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ARTICLE INFO ABSTRACT

Keywords: The concerns surrounding sustainability, alternative energies, and lifestyle changes due to the
Modern methods of construction pandemic have resulted in a surge in the manufacturing of buildings utilizing Modern Methods of
Industrialized buildings Construction (MMC), particularly in housing. These methods involve using new technologies as
Emerging technologies smart building alternatives to traditional construction. Against the backdrop of Industry 4.0, there

Construction industry
Machine learning
Systematic literature review

is an urgent need for a systematic literature review of MMCs in building construction to classify
them, detect trends and gaps, and outline future research areas. This study analyzed 633 publi-
cations from 1975 to 2022 and grouped them into six thematic clusters and 18 subcategories,
using a novel mixed methodology incorporating natural language processing (NLP) analysis. The
qualitative analysis of the literature indicates that research in the field is dominated by tools and
technologies integrated into Construction 4.0 and the industry’s management aspects. However,
this review also highlights several gaps in research, including the need for more application of
MMC to building retrofitting and the need for approaches to improve the built environment
through the new paradigm of regenerative design. The high-level mapping and characterization
of the bibliographic corpus’s conceptual structure and the classical evaluation process based on
systematic literature review (SLR) have provided a more profound and rigorous state-of-the-art
understanding.

1. Introduction

The construction industry is crucial in driving economic growth in many countries. While it experienced substantial growth be-
tween 2014 and 2018 compared to other industries, such as industrial and services, the sector was impacted by the Covid-19 pandemic
in 2020, causing a slowdown. Currently, the industry is in recovery, as reflected in the real estate market’s performance. With high
savings rates due to reduced demand over the past two years, real estate investment has become an attractive option for funds,
especially in the context of rising inflation in the European Union. The impact of the pandemic has prompted discussions and
reevaluations of architecture, particularly in the residential sector [1]. Covid-19 has increased demand for high-quality housing [2],
especially single-family homes, with faster lead times and a growing global recognition of the importance of environmentally friendly
and sustainable construction and demolition practices [3]. As a result, the qualifications and standards for construction, particularly in
housing, have become more rigorous to meet the demands of modern society.
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Industry 4.0 is rapidly transforming the construction sector, with one of the most advanced proposals being the implementation of
technological solutions to automate construction processes and improve the supply chain [4]. In this context, Modern Construction
Methods (MMCs) are gaining popularity as an alternative to traditional construction. The advancements in artificial intelligence (AI)
[5]1, the adoption of collaborative methodologies such as Building Information Modeling (BIM) [6], and the focus on sustainability
have encouraged more and more real estate developers to embrace this construction model. It is seen as the future of a sector that has
yet to see much change in recent decades, especially residential construction.

MMC is a broad concept first used by the UK government to describe innovations in housing construction. It encompasses a range of
technologies, many of which are off-site construction (OSC) methods that move work to the manufacturing site [7]. This encompasses
integrated module construction, pre-fabrication, pre-assembly, panelized systems, industrialized construction, off-site production or
manufacturing, and various on-site and hybrid construction methods [8]. MMC allows the building to be primarily defined in the
design phase, as more than 90% of the building activity is performed off-site [9]. This leads to the early resolution of potential
problems and minimizes improvisation during construction. The industrialization of construction processes enables the incorporation
of automation, resulting in efficiency and meeting deadlines. This approach also emphasizes the specialization and professionalization
of construction agents, leading to higher quality standards.

MMCs are transforming how buildings are constructed to be faster, safer, cost-effective, and more efficient. During the Covid-19
pandemic, the world saw MMCs in action as two emergency hospitals were built in Wuhan, China, in just 12 days [10]. Research
has shown that industrialized systems, prefabrication, and mobile factories with on-site component production can save up to 50% in
construction time and 30% in costs, all while involving the future user in the process [11]. The drive to increase resource productivity,
improve quality and safety, enhance business efficiency, meet customer needs, reduce environmental impact, promote sustainability,
and control delivery times drives innovation in the construction industry [12]. In recent years, MMCs have rapidly gained popularity in
the real estate sector to meet the demand for fast, simple, and environmentally-friendly housing. While MMCs have spread globally, the
number of active countries still needs to grow, and production is uneven among them. Within Europe, countries such as the UK (7% of
total housing), Germany and France (9—10%), the Netherlands (50%), and parts of Scandinavia have a well-established MMC sector
[13]. Sweden and Japan [14] are at the forefront of MMC innovation.

The last decade has seen various research strategies undertake these methods. These studies have analyzed various aspects, from
limitations to benefits, such as the impact on the supply chain [15], cost and lead times [16], reduction of occupational risks [17],
design issues [18], sustainability [19], and productivity [20]. Some researchers have focused on specific countries [14,21] or limited
their study to a specific method [22,23] or stage of the construction process [24]. However, the literature on MMCs needs to be
thoroughly reviewed with a comprehensive and unbiased approach, leading to a lack of a complete and accurate classification of these
modern construction techniques. To the authors’ knowledge, there is no complete, accurate, and unified classification in MMC. The
term MMC is sometimes used interchangeably with other terms [25] such as off-site manufacturing (OSM) or industrialized building
system (IBS), leading to confusion.

