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Abstract 19 

The Architecture, Engineering, and Construction (AEC) sector is undergoing a 20 
profound transformation driven by digital innovations to enhance efficiency, 21 
sustainability, and business success. However, given the vast and heterogeneous data 22 
generated across building lifecycle stages, the sector faces challenges stemming from 23 
fragmented processes and limited interoperability. This paper presents a systematic 24 
literature review of digital solutions investigated in the AEC sector, focusing on their 25 
application and integration over the last decade. The study categorises digital solutions 26 
into three main areas—Data Acquisition, Digital Fabrication and Automation, and 27 
Digital Information—and identifies six primary digital solutions within these areas.  28 
Using bibliometric analysis, Venn diagrams, and a multi-value assessment tool based 29 
on the three KPIs, Technology Readiness Level (TRL), Application Areas Level 30 
(AAL), and Integrability Level (IL), the research highlights the sector's current 31 
fragmentation and the persistent challenge of interoperability. Results show a strong 32 
presence of Information Modelling solutions, often integrated with monitoring 33 
technologies, but limited cross-category integration. While digital tools offer 34 
significant opportunities, such as real-time monitoring, enhanced collaboration, and 35 
sustainability improvement, technological, organisational, and regulatory barriers 36 
hinder their full potential. The paper underscores the need for integrated frameworks 37 
and shared standards to address these challenges, suggesting that digital 38 
transformation aligned with ESG goals can yield more resilient, efficient, and 39 
sustainable construction practices. 40 

41 
Keywords: Surveying Technologies, Monitoring Technologies, Off-site Construction, Building Information 42 
Modelling, Extended Reality 43 

44 

1. Introduction45 

The Architecture, Engineering, and Construction (AEC) sector is undergoing a digital transformation driven by46 
innovations and digital solutions, defined as procedures, methodologies, and tools based on digital technologies 47 
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designed to address common needs and enhance efficiency, competitiveness, resource utilisation, and sustainability. 48 
Companies primarily view this process as an aid to developing new products, representing an evolution that yields 49 

benefits, e.g., increased labour productivity and reduced costs and waste [1]. The success of digitalisation within an 50 
organisation often depends on effective employee engagement, clear communication of its benefits, and the 51 
encouragement of experimentation with new solutions. Therefore, beyond the technical aspect, digital transformation 52 
must directly involve all stakeholders of the sector, bringing changes to the business model and procedures.  53 

Digital tools support the entire building lifecycle, encompassing design-related activities, On-site operations, and 54 
Off-site manufacturing and construction [2]. In recent years, driven by the wave of digitalisation, digital tools have 55 
become well established within construction firms and have only more recently begun to extend to construction sites, 56 
where their adoption remains less advanced than in previous construction phases. The concept of a digital construction 57 
site is emerging as an alternative to traditional practices, in which technologies such as Building Information Modelling 58 
(BIM), the Internet of Things (IoT), platforms, and Artificial Intelligence (AI) enable more efficient organisation and 59 
a highly interconnected workforce [3].  60 

The AEC sector is characterised by high fragmentation and limited interoperability, stemming from the volume, 61 
diversity, and distributed nature of data produced throughout the building lifecycle. These challenges are compounded 62 
by the organisational complexity of construction companies and the wide range of actors, tools, and activities involved 63 
on construction sites. Moreover, the lack of standardised tools, procedures, and methodologies impedes effective 64 
information exchange, negatively affecting efficiency and quality. As a result, interoperability, defined as the ability of 65 
systems to share information and act on it, remains a critical challenge, often hindered by issues of data access, 66 
interpretation, or use across heterogeneous systems. Addressing this issue cannot rely on traditional operator-driven 67 
approaches; instead, it requires integrating diverse digital solutions. In this context, Information and Communication 68 
(IC) technologies are essential for reducing and potentially overcoming interoperability barriers. Among these, 69 
ontologies support data exchange, integration, and knowledge sharing across systems by enabling information retrieval 70 
from diverse sources [4, 5].  71 

Improved digitalisation and interoperability in the AEC sector contribute to environmental sustainability by reducing 72 
resource consumption, enhancing social sustainability by improving working conditions, and facilitating effective 73 
construction project management [6]. Alongside digital solutions, automation technologies are increasingly central to 74 
both On-site and Off-site construction, enabling a shift from traditional site-based processes to controlled environments. 75 
These new approaches are driving the construction industry toward models already established in sectors such as 76 
automotive, industrial design, and shipbuilding, where subassemblies are preassembled off the main assembly line, 77 
producing high-quality, optimised, and specialised products [7].  78 

Beyond technological innovation, the transformation of the construction sector is increasingly influenced by broader 79 
Environmental, Social, and Governance (ESG) sustainability considerations; these, combined with digital 80 
transformation, represent both a challenge and an opportunity [8] and offer a significant perspective for examining the 81 
contribution of digital solutions [9]. Growing regulations and investor demands require AEC firms to show measurable 82 
sustainability outcomes, including reductions in both operational and embodied carbon emissions, the promotion of 83 
inclusive and safe working environments, and improvements in transparency and accountability [10].  Digital tools 84 
such as BIM, IoT, and cloud computing facilitate these goals by enabling real-time monitoring and control of energy 85 
consumption, reducing operational carbon [11], and increasingly, by improving material quantification accuracy, 86 
optimising design, and supporting the integration of life-cycle assessment methods. Digital platforms also increase 87 
transparency and collaboration, resulting in productivity gains of up to 15% and cost savings of 4–6% [12], while 88 
supporting compliance with social commitments in tenders [13–15]. ESG-aligned practices are increasingly embedded 89 
in public procurement and private-sector contracts, making compliance vital for both ethics and market access. 90 

This paper presents a review of digital transformation in the AEC industry through a Systematic Literature Review 91 
(SRL). Focusing on digital solutions for building projects and digital construction sites. The main research question is:  92 
● How has the adoption of digital solutions in the AEC sector evolved over the past decade with respect to 93 

technological typologies, application contexts, and integration potential? 94 
As the number of digital solutions grows, collaboration, efficiency, and data-driven decision-making across design, 95 
construction, and operations improve. However, the full potential of digital tools can only be realised through effective 96 
integration and data exchange across platforms, making interoperability crucial. Building on these considerations, this 97 
research further explores two related research questions: 98 
● What are the challenges and opportunities in integrating data across various digital technologies?  99 
● How do current digital solutions exchange information among them, and what is their current level of development, 100 

application, and interoperability? 101 
The paper is structured as follows: Section 2 details the SLR methodology and literature selection criteria. Section 3 102 
presents the review results, combining bibliometric and thematic analyses across the identified digital solutions. Section 103 
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4 discusses the findings in relation to the research questions, and Section 5 reports the conclusions. 104 

2.  Methodology 105 

This work relies on an SLR, conducted using the Preferred Reporting Items for Systematic Reviews and Meta-106 
Analyses (PRISMA) protocol [16], ensuring a scientific and transparent process that aims to minimise biases associated 107 
with selective reporting of results and discretionary decisions in the collection and utilisation of data from primary 108 
research. This protocol provides a roadmap to conduct an SLR, following four main steps: i) identification, ii) screening, 109 
iii) eligibility and iv) inclusion. The entire review process is shown in Figure 1. To provide comprehensive coverage 110 
of the digital technologies applied in the AEC sector, the authors conducted the identification phase by querying two 111 
internationally recognised multidisciplinary databases: Scopus and Web of Science. 112 

 113 

 
Figure 1 – PRISMA flow diagram synthesising the identification, screening, eligibility and inclusion phase 

conducted for the present study. 

 114 
The research was performed in the "Article title/Abstract/Keyword" field using a string combining construction sites 115 

and various digital technologies. To ensure a thorough and systematic review, the final set of keywords was structured 116 
around three main elements: the first addresses the contextual domain, namely construction sites; the second focuses 117 
on the broader digitalisation domain; and the third targets specific digital technologies. Table 1 shows the final search 118 
string, time frame, and inclusion and exclusion criteria. During the exploratory phase of the search, alternative English 119 
spellings for some keywords were tested; since they did not yield additional results, only one consistent spelling for 120 
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each term was retained in the final search string. 121 
 122 

Table 1. Overview of the research protocol used to conduct the SLR, including research questions, search method, search 123 
string and inclusion and exclusion criteria adopted. 124 
Aim of  
the study 

To examine current studies on contemporary technologies applied in the AEC sector, with special attention 
to their integration, focusing on the interoperability aspect. 

Research  
questions 

RQ 1 How has the adoption of digital solutions in the AEC sector evolved over the past decade 
with respect to technological typologies, application contexts, and integration potential? 

RQ 1.1 What are the challenges and opportunities in integrating data across various digital 
solutions? 

RQ 1.2 How do current digital solutions exchange information among them, and what is their 
current level of development, application, and interoperability? 

Search  
method Databases Scopus, Web of Science 

Search  
string 

Keywords 

TITLE-ABS-KEY ("Construction site*" OR "Construction area" OR "Worksite" OR 
"Building site" OR "construction process") AND TITLE-ABS-KEY ("Digital technolog*" 
OR "Digitalization" OR "Digital Transformation" OR "Digitization" OR "Digital 
fabrication") AND TITLE-ABS-KEY ("robotics" OR "robotic technologies" OR 
"construction robots" OR "autonomous robots" OR "robotization" OR "mobile manipulator" 
OR "mobile robot" OR “UAVs" OR "Automated guided vehicle" OR "drones" OR 
"monitoring technolog*" OR "visual data acquisition" OR "internet of things" OR "smart 
sensor" OR "UAVs" OR "automated monitoring" OR "machine learning" OR "BIM" OR 
"Building Information Modelling" OR "Information management" OR "GIS" OR 
"Geographic Information System" OR "surveying technologies" OR "surveying tools" OR 
"3D modelling" OR "surveying" OR "Survey* instruments" OR "Survey* devices" OR 
"Survey* tools" OR "progress monitoring" OR "3D scanning" OR "laser scanning" OR 
"drones" OR "photogrammetry" OR "off-site" OR "prefab*" OR "modular" OR "MMC" OR 
"extended reality" OR "augmented reality" OR "virtual reality" OR "mixed reality") 

Year 2014-2024 
Subject Area Engineering 
Document Journal articles, review articles, conference papers and chapters 
Language English 

Review  
method 

Data 
extraction Excel sheets to check papers, authors, and features based on the inclusion criteria 

Exclusion  
criteria 

• Outside the time period 2014-2024 
• Full article not available for download 
• Studies not written in the defined idiom 
• Studies not related to building construction, such as those focusing on infrastructure construction (e.g., 

roads, bridges, tunnels) or other non-building construction processes. 

