to 6% for firms that successfully address these enabling conditions.

8.3. Future Research Directions

This review identifies five priority future research directions. First, longitudinal impact studies examining the long-term outcomes of
Construction 4.0 adoption on project performance, workforce wellbeing, and built environment sustainability are critically needed, as the
current literature is dominated by case studies and cross-sectional surveys [5, 9]. Second, developing country context research is urgently
required, given the geographic concentration of existing literature in high-income economies [7, 15]. Third, cross-technology integration
research examining how BIM, IoT, robotics, and automation function as an integrated ecosystem rather than independent technologies
represents the most important conceptual frontier [12, 26]. Fourth, ethical, labor, and social dimensions of construction automation require
systematic scholarly attention, given that the sector employs over 7% of the global workforce with particularly high concentrations in
developing economies [6]. Fifth, cybersecurity and data governance in Construction 4.0 ecosystems represent an emerging but critical
research gap, as networked cyber-physical construction sites introduce new attack surfaces for ransomware, sabotage, and data theft [9, 12].

9. Discussion

This systematic review synthesizes a rapidly growing body of evidence demonstrating that BIM, IoT, robotics, and automation are individually
and collectively transforming construction practice within the broader Industry 4.0 paradigm. The trajectory of construction digitalization
confirms the fundamental diagnosis of McKinsey Global Institute (2017): despite decades of technology availability, construction’s digital
transformation remains incomplete and unevenly distributed. The binding constraints on Construction 4.0 adoption are not primarily
technical but involve financial barriers particularly for small and medium enterprises, data interoperability deficits, workforce and skills gaps,
regulatory fragmentation, and organizational resistance [4, 13, 15].

The reviewed evidence consistently shows that integration across technologies delivers substantially greater value than isolated adoption.
BIM’s utility is amplified by IoT-enabled real-time updates; IoT data achieves its full potential when structured within BIM’s semantic data
model; robotics achieve higher precision and safety when operating from BIM-derived digital twin environments; and Al-driven automation
achieves greater reliability when trained on high-quality integrated BIM-IoT datasets [9, 12]. The digital twin concept operationalizes this
integration vision, but current implementations remain predominantly at lower maturity levels [8, 9]. Most implementations operate at Levels
2 to 3 of Deng et al.’s five-level ladder, reflecting the gap between theoretical potential and practical deployment.

The Construction 4.0 research community exhibits a pronounced geographic concentration in high-income, English-speaking, and
technologically advanced economies [7, 15]. This creates significant risks of producing knowledge that is poorly calibrated to the conditions
of the majority of the world’s construction activity. Sustainability is increasingly recognized not merely as a beneficial co-outcome of
Construction 4.0, but as a constitutive goal that should drive technology adoption strategy, given that buildings account for 34% of global
energy demand and 37% of energy-related CO; emissions [3, 20, 29].

10. Conclusion

This systematic review provides a comprehensive synthesis of peer-reviewed evidence on the adoption, integration, and impact of BIM,
IoT, robotics, and automation in construction within the Industry 4.0 paradigm. Drawing on the articles summarized in the characteristics
and findings tables (n = 29), the review demonstrates that these technologies are producing measurable performance improvements,
including reductions in design errors, improvements in monitoring and safety, productivity gains from robotic applications, and stronger
lifecycle coordination through BIM-IoT-digital twin integration. The evidence also shows that the Construction 4.0 agenda remains
unevenly implemented: many applications are still pilot-based, geographically concentrated in higher-income contexts, and constrained by
interoperability, cost, organizational resistance, skills deficits, and regulatory uncertainty.

The most significant finding is that technology capability has outpaced institutional readiness. BIM functions as the foundational
digital infrastructure of Construction 4.0, providing the data model substrate on which IoT real-time monitoring, robotic physical agency,
and Al-driven intelligence converge [12]. The digital twin concept represents the most promising current integration framework, though
current implementations remain predominantly at lower maturity levels [8, 9]. Future research priorities include longitudinal impact studies,
developing country context analyses, cross-technology integration frameworks, ethical and labor dimensions of automation, and cybersecurity
governance for cyber-physical construction environments. The environmental imperative is equally pressing: with buildings responsible for
34% of global energy demand and 37% of CO, emissions [29]. Construction 4.0’s contribution to sustainable development is as important
as its productivity gains. As the global construction sector faces mounting pressures from accelerating infrastructure demand, acute labor
shortages, and net-zero carbon imperatives, the imperative for Construction 4.0 transformation has never been greater [1, 2].
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