Recent reviews have been on different topics related toindustrialized construction, with issues such as BIM [6], digital technology
[26] or robotic [27], whose research has a more specific purpose in addressing the sector’s problems. However, there needs to be more
studies from a broader perspective covering the majority of MMCs applied to the building, particularly the residential typology where
they are most recurrently used. This investigation aims to gather and consolidate fragmented studies on the topic, providing a
comprehensive overview of MMCs and facilitating the work of future researchers. Previous studies have focused on highlighting the
advances in new technologies [28,29] in response to the changing requirements of the OSC. However, several knowledge gaps are
detected that invite us to deepen and critically comment on the trends in MMCs, especially those promising for the future of building
not only in new construction but also in the built environment through rehabilitation and regenerative design.

The focus of this study is to address three research questions through a systematic literature review (SLR). First: What MMC-based
systems have been used in building construction in recent times? Second: On what specific construction-related problems have these
MMCs been applied? Third: What are the gaps and the future research trends in the existing MMC literature?

The specific objectives of the study are (1) to categorize and analyze the various types of MMCs used in building construction and
their recent evolution; (2) to develop a novel, systematic, and comprehensive methodology for scientific mapping literature on MMCs
using bibliometric parameters; (3) to explore the main topics, areas of application, and current trends in MMC-based construction; and
(4) to identify existing gaps and make recommendations for future research in MMCs and its application mainly to residential
buildings.

Consequently, this research is the first to perform a comprehensive, critical, and more extensive analysis of Modern Construction
Methods applied to the building sector. The study is structured to achieve these objectives through a sequential and comprehensive
approach by following step-by-step the following sections.

2. Overview of MMCs in the building industry

2.1. A brief historical review of industrialized construction

The 21st-century construction industry offers the possibility of creating high-quality buildings at proportional costs, surpassing
traditional architecture’s low productivity and insecure labor conditions. Industrialization, or prefabrication, involves the production
of building components in a factory to form complete units with a refined finish, which are then transported to the construction site.
Although there is growing interest in these MMC, their origins can be traced back to the 17th century.
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2.1.1. Origins of MMCs

The earliest recorded instance of prefabricated houses was in 1624, when they were manufactured in England for shipment to Cape
Ann in Massachusetts [22]. The development of industrialized construction is credited to the U.S. in the early 19th century when
traditional timber beams and piers were replaced with a frame made of multiple slats of smaller sections, which required less skilled
labor and was easier to assemble. This system, known as the "Balloon Frame," gradually transitioned from traditional European
construction methods, and it gained popularity in Chicago around 1833 [30]. Today, it is widely used as "Light Steel Framing" (LSF),
which consists of skeletons made of thin, cold-formed, galvanized metal profiles. In the U.K., prefabricated wooden shelters with metal
enclosures were produced and shipped to the colonies in New South Wales, Australia, where they were known as "Colonial Portable
Cottages" [31]. These units were designed to be lightweight and straightforward to transport. Later, similar units were sent to Africa,
where they were used to build shelters in Sierra Leone and the Eastern Cape [32].

The 1851 Great London World’s Fair marked a turning point in industrial construction with the unveiling of the Crystal Palace.
Designed by Joseph Paxton, it was the first building of its size to feature a cast-iron frame and glass panels, and its quick assembly using
inexpensive materials made it a marvel of its time [22]. In 1908, the Sears Roebuck & CO company revolutionized the single-family
housing industry by selling millions of prefabricated "Kit Houses" in the US, constructed with wood framing and siding that reduced
building time by up to 40% [33]. From 1911 to 1917, renowned architect Frank Lloyd Wright introduced the "American System-built
Houses" for the Richards Company, utilizing an industrialized production system for building components with the ability to add on or
modify easily.

2.1.2. The first half of the 20th century

Le Corbusier, a highly influential architect of the 20th century, received criticism for his view of housing as a machine for living. In
1914, he patented the "Maison Dom-ino" structural framework of slabs and pillars, also known as the "Brevet 2.26 x 2.26" grid system,
which served as the blueprint for projects such as the Swiss Pavilion of the University City in Paris in 1932 [34]. In 1930, the General
Electric and American Houses companies introduced the "General Houses" and "American Motohome" in the US, which utilized steel
load-bearing panels and thermal insulation core, though they still required specialized assembly. Around the same time, the
"House-on-Wheels," the first example of transportable modular housing, became famous thanks to its use in permanent caravan parks
[35]. Richard Buckminster Fuller’s "Dymaxion House" of 1930, later improved as the "Wichita House" in 1945, was a semi-assembled
aluminum system with hanging structures like bicycle spokes, struts for roof support, and a central stainless steel post [30]. This
design, which emphasized natural ventilation and efficient use of materials, was ahead of its time and established Fuller as a pioneer in
sustainable construction.