Inclusion 
criteria 

• Studies published within the time period 2014–2024 
• Journal articles, review articles, conference papers and chapters with full-text availability 
• Studies specifically related to building construction sites 
• Studies in which digital solutions represent a central and predominant focus, rather than a peripheral 

or contextual element 
 125 
The identification phase yielded 250 publications, including journal articles, conference articles, and book chapters.  126 

After removing duplicates and records lacking author information, 167 publications remained. A preliminary screening 127 
of titles and abstracts was then conducted to ensure alignment with the research objectives and to exclude studies not 128 
directly related to building construction (i.e., infrastructure studies) or those that included the search keywords without 129 
substantive relevance. This screening step reduced the sample to 117 publications. Whenever possible, the full texts 130 
were retrieved from the databases used in our search and from institutional or open-access repositories. When the full 131 
texts could not be accessed through any of these means, the paper was excluded from the analysis. The remaining full-132 
text articles were thoroughly reviewed to determine eligibility for final inclusion in the systematic review. Of 86 133 
publications, all met the inclusion criteria and were selected for qualitative analysis. 134 

A publication year filter was applied, restricting the literature review to studies published between 2014 and 2024. 135 
The year 2014 was selected as a reasonable starting point for the investigation, as scholarly discussions about the digital 136 
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transformation of construction sites had advanced over the previous decade. 137 

3. Results 138 

3.1  Bibliometric Analysis 139 

To support the qualitative review process, a bibliometric analysis was conducted at the end of the screening phase 140 
to assess the influence and distribution of the publications, providing a quantitative characterisation of the structure and 141 
dynamics of the research field [17, 18]. The temporal distribution of scientific production (Fig. 2a) illustrates a clear 142 
evolution over the past decade. From 2014 to 2020, the number of publications remained relatively limited, but 143 
beginning in 2021, an almost exponential growth was observed, culminating in more than 20 contributions in 2024. 144 
The trend reflects rising interest in digital construction, likely driven by broader adoption of BIM, IoT, and related 145 
tools, the industry's digital transformation and the post-pandemic shift towards automation and remote monitoring. 146 

Since 2020, review articles on the topic have increased, accounting for 16.3% of the total publications included, 147 
reflecting efforts to consolidate and critically assess knowledge in this field. Despite the expanding body of literature, 148 
the publication landscape remains highly dispersed: only 5 sources published more than 3 articles over the past decade 149 
(Fig. 2b), with approximately 60% of the journals contributing only 1 or 2 articles, underscoring the discipline's 150 
emerging nature and the absence of a consolidated core of reference journals. Most publications appear in Buildings 151 
(11) and Sustainability (8). The contributions of specialised journals such as Automation in Construction and Applied 152 
Sciences demonstrate the growing maturity and interdisciplinary engagement in the domain. 153 

 154 

  
Figure 2 – (a) Annual scientific production related to digital construction from 2014 to 2024; (b) Most relevant 

scientific sources by number of publications. 

To investigate thematic convergence among the selected papers, a co-occurrence analysis of the authors' keywords 155 
was conducted using VOSviewer. To ensure consistency and avoid semantic redundancy, a thesaurus was developed 156 
to normalise items and merge keyword variants (e.g., "BIM", "Building Information Modelling", "BIM modelling"). 157 
As a result, “Building Information Modelling” emerged as the most frequently used keyword, followed by 158 
“digitalisation”, “Internet of Things”, “project management”, and “augmented reality”. The keyword co-occurrence 159 
network (Fig. 3) highlights six distinct thematic clusters, each shown in a different colour. This clustering provides an 160 
overview of themes and interrelationships within the analysed literature. Building on this analysis, the identified clusters 161 
were used to support the authors in a structured categorisation of digital solutions into three main groups: (i) Data 162 
Acquisition solutions, (ii) Digital Fabrication and Automation solutions, and (iii) Digital Information solutions. 163 

In the co-occurrence network of author keywords, several terms emerge from the red cluster, adjacent to parts of the 164 
yellow cluster: "drone", "object detection", "construction management", "digital twin", and "Internet of Things". These 165 
keywords clearly emphasise data-collection technologies, thereby enabling the authors to identify the first category of 166 
digital solutions: "Data Acquisition Solutions". The yellow and blue clusters feature keywords such as "Internet of 167 
Things", "smart construction", "prefabricated buildings", "digitalisation", "automation", and "prefabrication", 168 
indicating research concerned with automated systems and advanced fabrication techniques. These contributions 169 
address both On-site and Off-site settings, highlighting the role of automation. These were grouped into a second 170 
category, named "Digital Fabrication and Automation Solutions". The purple, light blue, and green clusters include 171 
keywords like "building information modelling", "artificial neural network", "information management", "project 172 
management", "augmented reality", "virtual reality", and "computer vision”. These focus on structured information, 173 
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digital workflows, and immersive visualisation, forming the third category: "Digital Information Solutions". 174 
 175 

 

Figure 3 – Visualisation of the co-occurrence network of author keywords generated using VOSviewer. The map 
illustrates relationships among keywords that co-occur at least twice in the selected documents. 

The Global Country Map (Fig. 4) shows a dense concentration of publications across European nations, particularly 176 
the United Kingdom, Germany, and Italy, as well as China, Australia, and the United States. Among these, the United 177 
States, Italy, Germany, and China emerge as central hubs. Overall, the bibliometric analysis confirms the growing 178 
interest in digital construction, with a notable acceleration in scientific production over the last five years.  179 

The research landscape is diverse yet fragmented, marked by a growing number of journals, the dominance of 180 
keywords related to BIM and emerging technologies, and an extensive international research network. These patterns 181 
highlight the need for a more critical understanding of how digital solutions are applied and integrated within 182 
construction workflows. Building on this insight, the following section moves beyond bibliometric trends to a structured 183 
analysis of the identified digital solution. 184 

 185 

 
Figure 4 – Number of publications by country based on the bibliometric analysis. 
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3.2 Thematic Analysis of Selected Articles 186 

This section discusses the research findings and analyses the digital solution landscape that emerged from the SLR. 187 
Digital solutions were categorised into thematic clusters based on keyword co-occurrence analysis, reflecting current 188 
research patterns. As illustrated in Figure 5, two levels of categorisation have been identified. At the first level, the 189 
thematic clustering led to the identification of three main groups of digital solutions: (i) Data Acquisition solutions, (ii) 190 
Digital Fabrication and Automation solutions, and (iii) Digital Information solutions. At the second level, these groups 191 
were further divided into subcategories, yielding six types of digital solutions: Surveying, Monitoring, On-site 192 
automation, Off-site automation, Information modelling, and Extended Reality solutions. 193 

 194 

From the SLR elaboration, a definition was assigned to each of the three categories and the related digital solution: 195 
● Data Acquisition solutions are methods, processes, technologies, and integrated systems aimed at 196 

systematically collecting and pre-processing spatial, environmental, and operational data throughout the construction 197 
lifecycle. These include surveying and monitoring technologies to provide high-quality input for data-driven analysis—198 
ranging from rule-based and statistical methods to advanced AI-based approaches—to support real-time or near-real-199 
time decision-making, safety compliance, and construction performance. 200 

o Surveying solutions: advanced tools and methodologies used to acquire, process, and interpret spatial data, 201 
creating high-resolution 3D models of both built and natural environments. Technologies include Unmanned 202 
Aircraft Systems (UAS), Terrestrial Laser Scanners (TLS), and photogrammetric techniques (SfM, MVS) to 203 
generate point clouds, Digital Terrain Models (DTMs), Digital Surface Models (DSMs), and orthoimages 204 
with centimetre accuracy. These facilitate real-time comparison of as-planned and as-built conditions 205 
throughout all construction phases [19–23]. 206 

o Monitoring solutions: integrated digital systems that collect, process, and analyse real-time construction site 207 
data to support decision-making, ensure safety, and improve efficiency. They use IoT sensors, wearables, 208 
Computer Vision (CV), Unmanned Aerial Vehicles (UAVs), and cloud platforms to continuously monitor 209 
workers, equipment, and site conditions. Applications include safety management, progress tracking, and 210 
anomaly detection. Integration with BIM, Geographic Information System (GIS), and project management 211 
tools enables dynamic risk assessment, real-time dashboards, and automated reporting [24–28]. 212 

● Digital Fabrication and Automation solutions comprise a set of data-driven processes and technologies that, 213 
either directly or indirectly, impact the construction site by enhancing both On-site and Off-site construction (OSC). 214 
Utilising advanced machinery, automated systems, and integrated workflows, digital transformation in the AEC sector 215 
has enabled precise control over fabrication technologies and increased efficiency from design to execution. These 216 
developments have significantly improved productivity, accuracy, and coordination across the construction lifecycle. 217 

o On-site automation solutions encompass key procedures, methodologies, and technologies aimed at 218 
automating the construction site, as opposed to Off-site automation solutions using stationary machines. This 219 
approach often employs mobile systems, enabling the continuous production of even complex structures and 220 
eliminating the need to transport bulky components produced Off-site. They can operate in dynamic 221 
environments and are suitable for both new construction and building renovation [29–33]. 222 

o Off-site automation solutions, traditionally referred to as prefabrication, involve manufacturing or assembly 223 
of building components in factories for later installation on the construction site [34]. These workflows are 224 
streamlined by digitalisation and automation solutions [35]. Digitalisation optimises design-to-225 
manufacturing pipelines by enabling coordination and performance monitoring, while automation reduces 226 
human effort, enhances production processes, and automates complex tasks using robotics and machinery. 227 

 