Architect Walter Gropius also made significant contributions to the production of single-family housing. In 1941, he introduced the
"Packaged Houses," which used dry construction with modular wood panels that could be assembled vertically and horizontally with
metal L, T, and X-shaped plates [36]. The "Case Study House" program, from 1945 to 1966, emerged in response to the massive demand
for housing in the US following World War II [31]. Thirty-six prototypes of industrialized architecture were designed by notable ar-
chitects of the time, using prefabricated materials and cutting-edge technologies. One of the most famous of these was the Charles and
Ray Eames-designed Case Study House No. 8, which was built in 1949 at a low cost and in just 90 h [30]. In 1947, the "AIROH Houses"
was introduced in the US, featuring aluminum bungalows with an innovative construction using extruded profile structure panels and
aluminum enclosures filled with cellular concrete coated internally with plaster. The houses comprised four sections, each of which
could be assembled in 12 min, excluding the traditional wooden floor construction [35].

2.1.3. The second half of the 20th century

In 1949, Jean Prouvé created 14 prefabricated houses in Maisons Meudon, Paris, for the French Ministry of Reconstruction. The
houses were made of a metal frame with a central portico and enclosures made of wood or metal sandwich panels. With the "Metropol"
system, the house was largely pre-constructed, ready to be installed on load-bearing walls when it arrived at the building site [32]. In
1954, Prouvé built his own home in Nancy using recycled materials from an old factory. In 1955, the sturdier "Mobile House," a
transportable three-dimensional modular home, began production in the U.S. The "Mobile House," a three-dimensional modular home
that could be transported on a truck, required a crane for permanent installation on-site. One of this era’s most notable residential
projects was Moshe Safdie’s "Habitat 67," built in Montreal for the 1967 Olympic Games. This project was unique for its 354 stacked
precast concrete modules with dimensions of 5.3 x 3.0 x 11.5 m [34]. In 1969, the German company Okai introduced the "Metastadt"
system, consisting of lightweight prefabricated modules made of bolted steel profiles with dimensions of 4.20 x 4.20 x 3.60 m. The
same year, Barton Myers Associates in Canada developed the "Stelco House" system, a three-dimensional system with dimensions of
3.60 x 3.60 x 3.60 m [35]. The system came with an assembly guide that allowed unskilled personnel to assemble or disassemble it for
reuse quickly, but it was never commercialized.

In 1970, the "Manufactured Home" was introduced in Florida due to rising transportation costs. The homes were factory-assembled
and measured 2.44 x 12.00 m. In 1971, the "Moduli 225" system, a wooden construction measuring 2.25 x 2.25 x 2.25 m, was
developed by Gullichsen and Pallasmaa [32]. It was innovative to use a steel-based spatial joint to connect six pieces. The iconic
"Nakagin Capsule Tower" in Tokyo, completed in 1972, was a remarkable example of industrialized construction [36]. Designed by
architect Kisho Kurokawa, it consisted of precast concrete cells containing 140 apartments, which arrived fully assembled at the
construction site. In 1975, Paul Rudolph improved upon the "Manufactured Home" with his "Modular Homes." These
three-dimensional, transportable single-family houses were designed similarly to shipping containers. They could be expanded or
stacked by joining modules measuring between 2.50 and 3.50 m in width and 6.00-12.00 m in length, with an approximate weight of
200 kg/m? [35]. Modular construction remained limited in scope until the advent of computer technology and computer-aided design
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programs in the 1980s. In recent decades, the sophistication of industrialized construction has increased with the advancement of
MMCs and new technologies.

2.2. Definition and terminology related to MMCs

Modern Methods of Construction (MMC) encompasses a wide range of advanced construction techniques and systems, both off-site
and on-site that offer an alternative to traditional construction, particularly in the housing sector. MMC has been referred to by various
names, including precision-manufactured, pre-manufactured, modular, prefabricated, volumetric, hybrid, industrialized building
system (IBS), and off-site manufacturing (OSM), among others. However, MMC encompasses innovative techniques that involve either
on-site fabrication or assembly of certain elements. The UK government first introduced the term to address high demand, shortage of
skilled labor, and high construction costs in the housing sector [6]. In literature, MMC is often related to different globally recognized
terms [37], with OSM or IBS particularly prominent in Australia and Malaysia. Although off-site construction originated in the UK after
World War 11, it began to diversify globally in the 1970s, particularly in response to the need for mass housing in rapidly growing cities
such as Hong Kong and Singapore. Table 1 summarizes the different globally recognized terminologies for non-traditional construction
methods across different countries.

2.3. Revising classification issues

For two decades, there has been an ongoing debate about alternative construction methods without a universally agreed-upon
classification. In 2003, the Housing Corporation released a five-tier classification of dwelling construction systems based on their
criteria, including off-site manufactured systems like volumetric, panelized, hybridized, subassemblies or components, and non-off-site
manufactured Modern Methods of Construction (MMC) [38]. Multiple attempts have been made to categorize modern construction
methods and techniques, with the most relevant and accepted definitions compiled in Table 2. The commercial classification of MMC
established by the Housing Corporation has remained unchallenged since its introduction [39]. Many MMCs today are funded by
Housing Corporation grants or located on English Partnership land [40]. Other proposals for classification tend to define MMCs in
terms of materials, processes, or systems, which may seem more straightforward.