Figure 5 – Categorisation of six digital solutions identified in the literature, structured into three main categories. 
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● Digital Information solutions refer to a set of technological tools and systems for efficient creation, 228 
management, and exchange of digital data across the construction project lifecycle. These include BIM, Common Data 229 
Environment (CDE), Digital Twin (DT), and construction management platforms, often integrated by IoT sensors, 230 
reality capture methods, and mobile or immersive applications. They enable real-time collaboration, improve planning 231 
and execution, and support data-driven decisions, enhancing productivity, reducing costs, and minimising errors. These 232 
solutions facilitate a seamless transition between construction phases and operational management, fostering lifecycle-233 
oriented practices and driving more integrated, transparent, and efficient construction processes that align with 234 
sustainability, safety, and technological innovation.  235 

o Information Modelling solutions aim to manage project and construction data, enhancing collaboration and 236 
information exchange among stakeholders [36], often within a CDE [37]. BIM, a digital representation of a 237 
facility's physical and functional characteristics [38], has emerged as a key digital methodology enabling 238 
efficient, integrated, and data-driven management of construction processes [39]. Initially an extension of 239 
2D to 3D modelling, BIM now incorporates additional dimensions: time (4D), cost management (5D), 240 
sustainability (6D), facility management (7D), and safety (8D) [40]. In recent years, a shift from BIM to DT 241 
has further enhanced building management with real-time data and interoperability. 242 

o Extended Reality solutions (XR) encompass methodologies, procedures, and immersive technologies, i.e., 243 
Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR), that merge physical and digital 244 
environments to enhance interaction, visualisation, and decision-making. In construction safety and 245 
management, XR enables users to engage with virtual or augmented content via head-mounted displays or 246 
mobile devices, creating context-rich environments that replicate or augment real-world settings. VR offers 247 
fully simulated environments, enabling workers to explore job-site scenarios in a risk-free context, ideal for 248 
hazard recognition and training. AR overlays digital models and information onto the real world, enabling 249 
real-time inspection, assembly, and hazard identification. MR enables dynamic interaction between physical 250 
and virtual objects, anchored in real-world coordinates, thereby enhancing spatial fidelity. Integration with 251 
BIM and GIS enhances training and safety applications, visual planning, and lifecycle insights. When 252 
combined with deep learning, XR delivers context-aware feedback, real-time hazard detection, and adaptive 253 
guidance, serving as an educational and operational tool to enhance safety, decision-making, and 254 
collaboration [41–44]. 255 

3.2.1 Data Acquisition Solutions 256 

Data Acquisition solutions enable the digital transformation of construction sites, offering insights into how digital 257 
tools can enhance project execution and safety while promoting a more connected, data-driven construction process. 258 
The following paragraphs examine the literature clustered in this category by focusing on the two main digital solutions 259 
identified: surveying and monitoring. 260 

3.2.1.1 Surveying Solutions 261 

Digital surveying solutions address the limitations of traditional manual methods (e.g. tape measurements, total 262 
stations, and theodolites) by enabling efficient, automated, and data-driven acquisition of spatial information. These 263 
technologies have improved the accuracy of geometric modelling, the reliability of site documentation, and the ability 264 
to support real-time project decisions. Advancements in this field include integrating VR with automated surveying 265 
tools. Salem et al. demonstrated that UAV-based image acquisition, combined with BIM and VR visualisation, can 266 
enhance spatial analysis, logistical acquisition, and progress tracking [19]. The resulting DTs facilitate intuitive 267 
comparisons between the as-built and the design intent, thereby enhancing transparency in decision-making. However, 268 
such applications require substantial technological infrastructure, consistent procedures during system setup, and 269 
standardised processes and accessible interfaces [19]. 270 

In image-based surveying, Ekanayake et al. introduced an optimised Mask R-CNN model specifically adapted for 271 
indoor environments, where traditional surveying techniques are often less effective [20]. Their approach automates 272 
the detection of key construction elements, such as insulation and drywall, from UAV-acquired images, with the results 273 
integrated into an interactive dashboard. The system achieved a mean average precision of 88.02%, demonstrating 274 
effectiveness even in low-light and occluded scenarios. Nevertheless, the study cautions that broader generalisation 275 
may require more diverse training data [20]. 276 

To address inefficiencies in conventional surveying workflows, Torres et al. proposed a comprehensive system 277 
architecture that integrates photogrammetry, IoT, and BIM within a Building DT framework [21]. Their research 278 
redefines surveying as a continuous, cross-functional activity embedded within site intelligence. The digital workflows 279 
in this framework are formalised using Business Process Model and Notation 2.0 (BPMN 2.0), a standardised graphical 280 
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notation for modelling business processes that promotes interoperability across stakeholders and systems. This 281 
approach structures the representation of tasks, events, and decision gateways, facilitating automation and coordination 282 
of complex construction processes. BPMN 2.0-based workflows allow dynamic updates of safety, quality, and 283 
productivity metrics. Besides the lack of field validation, the study offers a valuable model for how surveying data can 284 
drive proactive site management [21]. 285 

The quality and suitability of datasets used in digital surveying were examined by Qureshi et al., who conducted a 286 
comparative benchmarking study of 12 photogrammetric platforms using construction-specific datasets [22]. The 287 
evaluation included metrics such as Cloud-to-Cloud (C2C), completion percentage, and Multiscale Model-to-Model 288 
Cloud Comparison (M3C2). Their analysis identified five key environmental parameters that influence the performance 289 
of image-based surveying. The study emphasised that data quantity alone is insufficient; context-aware data collection 290 
strategies and proper evaluation frameworks are essential for accurate reconstructions [22]. 291 

Focusing on UAV-based topographic surveying, Cho et al. developed a robust workflow for digitising large-scale 292 
earthworks [23]. Their methodology integrates high-precision ground control points (GCPs), photogrammetric 293 
reconstruction, and Python-based automation for tasks such as volume calculation and terrain monitoring. The resulting 294 
system achieved sub-3 cm accuracy and produced outputs such as height-differential maps and safety zones. However, 295 
its scalability is currently limited by the need to manually filter out moving objects, such as workers and machinery, 296 
that disrupt the accuracy of point clouds. The authors also noted the importance of enhancing georeferencing practices 297 
by deploying denser GCP networks [23]. 298 

In summary, the reviewed contributions underline how digital surveying solutions, spanning UAV photogrammetry, 299 
AI-based image analysis, VR integration, and DTs, are reshaping the construction landscape. These technologies not 300 
only enhance geometric documentation but also enable real-time monitoring, predictive analytics, and decision support. 301 
Despite their promise, widespread adoption requires addressing key challenges, including usability, interoperability, 302 
dataset quality, and field-level adaptability. 303 

 304 
Table 2. Summary of the analysis of Surveying solutions, reporting improvement levels, application areas, and the main 305 
benefits and challenges identified in the literature. 306 
 Tot. Articles Identified articles 
Surveying solutions 5 [19, 23] 
Topic Typology Reference 

Improvement  
level 

• Enabling improvement 
• Qualitative improvement  
• Quantitative improvement  
• Safety improvement  

[19, 23]  
[19, 22, 23]  
[19, 22, 23]  
[19–21] 

Application areas 

• Project planning and design 
• Project management 
• Health and safety 
• On-site operation, logistics and supply chain 
• Construction methods 
• Structural health assessment 

[19, 23]  
[19, 21, 23] 
[19–21]  
[19, 23]  
[19, 22, 23] 
--- 

Benefits 

• High-precision data acquisition 
• Remote inspection improves safety 
• BIM integration for as-built validation 
• Informed planning and logistics decisions 
• Efficient documentation 
• Applicable to complex environments 

[19, 22, 23] 
[19–21] 
[19, 23]  
[19, 23]  
[19, 22] 
[22, 23] 

Challenges 

• Variable accuracy in harsh conditions 
• Skilled personnel required 
• Need for ground control points 
• Large data processing burden 
• High equipment/software costs 
• Limited interoperability without standards 

[19, 23]  
[20, 22] 
[23] 
[22] 
[19, 22] 
[19, 21] 
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3.2.1.2 Monitoring Solutions 307 

Digital monitoring solutions, ranging from CV systems to IoT, wearable sensors, and UAS, are increasingly adopted 308 
to enable real-time observation, automated data collection, and hazard detection, thereby supporting more effective site 309 
supervision and risk mitigation. CV techniques have shown significant potential in enhancing health and safety 310 
monitoring. They involve applying AI-driven image and video analysis to automate the observation, documentation, 311 
and assessment of construction activities. These methods enhance traditional manual processes by providing real-time 312 
data extraction, object recognition, and operational insights, enabling efficient project management and safety 313 
compliance [45–47]. According to Arshad et al., CV systems can detect critical safety events, such as improper use of 314 
Personal Protective Equipment (PPE) and fall-risk situations, using advanced image-based techniques, including multi-315 
object tracking [24]. Multi-object tracking algorithms monitor workers, equipment, and materials across sequential 316 
frames to analyse spatial interactions and workflows [46]. 317 

A YOLO (You Only Look at Once)- based model achieved up to 96% accuracy in PPE detection when integrated 318 
with semantic ontologies [48]. Despite their effectiveness, Arshad et al. highlight limitations arising from dataset bias, 319 
regulatory constraints, and the dynamic, unpredictable nature of construction environments, which can compromise the 320 
reliability of automated monitoring solutions [24]. The study also compares CV with IoT systems, highlighting the 321 
latter's strengths in automation and real-time tracking but noting issues such as hardware dependency and energy 322 
efficiency. The authors advocate hybrid solutions that combine CV and IoT to enable multimodal safety analytics [24]. 323 

 324 
Table 3. Summary of the analysis of Monitoring solutions, reporting improvement levels, application areas, and the main 325 
benefits and challenges identified in the literature. 326 
 Tot. Articles Identified articles 
Monitoring solutions 5 [24–28] 
Topic Typology Reference 

Improvement  
level 

• Enabling improvement 
• Qualitative improvement  
• Quantitative improvement  
• Safety improvement  

[25, 27, 28]  
[24–26] 
[24, 27]  
[24–26] 

Application areas 

• Project planning and design 
• Project management 
• Health and safety 
• On-site operation, logistics and supply chain 
• Construction methods 
• Structural health assessment 

--- 
[27, 28] 
[24–26]  
[25, 27] 
[25, 27] 
[26] 

Benefits 

• Automated safety and compliance control 
• Real-time tracking of workers and equipment 
• Early detection of risks and anomalies 
• BIM and DT integration 
• Reduced inspection time 
• Improved PPE usage detection 
• Accident prevention support 

[24–26]  
[25, 27] 
[24, 25] 
[27, 28] 
[27] 
[25, 26]  
[24–26] 

Challenges 

• Cultural resistance to digital tools 
• High initial costs 
• Integration challenges with existing systems 
• Data protection and privacy issues 
• Lack of standardisation 
• Operational reliability in harsh environments 

[24, 25] 
[26, 27] 
[27, 28] 
[25, 26]  
[28] 
[27] 

 327 
In addition to technical aspects, inspection and control activities have also benefited from digitalisation. Rey et al. 328 

present the "Smart Inspects" system, which integrates digital safety checklists with drone-based inspections to enhance 329 
task coordination and reduce inefficiencies [27]. Deployed in 55 weekly inspections across two construction sites in 330 
Brazil, the system achieved a 73% reduction in inspection time and improved the detection of non-conformities. 331 
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However, its applicability is partially constrained by environmental conditions, such as weather and indoor-use 332 
constraints. The study emphasises the importance of aligning such tools with standardised procedures to ensure broader 333 
scalability and effectiveness [27]. 334 

Beyond technological capabilities, several studies have examined the procedural challenges that hinder the adoption 335 
of monitoring solutions. Tabatabaee et al., using the Fuzzy Delphi Method (an advanced consensus-building technique 336 
that combines the classical Delphi method with fuzzy set theory to systematically gather and quantify expert opinions, 337 
especially when dealing with uncertainty and subjective judgments) [49], identified and prioritised 18 barriers to IoT 338 
implementation in safety monitoring [25]. Their findings, drawn from the Hong Kong construction context, reveal 339 
widespread concerns, including productivity losses, training burdens, privacy issues, and general scepticism regarding 340 
the reliability of technology. Insufficient policy support and limited digital competencies among workers compound 341 
these barriers. Although regionally focused, the study offers a valuable taxonomy of obstacles and underscores 342 
integrative strategies that combine innovation with workforce training and change management [25]. 343 

From a regional and policy-driven perspective, Ibrahim et al. [28] examine IoT adoption in Malaysia's construction 344 
sector, finding uneven diffusion of tools such as BIM, Radio-Frequency Identification (RFID) systems, and smart 345 
sensors. UAVs and communication platforms are increasingly used, but sensor-based health monitoring remains 346 
constrained by cost and training barriers. The study highlights the interplay between government-led BIM initiatives 347 
and digital transformation efforts, while acknowledging its descriptive scope and limited empirical depth [28]. 348 

A broader overview is offered by Maali et al., who conducted a systematic review of digital safety technologies [26]. 349 
The study categorises these into four strategic domains: prevention through design, safety management, safety culture, 350 
and computational applications. Sensing devices (28.7%) and AI-based vision systems (21.7%) are the most used tools 351 
for real-time monitoring, ergonomic support, and behavioural analytics. The authors also developed a practical checklist 352 
that links technologies to specific safety goals, serving as a decision-support tool for practitioners. However, the study's 353 
descriptive nature and limited focus on ethical implications represent key limitations [26]. 354 

In summary, the reviewed contributions converge on the strategic role of monitoring solutions in advancing digital 355 
safety on construction sites. While the integration of CV, IoT, and other digital tools has demonstrated tangible benefits, 356 
widespread adoption is still constrained by technical, organisational, and socio-regulatory barriers. These findings 357 
reinforce the need for comprehensive, cross-disciplinary strategies that couple technological innovation with policy 358 
reform, standardisation, and workforce upskilling. 359 
3.2.2 Digital Fabrication and Automation Solutions 360 

The literature distinguishes two domains: On-site and Off-site. The use of digital solutions in OSC is well 361 
documented across all phases of the construction process, from design and manufacturing to transportation and On-site 362 
assembly [50, 51]. While a growing body of research supports their application in Off-site processes, the authors also 363 
aim to examine in detail the emerging, digitally driven, and automated innovations On-site. Accordingly, the next 364 
subsections provide an overview of the digital and automation solutions applied in the two domains. 365 

3.2.2.1 Off-site Automation solutions 366 

Among the reviewed literature, two key studies map the spectrum of digital solutions in OSC. Olawumi et al. [51] 367 
focus on the modular integrated construction method and identify digital technologies across the construction process 368 
– manufacturing, transportation, and On-site assembly – highlighting the use of BIM, simulation tools, AR, CV, and 369 
RFID systems to automate production data collection. Following a similar approach, Gutiérrez et al. [50] narrow their 370 
scope to the timber industry, regarded as one of the most advanced sectors in Off-site processes and in the level of 371 
prefabrication of building components. In their study, the authors highlight that the timber industry is driven by rapid 372 
advances in automated fabrication processes, including robotic systems for manufacturing timber products and 373 
components. While the pivotal role of digital technologies in the timber industry is widely acknowledged, the authors 374 
highlight the lack of their systematic integration into existing automated fabrication processes, which is essential for 375 
scaling up timber-based OSC, thereby improving productivity and further enhancing process sustainability [50]. 376 

To address interoperability and systemic integration challenges, one emerging field explores the role of blockchain 377 
technology, when combined with BIM, machine learning, RFID, and IoT, as a promising enabler of data traceability, 378 
information security, and decentralised information management in OSC [51]. 379 

Further advancing the discussion on interoperability issues among digital and automation systems, Lei et al. [35] 380 
identified inefficiencies arising from information loss throughout the OSC process. Drawing on a case study of a timber 381 
panel manufacturer, the authors suggest a shift from off-the-shelf tools to customised digital solutions, for instance, 382 
using open Application Programming Interfaces (APIs) to enhance integration between BIM, Enterprise Resource 383 
Planning, and Computer-Aided Design and Computer-Aided Manufacturing systems (CAD/CAM), reducing labour 384 
costs due to data loss and duplication. 385 
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The reviewed studies cover all phases of the OSC process, from design to On-site assembly. Although the primary 386 
focus of this paragraph is to examine digital and automation solutions in the manufacturing phase and, consequently, 387 
their role in reshaping On-site operations through Off-site components, it is necessary to address the design phase as 388 
well. Most Off-site production processes rely on CAD/CAM systems that translate design information into the machine 389 
language required by industrial equipment. Given the complexity and level of detail required in OSC, one research line 390 
focuses on automating and semi-automating the design process. For instance, the potential of generative algorithms and 391 
BIM to enhance production efficiency and sustainability is highlighted in the literature [52]. 392 

 393 
Table 4. Summary of the analysis of Off-site automation solutions, reporting improvement levels, application areas, and 394 
the main benefits and challenges identified in the literature. 395 
 Tot. Articles Identified articles 
Off-site automation 
solutions 11 [35, 50–59] 

Topic Typology Reference 

Improvement  
level 

• Enabling improvement 
• Qualitative improvement  
• Quantitative improvement  
• Safety improvement  

[51–53, 55, 56, 59] 
[35, 51, 52, 57] 
[52, 54, 56] 
[51, 58] 

Application areas 

• Project planning and design 
• Project management 
• Health and safety 
• On-site operation, logistics and supply chain 
• Construction methods 
• Structural health assessment 

[50, 52, 56, 57] 
[57, 58] 
--- 
[35, 51, 57–59] 
[53–56] 
--- 

Benefits 

• Facilitation of integrated workflows from design to production  
• Enhanced manufacturing precision  
• Increased productivity and production process standardisation 
• Material optimisation 
• Realisation of complex geometries and high component customisation 
• Real-time production monitoring systems 

[35, 52, 53, 55, 56] 
[52–55] 
[50, 52, 56] 
[53, 55, 56] 
[53, 54] 
[53, 57–59] 

Challenges 

• Lack of systemic integration between digital design tools and  
automated processes, data fragmentation, and data duplication        
between the design and production  

• The workflow continuity needs the implementation of open standards 
and APIs 

• Limitations of off-the-shelf software often require the development of 
customised solutions from manufacturers tailored to the specific needs  

• Broader adoption of digital solutions depends on the concurrent 
implementation of automation technologies 

• Ensuring consistent quality across all the OSC process phases is 
challenged by the poor communication between stakeholders 

• Reverse supply chains are fragmented and lack coordination  
• Verifying component identity and material compliance on the 

construction site 

[35, 50] 

 
[35] 
 
[35] 
 
[50] 
 
[57, 58] 

[50, 51] 

[57, 58] 

 396 
Design-stage automation can streamline the manufacturing of complex components through integrated workflows. 397 

Studies show the benefits of such approaches in articulated timber and concrete structures. Yuan et al. [53] describe a 398 
shell timber structure utilising reciprocal geometries, parametric design, and shape optimisation. The sophisticated 399 
production process relies on automated 7-axis robots and supervisory software, which employ a DT to simulate and 400 
correct errors. The structure's envelope has been completed with 3D-printed plastic panels tailored to its curvature, 401 
demonstrating the potential of combining robotic arm, DT, and additive manufacturing for high-precision components. 402 

Beyond timber, material optimisation is mainly critical for heavy Off-site components, such as concrete ones. Ma et 403 
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al. [54] used topological optimisation to improve material distribution in precast ribbed slabs, creating recyclable, 404 
reusable formwork inspired by Nervi's structural designs. The study employs a hybrid digital fabrication process that 405 
combines robotic 3D printing for complex geometries with Computer Numerical Control machining for flat surfaces. 406 

Other studies [55] have implemented digital solutions in concrete-based prefabricated envelope systems, integrating 407 
multifunctional design and 3D printing to combine thermal insulation, structural performance, and space for building 408 
services, offering a comprehensive construction solution within a single element. 409 

Towards resource-efficient production, digital and automation solutions are also applied at the interface between 410 
design and manufacture. Esenarro et al. [56] developed an advanced nesting process using a Grasshopper algorithm to 411 
optimise the laser cutting of modular components, reducing material waste by 20% and fabrication costs by 28% 412 
compared with conventional methods. 413 