The limitations of the existing classifications of MMC have contributed to confusion in the field. MMC is often misconstrued with
other similar terms, leading to varying definitions in different countries. Additionally, the absence of a standard classification adds to
the ambiguity. For instance, not all MMCs fall under the umbrella of OSM, and hybrid methods, where off-site and on-site construction
coexist, make it challenging to categorize them strictly as off-site production. The classifications presented in Table 2 are limited to
basic, one-dimensional categories, overlooking the interconnections between the various methods and their hierarchical relationships.

Given the advancements brought on by Industry 4.0 in the construction sector, there is a need for a more comprehensive classi-
fication system for the constantly evolving methods of Modern Methods of Construction (MMC). This research offers a proposed
classification of MMC as a conceptual mindmap to address this issue (Fig. 1). This new classification aims to organize the fragmented
categories, create a hierarchy among the various existing MMCs, and accommodate new additions dynamically.

3. Research method

This research aims to thoroughly study the latest advancements and market opportunities in using MMCs in the building industry. A
unique hybrid approach has been employed that blends Machine Learning (ML) techniques with expert knowledge for a more
comprehensive and accurate analysis. This method, referred to as "mixed review," combines natural language processing (NLP)
analysis and a systematic literature review (SLR) to achieve a thorough understanding of both the domain knowledge and current
research trends. By combining the strengths of both NLP and SLR methods, the research eliminates subjective interpretations and
provides a balanced and rigorous comprehension of the field [57]. The results of this research will provide a comprehensive, high-level

Table 1
Related terms around the world to refer to non-conventional construction methods.
Terminology Acronym Countries
Modern Methods of Construction MMC UK,
Spain
Off-Site Manufacturing OSM Australia
Industrialized Building System ISB Malaysia,
Thailand
Prefabrication, Preassembly, Modularization, Offsite Fabrication PPMOF Us
Off-Site Construction 0osc China
Prefabricated Prefinished Volumetric Construction PPVC Singapore
Modular Integrated Construction MiC Hong Kong
Off-Site Production OSP Germany
Industrialized Construction - Sweden, Finland,
Denmark
Industrialized Housing - Netherland
Prefabricated Housing - Japan, Philippines
Modular Construction - Canada
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Table 2

Evolution of the classifications proposed to define industrialized construction. Adapted and expanded from Ref. [41].
Definition/Author(s)/Year Categories Ref.
Modular housing systems. (1) Panel system; (2) Box system; (3) Frame system [42]
Majzub (1977)
Building system classification. (1) Conventional column-beam-slab frame system; (2) Cast in-situ system with steel or aluminum as [43]
Badir et al. (1998) formwork; (3) Prefabricated (panel, block and frame) system; (4) Composition system
Industrialized and Automated Building (1) Timber; (2) Steel; (3) Cast in-situ concrete; (4) Precast concrete [44]
System (classification A).
Warszawski (1999)
Industrialized and Automated Building (1) Linear; (2) Skeleton; (3) Planar; (4) Planar system; (5) Three-dimensional box systems [44]
System (classification B).
Warszawski (1999)
Fully prefabricated construction methods. (1) Precast Concrete (on site & off site); (2) Load Bearing Block (off site); (3) Sandwich Panel (off site); (4) [45]
Badir et al. (2002) Steel Frame (off site)
Off-Site Construction (OSC) classification. (1) Modular Building; (2) Volumetric pre-assembly; (3) Non-Volumetric pre-assembly; (4) Components [46]1
Gibb & Isaac (2003) manufacture & subassembly
Industrial Building System (IBS) classification =~ (1) Pre-cast concrete framing; (2) Panel and box systems; (3) Steel formwork systems; (4) Steel framing [47]
(CIDB—Malaysia). systems; (5) Prefabricated timber framing system; (6) Block work system
Shaari et al. (2003)
Modern Methods of Construction (MMC) (1) Volumetric; (2) Panellized; (3) Hybrid; (4) Subassemblies and components; (5) Non-off-site-Modern [39]
classification. Methods of Construction
Gibb & Pendiebury (2005)
Industrial Building System (IBS) classification (1) Pre-cast concrete-framed building; (2) Pre-cast concrete wall system; (3) Reinforced concrete [48]
(UTM—Malaysia). building with pre-cast concrete slab; (4) Steel formwork system; (5) Steel-framed building and roof
Rahman & Omar (2006) trusses
Industrial Building System (IBS) (1) Site intense kit part; (2) Factory made module; (3) Hybrid [49]
classification.
Richard (2007)
Off-Site Manufacturing (OSM) classification. (1) Volumetric system; (2) Panellized system; (3) Hybrid system; (4) Sub-assemblies and component [50]
Abosoad (2009) system; (5) Modular system
Offsite Construction Techniques (1) Offsite preassembly; (2) Hybrid system; (3) Panellized system; (4) Modular building [51]
Lu (2009)
Blismas and Wakefield (2009) (1) Non-volumetric preassembly; (2) Volumetric pre-assembly; (3) Modular building [52]
Industrial Building System (IBS) (1) Pre-cast concrete framing, panel and box systems; (2) Steel formwork systems; (3) Prefabricated [53]
classification. timber framing system; (4) Steel framing systems; (5) Block work system; (6) Innovative system
CIDB (2011)
Modular construction typologies. (1) Pure modular; (2) Hybrid modular; (3) On-site modular [54]
Doran & Giannakis (2011)
Modern methods and materials in (1) Frame system; (2) Panel system; (3) Modular system [55]
construction.
Mesaros & Mandicak (2015)
Types of Modern Methods of Construction (1) Precast Flat Panel System; (2) 3D Volumetric Modules; (3) Flat Slab Construction; (4) Precast [56]