Off-site building components, despite their quality, can be damaged during transport and handling, which can affect 414 
installation and performance. Piaia et al. [57] address this by combining RFID or QR codes identification with thermal 415 
and laser scanning for early defect detection and performance monitoring throughout the construction process. 416 
Similarly, Wang et al. [58] introduce an intelligent construction system for prefabricated buildings, a digital platform 417 
that coordinates all phases of the OSC process by integrating BIM, RFID, sensors, GPS, and AI. By tracking 418 
components from manufacturing to installation, the system allows real-time corrective actions and synchronises 419 
products with their DTs, supporting long-term maintenance, quality control, and lifecycle management. 420 

3.2.2.2 On-site automation solutions 421 

Robotic technologies are a key driver of digitalisation in AEC, going far beyond the automation of repetitive tasks. 422 
Their integration with digital tools such as BIM [31, 60, 61] and CAD/CAM systems is reshaping the entire project 423 
lifecycle, from design through execution to management [60]. Digital models have evolved from simple virtual 424 
representations to operational platforms that direct robotics On-site and Off-site [62, 63]. Pioneer projects demonstrate 425 
how robotics enables full-scale construction with high precision and geometric complexity [64], supporting the shift 426 
from manual, sequential processes to automated, parallel, and data-driven workflows [62]. Robotics in AEC is diverse 427 
and measurable, boosting productivity and efficiency [31, 63, 65], operating continuously under harsh conditions, and 428 
performing tasks faster and with higher accuracy than humans [30]. They enhance quality by minimising human error 429 
and improving compliance with design specifications [62, 63], while reducing material waste and rework [61, 65]. A 430 
major advantage is improved safety, as robots automate dangerous or physically demanding tasks, thereby reducing 431 
workers' exposure to risk [30, 31, 61], enhancing efficiency, precision [33, 63].  432 

A major frontier is On-site digital fabrication, especially 3D printing [32]. Mobile Additive Manufacturing (MAM) 433 
systems use mobile robots with multi-degree-of-freedom arms to extrude material directly on construction sites. These 434 
systems operate using strategies such as "print-while-driving" or "print-drive-print" and are adaptable to both new 435 
construction and renovation. Mobility is achieved via ground-based platforms or climbing mechanisms for scalable 436 
deployment [66]. The CONPrint3D system, developed at TU Dresden, converts concrete pump trucks into large-scale 437 
manipulators capable of printing monolithic concrete structures. While effective for standard geometries, challenges 438 
remain in maintaining material flow and compensating for the boom arm's dynamic behaviour [32, 65].  439 

Although traditional industrial robots provide high precision, their limited range restricts their application. This can 440 
be addressed by integrating gantry systems, mobile platforms, or cable-driven systems, albeit at the expense of 441 
increased demands on positioning accuracy and structural infrastructure [65]. Innovations are not limited to concrete; 442 
robotic systems for wood fabrication are also under development, enabling the production of complex geometries [64].  443 

In masonry, robotic bricklaying solutions such as the Mobile Robotic Bricklaying System (RBS) from Poland, which 444 
integrates an ABB robot on a tracked frame, are being deployed to construct walls across various building types [60]. 445 
Semi-Automatic Mason (SAM) uses sensors and lasers for precise wall tracking and brick placement, enhancing mason 446 
productivity [60]. The Automated Bricklaying Robot (ABLR), designed for flexibility, handles diverse brick types and 447 
excels at challenging geometries like arches and corners [60]. Additional robotic systems are adopted for finishing and 448 
structural assembly: robotic plastering and painting improve surface quality and reduce worker strain while automated 449 
welding robots provide precise, repeatable welds on steel structures, especially for complex joints [60].  450 

Robots are increasingly used in off-site manufacturing to streamline modular component production and enable 451 
additive manufacturing of large-scale elements [67]. Material handling is also being transformed; robots and wearable 452 
exoskeletons assist with lifting and transporting heavy loads, improving safety and operational efficiency [60, 67].  453 

For excavation, autonomous systems equipped with Real-Time Kinematic (RTK)-enhanced Global Navigation 454 
Satellite Systems (GNSS), IMUs (Inertial Measurement Units) and InfraBIM models can increase accuracy and 455 
optimise planning. These systems are valuable at hazardous or remote sites, improving safety, fuel efficiency, and 456 
productivity. Remote-control functions add flexibility [30, 33]. BIM integration enables more precise planning [31, 60] 457 
and real-time data collection via robotic monitoring [62], reducing execution times. Studies show a reduction of 458 
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construction times for tasks such as substation wall erection by 60–80% compared with traditional methods [62]. 459 
 460 

Table 5. Summary of the analysis of On-site automation solutions, reporting improvement levels, application areas, and 461 
the main benefits and challenges identified in the literature. 462 
 Tot. Articles Identified articles 
On-site automation 
solutions 14 [29–33, 60–68] 

Topic Typology Reference 

Improvement  
level 

• Enabling improvement 
• Qualitative improvement  
• Quantitative improvement  
• Safety improvement  

[61] 
[29, 65] 
[30, 31, 61] 
[30, 33, 61] 

Application areas 

• Project planning and design 
• Project management 
• Health and safety 
• On-site operation, logistics and supply chain 
• Construction methods 
• Structural health assessment 

--- 
--- 
[30, 31, 33, 60, 61, 65–67] 
[29–31, 33, 60, 62, 64–67] 
[30, 31, 61, 62, 64–68] 
--- 

Benefits 

• Significant reduction in construction time (e.g., 60–80% for 
walls) and economic advantages 

• Improved accuracy and greater safety on construction sites 
• Increased productivity and better information management (with 

tools like BIM and CDE) 
• Greater design freedom and better visualisation enabled by 

digital fabrication (e.g., 3D printing) 
• Systems adapting to material and construction tolerances 
• Potential for environmental benefits (e.g., use of low-clinker 

materials or combined structure/insulation solutions) 
• Simplified operational processes and software, usable by non-

specialists 

[60, 61, 65] 
 
[30, 33, 60, 61, 66, 67] 
[29–31, 60, 61, 65] 
 
[61, 64, 66] 
 

[62, 63, 66] 

[60, 63, 65] 

[62, 64, 68] 

Challenges 

• Fragmented sector, reluctant to change, with a shortage of  
skilled labour and unclear digital strategies 

• High technical complexity in developing systems that manage 
construction tolerances, reinforcement integration, on-site 
precision, and complex data flows 

• Challenges related to the specific properties of printable 
materials (e.g., rheology, buildability, layer bonding, and 
anisotropy) 

• Need to adapt to site variability (e.g., changing environmental 
and logistical conditions); robotic localisation and context 
awareness remain challenging 

• Cybersecurity risks are often overlooked in unstructured 
construction environments and interconnected systems 

[31, 33, 60, 67] 

[32, 63–65] 

 

[32, 65] 

 

[29, 31, 33, 63, 66] 

 

[33] 

 463 
Despite its potential, robotics adoption faces several hurdles. High initial costs for procurement, deployment, and 464 

maintenance limit accessibility, especially for SMEs [65]. Workforce resistance and lack of specialised skills hinder 465 
progress [31, 33]. Project fragmentation, variable site conditions, and multiple stakeholders complicate standardisation. 466 
Technical challenges include material tolerance [62], accurate real-time localisation in dynamic environments [29, 33], 467 
and maintaining reliable internet connectivity at remote sites [33]. Cybersecurity concerns are increasing as machines, 468 
sensors, and networked systems become more interconnected. Historically, construction has neglected cybersecurity in 469 
unstructured environments, increasing risks [33]. Regulatory and standardisation challenges, such as specifying 470 
printable concrete, are evolving and may involve high compliance costs [32, 65].  471 
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Robotics in AEC holds potential to address chronic industry challenges: low productivity [31, 63, 65], skilled labour 472 
shortages [30, 31, 65], and the need for sustainable practices [63, 68]. Research and development focus on cost-473 
effective, easy-to-deploy systems that integrate with existing workflows [65]. Progress toward heterogeneous robotic 474 
fleets that dynamically collaborate with humans opens new frontiers [29, 63, 68]. AI and machine learning will allow 475 
robots to make autonomous decisions, optimise real-time workflows, and enhance quality [29, 68]. Innovations such 476 
as MAM with advanced materials (e.g., foamed concrete and mixes with larger aggregates) promise to revolutionise 477 
construction [65, 66]. By overcoming current barriers and fully leveraging technological innovation, robotics is set to 478 
become a foundational pillar of the sector's digital transformation [68]. 479 
3.2.3 Digital Information Solutions 480 

Digital Information solutions are technological tools and systems that support the efficient generation, management, 481 
and exchange of digital data throughout all phases of a construction project lifecycle. Notably, BIM-based approaches, 482 
when combined with emerging technologies such as DTs, XR, IoT, AI, and Deep Learning, offer significant advantages 483 
in terms of data integration, visualisation, simulation, and real-time monitoring. While Digital Information solutions 484 
aim to facilitate a seamless transition across the design, construction, and operational management phases, several 485 
barriers limit their effectiveness, including industry fragmentation, the absence of standardised data protocols, and 486 
insufficient client demand. To overcome these challenges, strategies such as adopting interoperable standards, 487 
implementing structured workflows, and actively involving clients in defining requirements and promoting stakeholder 488 
coordination can help realise the full benefits of these technologies. This section explores how such synergies enhance 489 
safety, decision-making, and effective collaboration throughout the construction process. 490 

3.2.3.1 Information Modelling solutions 491 

Information Modelling solutions primarily rely on BIM, which acts as the core methodology and digital backbone 492 
for organising, structuring, and managing building data throughout its lifecycle. Digitalisation, especially via BIM, has 493 
strong potential to transform project organisation and financing [69]. According to Wang et al. [70], seven key factors 494 
influence professionals' willingness to collaborate on BIM-enabled projects: professional knowledge and skills, 495 
training, investment, BIM and collaboration tools, BIM ownership, standards, and regulations. Among these, 496 
professional knowledge is one of the most critical factors [70]. As projects grow in complexity, particularly in high-497 
rise, healthcare, and educational infrastructure, there is an urgent need for advanced digital platforms that extend beyond 498 
traditional planning and monitoring [39]. An example of a digital platform is CDE, a central platform that stores, 499 
manages, and shares project information among all project stakeholders, ensuring trust, transparency, and traceability 500 
in BIM workflows. In general, a digital platform enables users to track the development, maintenance, and 501 
decommissioning of the built asset, thereby supporting long-term documentation and learning [71].  502 