(MMCQ).
Khan & Khan, (2019)

Concrete Foundation; (5) Twin Wall Technology; (6) Concrete Formwork Insulation; (7) Precast
Cladding Panels; (8) Concrete Wall and Floors; (9) Prefab Bathroom Pods; (10) “Mivan” Construction
(aluminium formwork)

mapping and characterization of the MMCs applied in the building sector.

3.1. NLP methodology

This section describes the methodology for selecting articles and creating visualizations. Due to the recent and fragmented nature of
the topic, it was not feasible to perform a direct Scopus search of MMC. Therefore, an iterative approach based on topic modeling was
used to compile a list of articles. Fig. 2 shows the flowchart of the methodology based on Natural Language Processing (NLP). Table 3
details a list of the main topic modeling methods used in the literature. Fig. 3 details the methodology used in the review process.

Initially, a Scopus search was conducted using keywords related to Modern Methods of Construction. The results of this search were
processed using Natural Language Processing (NLP) to identify the key topics related to modern construction methods. Bidirectional
Encoder Representations from Transformers (BERT) [58] were used to encode the words that make up these topics, effectively
capturing the semantic relationships between different concepts. Next, a dimensionality reduction technique was used to simplify the
dataset. Numerous dimensionality reduction techniques exist, for example, PCA [59], which considers a linearity condition for its
transformation. For this case, due to the complexity of the dataset, the non-linear relationships, as suggested by previous studies [60],
and the Uniform Manifold Approximation and Projection for dimension reduction (UMAP) [61] were used. Also, finally suggested by
Ref. [62], the clustering process was performed using the Hierarchical Clustering and Density-Based Spatial Clustering of Applications
with Noise (HDBSCAN) method [63].

Once the initial selection of articles is made, the selected papers undergo further analysis through various visualizations to gather
statistics on the author network, citation analysis, and central concepts. Thematic analysis is then performed using Latent Dirichlet
Allocation (LDA) [64]. This analysis identifies relevant topics and leads to a final selection of papers through a manual citation process
based on a Systematic Literature Review (SLR). This process includes two types of analysis: a bigram analysis and a traditional analysis
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Table 3
Topic modeling algorithms.
Ref.

Latent Dirichlet Allotation Blei et al. [64]
Latent Semantic Analysis Landauer et al. [68]
Parallel Latent Dirichlet Allocation Wang et al. [69]
Non-Negative Matrix Factorization Lee and Seung [70]
Pachinko Allocation Model Li and McCallum [71]
Bert + Clustering Grootendorst [62]

of the sample papers. This process of analyzing topics and refining the search was repeated until the final selection of articles was
made.

This analysis aims to examine the frequency distribution of bigrams, which are pairs of contiguous words, in the abstracts under
study. The R-bibliometrix program [65] was used to conduct the analysis. Five specific visualizations were applied. The Treemap
determines the frequency of the primary bigrams in each theme. Scatter and distribution histograms represent the relevance score and
citation indexes, respectively. The thematic map combines the concepts of internal associations (density) and external associations
(centrality) [66,67]. Four quadrants make up this visualization, with quadrant 1 designating centrality and high density. Also taken
into account are the articles’ key themes. Low density and high centrality are fundamental and interdisciplinary themes correlated
with the second quadrant. Quadrant 3 deals with niche or specialized topics and refers to low-centrality and high-density issues. The
last quadrant refers to topics still in the nascent developing stage. The last two visualizations are clustering dendrograms and con-
ceptual maps, respectively. Each of the subjects identified by BERT is represented by a conceptual structure map created by the
conceptual structure visualization. Specifically, phrases taken from the papers’ abstracts are subjected to Multi-Dimensional Scaling
(MDS). Dendrograms (of various types) illustrate the conceptual structure and hierarchical analysis of the relationships between
concepts.