The need for collaborative environments for information sharing is becoming increasingly pressing, especially in 503 
the public sector, where the widespread adoption of BIM methodologies and the reform of public procurement 504 
regulations across Europe are driving demand for digital models in public works projects [38]. Furthermore, recent 505 
studies underscore the importance of integrated BIM-based platforms for the intelligent management of high-rise 506 
building projects. These platforms offer dynamic BIM model generation, real-time progress monitoring, and quality 507 
tracking, significantly improving construction efficiency and reducing scheduling errors. In one case, a BIM-integrated 508 
platform achieved 91.89% data-processing efficiency, demonstrating its practical applicability [39].  509 

Traditionally, BIM is used mainly during the design phase alongside 2D drawings. Early-stage BIM modelling tools 510 
improve planning, hazard detection, and team communication [72]. Disney et al. introduce "Total BIM," an innovative 511 
approach that treats BIM as the sole source of information throughout all project phases [73], eliminating 2D paper 512 
drawings on site. BIM becomes the contractual and legally binding construction document, thereby conferring a higher 513 
legal status than traditional drawings. Utilising high-quality, production-oriented, cloud-based BIM ensures that all 514 
stakeholders have access to up-to-date information. The use of user-friendly mobile BIM software enables site workers 515 
to generate construction information directly from BIM, thereby facilitating better On-site decision-making. The Total 516 
BIM case study emphasises a holistic approach, integrating disparate BIM applications into a cohesive strategy. This 517 
integration helps reduce errors, improve productivity, and ultimately deliver projects more efficiently [37, 73]. 518 

BIM is essential in construction site management, providing a digital representation of a project's physical and 519 
functional characteristics. In recent years, the adoption of innovative technologies on construction sites has expanded 520 
considerably, driven by their value proposition in enhancing On-site efficiency, integrating project teams, and enabling 521 
effective information sharing [74]. These technologies can support the principles of lean construction by improving 522 
visualisation, value management, and workflows, and by reducing On-site waste [75]. BIM enables virtual prototyping 523 
and simulation of construction processes, aiding planning and optimisation of site activities [76]. Mature BIM 524 
management experience can enhance On-site process control and ensure both progress monitoring and safety during 525 
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the construction phase [77, 78]. By visualising construction elements in a digital environment before physical 526 
execution, BIM enables early detection and resolution of potential issues, an essential element of effective risk 527 
management [79]. When integrated with other technologies, BIM can support geometric verification of built structures 528 
[80] or monitor work progress [81] by comparing cloud point or imagery with the digital model. The objective is to 529 
reconstruct "as-built" elements and compare them with the "as-planned" information in the BIM environment [82]. 530 

Despite its advantages, the application of BIM in construction site management depends on accurate On-site data. 531 
The lack of technology for creating digital models that accurately reflect On-site conditions can delay BIM 532 
implementation [83]. BIM also advances sustainable construction by integrating technologies and effective construction 533 
processes, delivering substantial benefits. Murti and Muslim [84] identify building digitalisation, improvements over 534 
traditional 2D CAD methods, and the integration of various construction tools as elements of BIM that positively 535 
influence sustainable construction. For instance, BIM provides detailed insights into material quantities, optimising 536 
their use, and managing construction waste, thereby reducing both costs and environmental impact [40]. 537 

 538 
Table 6. Summary of the analysis of Information Modelling solutions, reporting improvement levels, application areas, 539 
and the main benefits and challenges identified in the literature. 540 
 Tot. Articles Identified articles 
On-site automation 
solutions 63 [19–21, 27–31, 33, 35–42, 

44, 52, 57–59, 65, 69–108] 
Topic Typology Reference 

Improvement  
level 

• Enabling improvement 
• Qualitative improvement  
• Quantitative improvement  
• Safety improvement  

[72, 74, 83] 
[39, 79, 80, 89] 
[77, 88] 
[72, 79, 81] 

Application areas 

• Project planning and design 
• Project management 
• Health and safety 
• On-site operation, logistics and supply chain 
• Construction methods 
• Structural health assessment 

[36, 76, 86] 
[36, 71, 73, 85] 
[38, 79, 81, 87] 
[36, 39, 73, 79, 83] 
[72, 73, 78, 84] 
[72, 81, 84]  

Benefits 

• Improves communication and collaboration 
• Increases productivity and efficiency in construction processes 

and projects 
• Reduces project costs, time, and errors 
• Enhances project quality 
• Helps manage different types of information 

[38, 70, 84, 88, 95] 
[40] 

[71, 83, 88, 95]  
[70, 71] 
[69] 

Challenges 

• High initial investment (IT infrastructure and qualified 
personnel) 

• Sometimes a lack of supporting legislation 
• Lack of standards and difficulties with software interoperability 
• Resistance from workers to changing traditional work methods 

[88] 
 
[85, 95]  
[70] 
[79, 85] 

 541 
With advances in digitalisation, the DT concept has become increasingly popular. According to Salem and Dragonil 542 

[85], their implementation in construction needs a three-stage model, characterised respectively by BIM, which is 543 
widely used for lifecycle management, current monitoring and actuation DTs, focusing on smart homes and cities, and 544 
lastly an envisioned model that automates decision-making on construction sites, minimising human intervention [85]. 545 

While BIM is effective for representing physical facilities, it falls short of depicting construction operations. This 546 
limitation necessitates the integration of simulation modelling to create a DT [86]. Implementing BIM models with IoT 547 
devices and AI algorithms enables DT [36, 69], which supports predictive maintenance, energy optimisation, and 548 
automation through real-time data collection and simulation, as well as precise progress tracking, scenario simulation, 549 
and proactive responses to unforeseen events [36, 77]. By fully embracing BIM, the project not only improved 550 
construction processes but also provided the client with a DT for facility management, showcasing the long-term 551 
benefits of a comprehensive strategy [37, 73]. 552 

In summary, BIM has evolved from a design tool to a comprehensive project management solution that enhances 553 
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collaboration, efficiency, and accuracy in construction projects [37, 73]. It is promoted as a means to transform the 554 
construction industry by enhancing productivity, safety, schedule adherence, and cost efficiency [87]. Despite the 555 
recognised benefits, the adoption remains limited in many countries. Factors contributing to low uptake include lack of 556 
digital skills, resistance to change, inadequate infrastructure [88], lack of demand from clients and perception of BIM 557 
implementation as additional work [84], lack of guidelines and frameworks for implementation, higher initial costs 558 
compared to traditional practices, absence of standardised data integration and management protocols, difficulty in 559 
adopting technological advancements [86], interoperability and integration of various BIM tools as critical to successful 560 
implementation [72]. In conclusion, BIM is rapidly establishing itself as a fundamental methodology in the construction 561 
sector, with its tools and practices seeing widespread adoption. Nonetheless, the persistent challenges to its full 562 
implementation present valuable opportunities to develop complementary support tools [89]. 563 

3.2.3.2 Extended Reality solutions 564 

In recent years, XR solutions have gained attention within the AEC sector [41]. Alongside terms such as '3D 565 
reconstruction', 'IoT technologies', and 'Smart Construction Site', XR has become a key topic in research works, 566 
particularly over the past decade [41]. The AR/VR market has reached multi-billion-dollar valuations, with an annual 567 
growth rate of 40.29% between 2020 and 2023 [44]. Beyond simply adopting advanced tools like XR, a smart 568 
construction site emphasises leveraging them to enhance productivity and improve management performance in 569 
construction engineering. The integration of smart tools into contemporary construction practices is essential for 570 
improving safety, optimising processes, and boosting overall project efficiency [41]. 571 

VR, AR, and MR are distinct yet interrelated technologies within the broader XR framework. VR is used in 572 
construction for education and training purposes, offering an interactive, computer-generated environment that 573 
immerses users in real-time simulations of construction activities [106]. In contrast, AR superimposes digital 574 
information onto the physical environment, enhancing users' perception while maintaining their connection to the real 575 
world. This makes AR particularly effective for conveying project-related information to construction workers and 576 
stakeholders, rather than relying on 2D drawings [41, 98]. MR bridges the gap between VR and AR by enabling real-577 
time interaction between digital and physical elements; virtual objects are not only anchored to the real environment 578 
but also respond to it dynamically.  579 

Each technology offers varying degrees of user interaction and integration with virtual content [42]. XR applications 580 
are integral to the digitisation process in the sector, commonly referred to as Construction 4.0 [107], marked by 581 
increasing connectivity and integration. BIM remains a foundational technology [98]. A key challenge in BIM 582 
implementation is the interoperability of files generated by different authoring software. Currently, the standard 583 
exchange format within the openBIM framework is the Industry Foundation Classes (IFC), a standardised data schema 584 
based on the EXPRESS modelling language and regulated by the STEP standard (ISO 10303-11). IFC data can be 585 
converted into visualisation-friendly formats, such as JSON or OBJ, thereby enabling integration with XR applications 586 
and game engines, including Unity  [98]. Through digital platforms, BIM data can be utilised in serious games, which 587 
offer realistic, interactive training environments for both practical field skills and theoretical knowledge. These 588 
simulations allow users to engage with virtual construction scenarios, enhancing skill development in a controlled 589 
setting [96, 98, 106]. Complementary to BIM-based workflows, Reality Capture (RC) technologies enable the 590 
generation of accurate as-built 3D point cloud models that can be directly integrated into the same XR platforms, 591 
bridging the gap between design intent and the actual built environment [94]. 592 

Among the analysed literature, XR is widely studied for construction safety, with a primary application in worker 593 
training, predominantly through VR and serious game engines. These tools enhance safety knowledge, hazard 594 
recognition, and situational awareness by simulating real-world construction site scenarios. Studies show that VR-based 595 
training is more effective than traditional classroom methods and more engaging for trainees [42]. Moreover, training 596 
environments enable data collection on user behaviour and performance, offering insights into how these are influenced 597 
by factors such as task complexity, workload, and time pressure. VR-based immersive safety education enables 598 
behavioural trials in virtual environments, allowing individuals to handle safety hazards that would be too costly or 599 
risky on real construction sites [43]. Additionally, researchers have integrated AR and MR into active construction sites 600 
to enhance hazard awareness, using real-time alerts and visual prompts to help workers identify potential risks [41]. 601 

  602 
Table 7. Summary of the analysis of Extended Reality solutions, reporting improvement levels, application areas, and the 603 
main benefits and challenges identified in the literature. 604 
 Tot. Articles Identified articles 
On-site 
automation 
solutions 

10 [41–44, 94, 96, 98, 
100, 106, 107] 
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Topic Typology Reference 

Improvement  
level 

• Enabling improvement 
• Qualitative improvement  
• Quantitative improvement  
• Safety improvement  

[41, 43, 90, 96, 98, 
106] 
[41, 44, 96, 98, 
100] 
[42, 94] 
[41–44, 86, 96] 

Application areas 

• Project planning and design 
• Project management 
• Health and safety 
• On-site operation, logistics and supply chain 
• Construction methods 
• Structural health assessment 

[41, 44, 94, 96, 98, 
106] 
[41, 44, 94, 96, 
106, 107] 
[41–44, 96, 100] 
[44, 96, 106, 107] 
[41, 43, 44, 96, 
100] 
[41] 

Benefits 

• Enables immersive, risk-free safety training in realistic virtual environments, 
enhancing engagement and retention. 

• Data on user accuracy and reaction time can be automatically collected for 
performance analysis. 

• Combined with BIM, it enhances spatial understanding, collaboration, and 
error detection, while mitigating     project-related contractual issues between 
stakeholders. 

• Provide hands-free, context-aware instructions and overlays, reducing 
reliance on paper drawings and enhancing task accuracy and safety. 

• Facilitates intuitive comparison between as-built and as-planned states by 
superimposing BIM data onto real site conditions 

[41, 43, 44, 96, 
106] 

[43] 

[41, 42, 44, 94, 96, 
98] 

 

[42, 43, 98, 100] 

 

[41, 44, 98] 

Challenges 

• XR hardware faces challenges such as occlusion, environmental instability, 
and difficult user interactions, limiting its practicality on-site. 

• Lack of realism in training or educational application of  XR (idealised 
environments, limited integration of real-time site data). 

• Developing complex scenarios is a highly time-consuming and resource-
intensive task.  

• Limited or no predictive capabilities for hazard detection 
• Most XR applications remain at prototype stages, with  little evidence of 

scalability (high costs) or long-term deployment in real-world construction 
environments. 

[41–44, 94, 96, 98, 
100] 
 
 
[41, 42, 106] 
 

[41, 42, 106] 
 
[41, 44] 
[41, 42, 100, 106]  

 605 
AR can be employed to enhance accuracy, speed, and safety in construction tasks. For instance, Fazel and Adel 606 

present an integrated system that combines AR with a real-time feedback mechanism [100]. This system monitors key 607 
safety parameters (e.g., orientation error, position error, and hand placement). It automatically interrupts power to the 608 
tool if the operator is not working under safe conditions. XR technologies, especially AR and MR, when integrated 609 
with deep learning, support enhanced safety and compliance checks on construction sites by enabling real-time 610 
monitoring, automated hazard detection, and immersive training simulations. These systems improve hazard awareness, 611 
streamline compliance verification, and provide data-driven insights to support proactive safety management [41]. On-612 
site AR supports the construction inspection. When integrating BIM and sensor data, XR tools enable advanced 613 
analytical capabilities that not only generate safety insights and compliance reports but also help verify the spatial 614 
accuracy of built elements and equipment placement against the design model. This integration enhances situational 615 
awareness and facilitates more informed decision-making throughout the construction process [41, 42]. 616 

Despite advancements, XR devices face significant barriers to adoption in construction safety training. Common 617 
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issues include high costs, limited fields of view, motion sickness, and lack of realistic feedback (which reduces training 618 
effectiveness). Technical constraints, such as latency, limited processing power, and sensitivity to environmental 619 
conditions (e.g., lighting), further restrict performance. Additionally, interoperability issues with existing systems, data 620 
privacy concerns, and the need for user training limit scalability (particularly for smaller firms). Marker-based tracking 621 
and reliance on costly hardware are also impractical in dynamic, real-world settings. Accurate tracking of AR models 622 
on construction sites is essential for effective inspections; however, most AR tracking systems still struggle to maintain 623 
precision over longer distances, which can pose serious issues on large-scale construction sites [41, 98, 100, 106]. 624 

VR is widely used in construction safety training, but replicating the multi-hazard nature of real construction sites 625 
remains challenging. Creating realistic scenarios is resource-intensive, requiring technical expertise and investment. 626 
When using the project BIM model as the basis for scenario development, its LOD is insufficient, and detailed 627 
modelling is required [106]. VR applications also require high data throughput, which can burden the infrastructure, 628 
whereas mobile-based systems often sacrifice immersion quality. Many training modules are hazard-specific and lack 629 
generalisability. Limited interactivity and low digital literacy among workers further diminish the effectiveness of 630 
training [42, 106]. Future development should prioritise expanding visual fields, reducing discomfort, lowering costs, 631 
and integrating haptic feedback to simulate real-world interactions and enhance learning outcomes [42]. 632 

4. Discussion 633 

This section interprets the results with a focus on the integration and maturity of digital solutions. In particular, it 634 
examines the existing literature considering: (i) interactions among the three main categories (Data Acquisition 635 
solutions, Digital Fabrication and Automation solutions, and Digital Information solutions) and (ii) differences in 636 
maturity, applicability, and integration across the six identified digital solutions. 637 

Building on the research landscape's fragmentation, the analysis provides further insights into intersections and 638 
distribution patterns of the six digital solutions in the literature, with particular attention to their combined investigation. 639 
Venn diagrams (Fig. 6), constructed from a subset of the 86 articles excluding review papers, were used to intuitively 640 
visualise these relationships, offering two levels of analysis: (i) interactions among the three main categories (Fig. 6a), 641 
and (ii) co-occurrence patterns among the six digital solutions in a granular way (Fig 6b-d). This approach highlights 642 
emerging integration pathways among the studies and supports the discussion of where integration remains limited. 643 

The distribution of publications reported in Figure 6a, showcasing Data Acquisition (grey), Digital Fabrication and 644 
Automation solutions (purple), and Digital Information (light blue), reveals a clear imbalance. Digital Information 645 
solutions dominate the reviewed literature set with 25 publications [36–39, 69, 71–77, 83, 84, 88, 95–100, 102, 103, 646 
105, 106] whereas 5 publications address only Data Acquisition solutions [22, 23, 25, 27, 109], and 11 studies focus 647 
only on Digital Fabrication and Automation [53–56, 58, 60–63, 67, 68]. Although some studies explore combinations 648 
of categories, only a limited number integrate two of them or all three: 11 publications cover both Data Acquisition and 649 
Digital Information [19–21, 27, 80, 82, 85, 91–93, 110] while 8 cover Digital Information and Digital Fabrication and 650 
Automation [30, 35, 40, 52, 59, 64, 65, 78]. Only 3 publications address the intersection of all three main categories 651 
[29, 57, 58]. Notably, no studies explicitly combine Data Acquisition and Digital Fabrication solutions. This gap 652 
suggests the absence of works linking data capture to the production and assembly chain workflows. Such approaches, 653 
already established in manufacturing contexts, are still underdeveloped in construction. 654 

A more detailed analysis of co-occurrence patterns (Fig 6b-d) among the six digital solutions offers further insights, 655 
highlighting where integrated approaches are emerging and where digital solutions remain isolated. 656 

 657 
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Figure 6 – Venn diagrams illustrating overlap across digital solution categories and their associated digital solutions: 
(a) interactions among the three main categories; (b–d) intersections among the six digital solutions identified within 

these categories, with colours consistently reused to indicate related domains. 

Figure 6b) explores the relationships between Surveying solutions (dark grey), Monitoring solutions (light grey), 658 
Information Modelling solutions (light blue), and Extended reality solutions (aqua green). The most significant overlap 659 
is observed between Monitoring solutions and Information modelling solutions, with 7 publications [27, 80, 82, 85, 660 
91–93]. These studies predominantly integrate reality-capture technologies (e.g., UAS-based photogrammetry and 661 
terrestrial laser scanning), CV and deep learning techniques, robotic systems, and cloud-based data-acquisition 662 
platforms with BIM environments, DTs, and semantic data models. This convergence enables applications such as 663 
automated safety inspections, geometric verification, progress tracking, and construction site analytics by continuously 664 
transforming raw site data into structured digital representations.  665 
There are also intersections between Surveying solutions and Information modelling solutions [20, 21] and between 666 
Monitoring solutions and Extended reality solutions [110]. In the former, common technologies include UAS-based 667 
photogrammetry, reality capture, deep learning–based CV, and BIM-enabled digital twins, supporting the integration 668 
of surveyed data into structured information models. In the latter, data acquired through drones, sensors, and CV are 669 
coupled with DT and XR environments, enabling immersive visualisation and interaction with the construction site.  670 
The intersection area among all four digital solutions is empty, indicating that most implementations rely on partial 671 
integration. Differences in maturity and integration potential are evident within Data Acquisition solutions: both 672 
Monitoring and Surveying solutions are linked to Information Modelling and XR, suggesting emerging pathways. 673 
Monitoring solutions exhibit greater integration with other digital technologies, reflecting maturity and broader 674 
application scopes. In contrast, Surveying solutions remain rooted in a specialised and historically niche field, such as 675 
topography, making them less transversal and less integrable with other digital tools. Despite their relevance in defining 676 
and managing standardised data in digital processes, few studies address these aspects, highlighting a lack of shared 677 
standards and consistent methodologies in the literature.  678 