3.2. Extraction and selection of bibliometric data

This study aims to gather and synthesize information from the existing literature on the main MMCs techniques used in building
construction. The study adopts a mixed-method approach that incorporates both Natural Language Processing (NLP) and Systematic
Literature Review (SLR) to provide a comprehensive analysis of the topic. The NLP component offers a detailed description, definition,
and classification of MMC, enabling more effective detection of trends and gaps in the research. The SLR component provides a
structured and explicit method that ensures the review is reproducible and verifiable [72]. The literature search was conducted
following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol, which is widely used in the
medical field and provides a transparent and high-quality review [73]. PRISMA is widely used in medical disciplines because it
generates an evidence-based result while improving the overall quality of the reviewed report by filtering the literature transparently
[74]. The PRISMA protocol adopted in this study is depicted in Fig. 3 and details the sequential search and filtering steps, including the
results obtained at each stage.

The data collection was conducted through SCOPUS, a globally recognized bibliographic database recommended by several experts
[75,76] to guarantee the quality of the selected data. SCOPUS offers extensive coverage with access to articles and citations in the
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scientific and technical domain, enabling researchers to conduct backward and forward searches. The keywords were generated
through a series of iterations that involved filtering and refining N-grams using TreeMap visualizations of frequently used terms and
proper terminology. The keywords were searched for each of the five hierarchical categories that form the basis of the search strategy:
(a) Subject area, (b) Scope, (c) Topic, (d) Subject matter, (e) Object of study. By combining 56 keyword strings using the Boolean
operators "AND" and "OR" across the five categories, 2170 initial documents were found (as shown in step 1.1 in Fig. 3). These articles
include 1013 (47%) conference proceedings, 860 (40%) journal articles, 132 (6%) conference reviews, 75 (3%) reviews, 61 (<3%)
book chapters, 17 (<1%) books, and 12 (<1%) others. The initial query string was entered into the search algorithm on December 11,
2022.

The baseline sample undergoes a first screening process using four inclusion criteria (as outlined in step 1.2 in Fig. 3). This review
covers a 47-year timespan from 1975 to 2022, as no relevant contributions were found in the database prior to that date. Only articles
written in English, which are deemed universally accessible, were considered as potential literature. The selection was limited to
original peer-reviewed scientific articles, including articles and state-of-the-art reviews. Only articles in their final publication stage
were considered, and articles in press were excluded to ensure consistency in the content.

4. Quantitative analysis

4.1. General overview of the retrieved data

After the literature search and application of the inclusion and exclusion filters (as outlined in steps 1.1 to 1.3 in Figs. 3), 633
articles were selected from Scopus for stage 1. The NLP methodology supports quantitative analysis of the bibliometric features of the
relevant literature. The sample comprises 582 journal articles (92%) and 51 review articles (8%). The study of MMCs is not recent; the
term emerged around 2003 in the UK, but the idea of industrialized construction dates back to the 1960s. Despite fluctuations in its
relevance, there was hardly any scientific production on the topic until the turn of the millennium (Fig. 4). However, there was a spike
in interest in unconventional building systems between 2005 and 2009, which coincided with most of the classification proposals [39,
42-56] listed in Table 2.

Annual Scientific Production

Articles
100
75
50
25
)
PR R 3288533285835 8858cF282teg
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Fig. 4. Distribution in number of publications/citations (1975-2022).
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The research on MMCs saw a significant spike in citation numbers from 2005 to 2009, when there was a surge of interest in un-
conventional building systems. However, the 2008 financial crisis led to a slowdown in the construction sector and a dip in scientific
production until 2011. This date coincides with the context of the Industry 4.0, coined during the 2016 World Economic Forum (WEF)
in Davos (Switzerland). From 2020 to August 2022, the research in this field has been overgrown, with 265 papers, more than 44% of
all contributions being published in just this time frame.

4.2. Scientometric analysis

4.2.1. Distribution by journals

After the NLP process of semi-automatic selection (Figs. 3), 246 journals are distributed among the 633 articles analyzed. Fig. 5
shows the 17 most relevant sources containing more than five articles. The top eight journals alone account for one-third of the total
number of publications, six of which have a very high impact. In particular, the ranking is headed by “Automation in Construction”,
with 48 articles (8%) and 845 citations, which indicates a clear commitment to dissemination in MMC research. It is followed by
"Sustainability" (7%), "Journal of Construction Engineering and Management" (5.3%), "Journal of Cleaner Production" (4.3%) and,
further away, "Buildings" and "Journal of Building Engineering" (2.17% each). On the other hand, from a chronological point of view,
since 1996, "Automation in Construction" has always been at the forefront regarding topics and trends in MMC. It was slightly sur-
passed in the number of articles published between 2011 and 2014 by "Journal of Construction and Management", resuming its trend
exponentially until today.