Certainly, in Figure 6b), the central role of Information Modelling is highlighted, which frequently acts as a 679 
connecting element across different digital solutions, as confirmed also in Figure 6c). The latter showcases the 680 
relationship between Information Modelling solutions (light blue), Extended reality solutions (aqua green), On-site 681 
automation solutions (blue), and Off-site automation solutions (purple). 3 studies show the link between On-site 682 
automation solutions and Information Modelling solutions [29, 30, 65], regarding BIM-driven workflows supporting 683 
autonomous excavation, robotic construction, and large-scale On-site 3D concrete printing, underscoring the 684 
importance of structured information for automation and data continuity. 5 publications connect Off-site automation 685 
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solutions and Information Modelling solutions [35, 40, 52, 59, 78], showing how BIM with GIS and algorithm-aided 686 
modelling supports prefabrication, modular construction, and optimised manufacturing, delivery, and assembly.  687 

Only 1 publication has been identified among On-site automation, Off-site automation, and Information modelling 688 
solutions [35], focusing on BIM-based management and data-transfer frameworks for both Off-site fabrication and On-689 
site construction processes.  690 

Another intersection concerns On-site automation and XR solutions  [64], in which AR systems use real-time site 691 
data to visualise and retrieve information from moving objects. Only one overlapping area in the diagram involves 692 
more than two digital solutions, corresponding to 2 publications that simultaneously address XR, Off-site automation, 693 
and Information Modelling solutions. The graph suggests limited technological convergence between Digital 694 
Fabrication and Automation solutions and Digital Information solutions, indicating a broader lack of integration across 695 
design, fabrication, and construction. Strengthening this integration is essential to enabling scalable, efficient automated 696 
systems in both On-site and Off-site environments. 697 

The combined analysis shown in Figure 6d) further highlights the scarcity of studies addressing multiple digital 698 
solutions simultaneously among the six identified. Intersections include 2 publications on Off-site automation, 699 
Information Modelling, Monitoring, and XR solutions [57, 58], addressing digital construction management platforms 700 
that integrate BIM-based information models with IoT-enabled monitoring devices, interoperable data standards, and 701 
XR interfaces, supporting coordinated Off-site production, On-site data acquisition, and immersive environments. 702 
Moreover, 1 publication is identified at the intersection of Monitoring, On-site automation, and Information modelling 703 
solutions [29], regarding operational technology systems, including IoT-enabled sensors and automated equipment, as 704 
well as BIM-based information environments for managing and securing real-time construction site data. 705 

Overall, the first level of the analysis highlights the fragmented nature of the AEC sector and the interoperability 706 
challenge among digital technologies. Information Modelling is one of the most widely adopted digital solutions in the 707 
built environment and is closely linked to Monitoring solutions, often serving as the foundational layer for real-time 708 
data integration. On-site automation solutions are deeply intertwined with Monitoring, Information Modelling, and XR 709 
solutions, but rarely linked to Surveying solutions. The integration with BIM platforms provides robotic systems with 710 
geometric and semantic information about built elements, enabling optimised trajectory planning and Off-site 711 
operations, improving precision beyond manual methods. Similarly, XR solutions are embedded directly within robotic 712 
workflows, allowing digital designs, tolerances, and fabrication instructions to be overlaid onto physical components. 713 
For example, the Augmented Drawn Construction Symbols (ADCS) method converts hand-drawn markings into digital 714 
instructions for robots, rendering interaction intuitive for non-specialist operators and facilitating real-time adaptation 715 
to construction tolerances.  716 

The relatively low numbers in the overlapping areas appear to reflect the fragmented nature of the AEC sector and 717 
the interoperability challenge, as observed in the thematic dispersion of keyword co-occurrences in the Results section. 718 
While these analyses provide insight into how digital solutions are combined within the literature, they do not capture 719 
differences in technological maturity, breadth of application, or interoperability potential across them. 720 

To address this gap, this study introduces a KPI-based framework that enables a multi-dimensional evaluation of 721 
digital solutions. This approach extends prior SLRs by providing a comparative and interpretive tool contributing to 722 
further research and applications. The framework is based on three indicators: Technology Readiness Level (TRL), 723 
Application Areas Level (AAL), and Integrability Level (IL), synthesised into radar charts (Fig. 7) that serve as a multi-724 
dimensional comparative assessment tool.  725 

TRL measures technology maturity on a scale from 1 to 9 [111]. The AAL assesses the feasibility of applying a 726 
digital solution to a specific area [90]. These are: 1) Project planning and design, 2) Project management, 3) Health and 727 
safety, 4) On-site operation and logistics and supply chain, 5) Construction methods, 6) Structural health assessment. 728 
The values of AAL range from 1 (application of a digital solution to a single area) to 6 (application across all areas) 729 
and were assigned based on Tables 3, 4, 5, 6, 7, 8 reported in the Results section. The last indicator, IL, describes the 730 
ability to integrate two or more digital solutions. The values correspond to the intersections of Veen sets, ranging from 731 
1 to 6, since six digital solutions were identified.  732 

The KPI-based radar charts reveal distinct profiles across the digital solutions. Among all radars, Digital Information 733 
solutions, including Information Modelling solutions and Extended Reality, show strong relevance across all AALs. 734 
This result aligns with their primary purpose of enhancing quality in the AEC sector and facilitating information 735 
exchange across project phases and among stakeholders.  736 

The Information Modelling solution also displays the highest TRL value, based exclusively on the studies included 737 
in the SLR; accordingly, Extended Reality and Monitoring Solutions still exhibit significant TRL gaps, particularly in 738 
hardware and other supporting aspects. This indicates that, although XR has many recognised application areas, its 739 
integration with other digital solutions on construction sites remains limited. According to the selected studies, these 740 
challenges are mainly due to high device costs and technical limitations that affect On-site use. On the hardware side, 741 
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short battery life, overheating, exposure to weather conditions, and the difficulty of integrating head-mounted displays 742 
with safety helmets all reflect an ongoing need for technological adaptation to enable practical field deployment. 743 

The radar chart analysis of the Surveying solutions reveals a low IL, indicating a limited tendency to employ these 744 
digital solutions alongside other tools, despite their favourable AAL rating of 5 out of 6. Consequently, surveying 745 
solutions appear compatible with and integrable into other digital technologies currently used in the construction sector. 746 
However, there is a lack of research.  747 

Fragmentation across various solutions is evident, particularly in the manufacturing phase (Digital Fabrication and 748 
Automation). Off-site automation solutions offer the lowest IL, though this may be offset by a marked verticalization 749 
of technology. On-site automation solutions in the construction sector have reached TRL 7, as numerous prototypes 750 
have been successfully demonstrated in realistic operational environments and through experiments [32, 62, 63, 65]; 751 
moreover, they show strong integrability and versatility, being used in multi-instrument assemblies and On-site 752 
manufacturing [64]. 753 

 754 
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Figure 7 – KPI-based radar charts for the assessment of each of the six digital solutions identified. 

5. Conclusion  755 

The paper proposes a systematic literature review (SLR) to examine the evolution of digital solution adoption in 756 
building construction over the past decade. Through an analysis of 86 publications selected from the Scopus and Web 757 
of Science databases, the study sought to identify challenges and opportunities in data integration across various digital 758 
solutions and to provide an overview of their technology maturity, application areas, and interoperability.  759 

The bibliometric analysis highlights a growing interest in digital technologies, particularly since 2020. Although the 760 
interest is global, the research landscape remains fragmented, with studies scattered across many journals and covering 761 
a wide range of topics. Building on the keywords’ co-occurrence analysis, three main categories of digital solutions 762 
have been identified: i) Data Acquisition solutions, ii) Digital Fabrication and Automation solutions, and iii) Digital 763 
Information solutions. Within them, the literature analysis identified six main digital technologies, which were analysed 764 
with respect to their characteristics and interrelations.  765 

The review of the 86 articles highlights ongoing challenges related to interoperability and inconsistent adoption of 766 
digital technologies. In the discussion section, the analysis is further developed through a visual interpretation of the 767 
results, examining how publications are distributed across the three main categories. Diagrams were created to identify 768 
how many studies address more than one digital technology and which ones do: most studies focus on one category, 769 
while only a small core of publications investigates the intersection of the three main categories. 770 

A key contribution of this work lies in a structured analysis of the six digital solutions, combined with the 771 
development of an interpretative KPI-based framework that enables a multi-value comparative analysis, visualised 772 
through radar charts reporting Technology Readiness Level (TRL), Application Areas Level (AAL), and Integrability 773 
Level (IL), providing a useful tool for both researchers and practitioners. 774 

The findings show that Digital information solutions, particularly Information modelling solutions and Extended 775 
Reality, demonstrate broad coverage of AALs, reflecting their strong potential to enhance information management 776 
and process quality. In terms of technological maturity, Information Modelling solutions appear ready for deployment 777 
within the sector, whereas Extended Reality and Monitoring solutions still exhibit notable gaps in readiness. The IL 778 
analysis revealed persistent fragmentation, especially for production-related solutions. Data acquisition and Digital 779 
Fabrication and Automation solutions are considered only partially integrable. Extended Reality is often characterised 780 
as poorly integrable, although research highlights new interaction modalities. 781 

Despite documented benefits across the various digital solutions (i.e. increased productivity, efficiency, safety, and 782 
quality), widespread adoption is hindered by factors such as high technical complexity, elevated costs, lack of qualified 783 
personnel, resistance to change, challenges in adapting to changing site conditions, and, above all, a lack of standards 784 
and difficulties in interoperability among software and systems. The fragmented processes in the AEC sector and the 785 
vast heterogeneity of the data pose a critical challenge to realising the full potential of digital transformation. 786 

The field's emerging nature suggests areas for future research. Opportunities lie in integrating BIM with emerging 787 
technologies such as IoT, AI, XR, and DTs, which is considered crucial for improving data management, visualisation, 788 
simulation, and real-time monitoring. Concepts such as "Total BIM," which promotes the BIM model as the single 789 
source of information throughout the project lifecycle, represent a step forward toward greater integration and 790 
reliability. It is necessary to develop interoperability and integration across categories of digital solutions, establish 791 
shared standards, and address adoption barriers at the organisational, technical, and regulatory levels. Further efforts 792 
should also focus on real-world validation, scalability, and the adaptation of technologies to dynamic site conditions to 793 
facilitate the effective implementation of digital solutions.  794 

Overall, despite significant progress, the AEC sector must address interoperability challenges to fully realise the 795 
potential of digital solutions to enhance construction processes and promote efficiency, safety, and sustainability. 796 
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