4.2.2. Influential co-authors and top cited papers

With a sample of 633 papers, a long list of scholars spread across many countries was expected (Fig. 6). The threshold was set at a
minimum of four papers to extract the most relevant researchers, resulting in 40 co-authors meeting the requirement. Fig. 6 shows a
diagram structured according to the chronological production of each author between 2004 (when MMCs started to emerge) and 2022.
The beige line depicts the author’s chronology, with Pan (2007-2020) and Al-Hussein (2008-2021) being the longest. Bubble size is
provided based on the number of articles, with Al-Hussein publishing a maximum of 5 articles as a co-author in 2019 with a total of 266
citations. Finally, the intensity in the blue shade is proportional to the number of citations per year, with Al-Hussein [6] and Zhang
[77] gathering 66.5 and 68 citations per year, in 2019 and 2021, respectively. At the opposite extreme, there are emerging authors
with a short time trajectory but high productivity in publications, with three articles only in the first half of 2022 [78]. As Fig. 4 already
warned, it can be seen that the highest peak of contributions occurs in 2021 (taking into account 2022 as a year still in progress), in
which 26 of the 30 authors contribute one or more articles. The data produced by this analysis can help in subsequent studies to
identify the leading authors in MMC according to their experience and production over time, whether it is a consolidated authority or
emerging groups. This approach will make it easier for researchers to keep abreast of updates in the field and even develop plans for
future collaboration between different institutions.

Table 4 includes the top 20 papers (2007-2022) with more than 55 citations out of 98 articles with at least one citation. Dupli-
cations by research groups have been eliminated, considering only one contribution linked to the main author. This excerpt of articles
shows that in the last 15 years, they mark different trends in studies on MMC research. The two most cited articles [7,79], by the same
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Table 4
Top cited articles in MMC.
Main author Year Title Source TC TCbY Ref
Pan, W. 2007 Perspective of UK housebuilders on the use of offsite modern methods of Construct. Manage. 229 14.3 71
construction Econ.
Pan, W. 2008  Leading UK housebuilders’ utilization of offsite construction methods Build. Res. Inf. 159 10.6 [79]1
Darko, A. 2020  Artificial intelligence in the AEC industry: Scientometric analysis and Autom. Constr. 138  46.0 [80]1
visualization of research activities
Yin, X. 2019  Building information modelling for off-site construction: Review and future Autom. Constr. 128  32.0 [6]
directions
Zhang, X. 2014  Exploring the challenges to industrialized residential building in China Habitat 127 141 [81]
international
Pan, Y. 2021  Roles of artificial intelligence in construction engineering and management: ~ Autom. Constr. 126  63.0 [77]1
A critical review and future trends
Li, Z. 2014  Measuring the impact of prefabrication on construction waste reduction: An ~ Resour. Conserv. 118 131 [82]
empirical study in China Recycl.
Mao, C. 2016 Cost analysis for sustainable off-site construction based on a multiple-case Habitat 101 14.4 [83]
study in China international
Ibrahim, Y.M. 2009  Towards automated progress assessment of workpackage components in Adv. Eng. Inf. 92 6.57 [84]
construction projects using computer vision
Willmann, J. 2016 Robotic timber construction — Expanding additive fabrication to new Autom. Constr. 91 13.0 [85]
dimensions
Yu, H. 2013  Lean Transformation in a Modular Building Company: A Case for J. Manage. Eng. 89 8.9 [86]
Implementation
Pan, W. 2012  Establishing and Weighting Decision Criteria for Building System Selectionin  J. Constr. Eng. 87 7.90 [871
Housing Construction Manage.
Liu, X. 2015  Behavior of High-Strength Friction-Grip Bolted Shear Connectors in J. Struct. Eng. 83 10.3 [88]
Sustainable Composite Beams
Niy, Y. 2016  Smart Construction Objects J. Comput. Civ. Eng. 79 11.2 [89]
Pan, M. 2018 A framework of indicators for assessing construction automation and robotics J. Cleaner Prod. 73 14.6 [90]
in the sustainability context
Li, X. 2018  RBL-PHP: Simulation of Lean Construction and Information Technologies for ~ J. Manage. Eng. 71 14.2 [91]
Prefabrication Housing Production
Linner, T. 2012 Evolution of large-scale industrialization and service innovation in Japanese Construction 70 6.3 [92]
prefabrication industry Innovation
Teng, Y. 2017  Analysis of stakeholder relationships in the industry chain of industrialized J. Cleaner Prod. 59 9.8 [93]
building in China
Liu, X. 2017  Flexural performance of innovative sustainable composite steel-concrete Eng. Struct. 58 9.6 [94]
beams
Martinez, P. 2019 A scientometric analysis and critical review of computer vision applications ~ Autom. Constr. 55 13.75  [95]

for construction
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Fig. 8. Scientific analysis map with co-occurrence clusters of keywords based on MMC.

author, are also the oldest and explore, through questionnaires to UK housebuilders, the factors influencing the implementation of
off-site MMCs. Among the most referenced articles, they are followed by three state-of-the-art reviews from the last three years, two of
which focus on Al applied in the AEC industry [77,80] and the other on the BIM approach to OSC [6]. Finally, three articles dedicated
to case studies in China also have above 100 citations. Specifically, they explore the opportunities offered by industrialized buildings
[81], study waste reduction through prefabrication [82], and analyze the costs for sustainable OSC [83]. Recent articles are an example
of the impact of the Asian market on MMC research, especially in prefabrication. Fig. 8 highlights China and Hong Kong stand out with
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their clustering. The comparison of citations between articles over a timespan, such as that adopted in this study, does not necessarily
have to correspond to a greater or lesser impact based on the number of total citations (TC). For this reason, the normalization of total
citations by year (TCbY) is used to identify the most influential articles. As shown in Table 4, the article with the most accumulated
citations (TC = 229) does not coincide with the one with the most significant influence on the scientific community (TCbY = 63).

4.2.3. Active countries and geographic collaboration

Fig. 7 represents the global geographic distribution of MMC research on a world map to facilitate the reader’s recognition of the
location of critical contributions and publication interactions. The strength of the blue color shows proportionally the number of
publications accumulated between countries; the darker, the greater the intensity. The number of citations from the most active
countries is added in white. The coral-colored links show the interaction between each country’s research, and a greater thickness of
the link indicates that the connection relationship is strong. The highest number of papers (56), with 1572 citations, has been pub-
lished in the UK [7,79,84], which is consistent with the fact that this is where the term MMC emerged. At the forefront of prefabrication
and OSC, China [81-83] reached the same number of papers but reduced citations to 955. However, as detailed in Section 2.1.1, the
genesis of industrialized construction cannot be dissociated from other countries such as the United States (PPMOF) or Australia
(OSM). The latter, with an average number of article citations of 47.60, outperforms the UK and the USA [87,89], with averages of
28.07 and 24.84. This means that with fewer publications, the 30 articles from Australia [14,80] achieve much more influence than in
the rest of the countries. Canada [6] and Hong Kong [93], with 32 and 22 articles, complete the top 6 countries with the most
prominent scientific publications in MMC. However, the Asian region stands out with 1066 citations compared to 817 for Canada,
which limits its relations almost exclusively to the USA.

4.3. Thematic classification

To address the qualitative analysis in the following section, it is necessary first to obtain the thematic categories with the current
trends in MMC research. For this purpose, a co-occurrence analysis is performed, studying the number of times that two terms (or string
of characters) coincide at least in more than one document. This systematic and objective process uses scientometrics, co-words, and
network analysis to extract relationships between topics from article content [96].

The bibliometric mapping software VOSviewer version1.6.18 [97] was used for this analysis to generate knowledge maps with
different appearances, such as clusters with sizes according to frequencies or co-occurrences. In addition, it implements a probabilistic
analysis with the mathematical algorithm named Kernel. This function not only performs a count but also allows the size of the
meaning of a term that is represented next to another since they are likely to be associated by the iterative process it applies. For the
bibliometric treatment of the data, the Bibexcel tool was used, which consists of sophisticated free software [98] that performs
mathematical calculations on bibliographic references or texts. It obtains frequencies and relationships between terms, generating
matrix graphs that are subsequently drawn and visualized in VOSviewer. The scientific keyword map was created by extracting the
"KW" field (author keywords) and performing a "co-occurrence" analysis with the selection "make pairs via list box".

Fig. 8 shows the resulting map to visualize the co-occurrences between the authors’ keywords after eliminating the duplicated
general and items that generate the most noise, such as “Construction industry”, “Construction”, “Sustainable development” or “Life
cycle”. The circles represent a term whose size is proportional to the number of published articles. The closeness or remoteness of one
node to another reflects the proximity relationship of each pair of terms in a text unit. The colors indicate clusters of words that are
relatively related to each other. As Fig. 8 shows, six major clusterings stand out for the MMCs used in the construction, each of the
categorized topics with a relevant dominance over other subcategories of concepts to which it is connected.

1. Cluster one "Red": Construction 4.0 (Architectural design, Automation, Construction method, Robotics, 3D printers, Computer
aided design, Precast concrete, Building information modeling, Artificial intelligence, Cost benefit analysis, United Kingdom);
References [6,26-29,77,80,84,85,89,90,95,99-125].

2. Cluster two "Green" Sustainable construction (Sustainability, Modular construction, Lean construction, Off-site construction,
Supply chain management, Analytical hierarchy process, Construction sites, Economic and social effects, Optimization, Adapt-
ability, Circular economy); References [88,94,126-141].

3. Cluster three "Dark blue": Emerging markets (Prefabrication, Environmental impact, China, Hong Kong, Waste minimization,
Quantitative analysis, Surveys, Big data, Tall buildings, Conservation); References [8,14,16,21,25,45,47,81,82,92,142-155].

4. Cluster four "Yellow": Decision analysis (Decision making, Structural design, Life cycle assessment, Social life cycle, Cost, Modern
Methods of Construction, TOPSIS, COPRAS, ELECTRE IS); References [17,22,78,83,156-167].

5. Cluster five "Purple": Green building (Ecodesign, Timber, Cross laminated, Wall (structural partitions), Early design stages, Product
design, Mathematical programming, Genetic algorithms, Carbon); References [168-182].

6. Cluster six "Light blue": Industry management (Productivity, Project management, Building materials, Quality control, Construc-
tion equipment, Accident prevention, Developing countries); References [4,7,9,15,20,24,29,31,33,37,42,46,52,54,79,86,91,93,
183-1971.

5. Qualitative analysis

This section analyzes the research subcategories deployed from each thematic category obtained in Fig. 8, identifying up to 18 hot
topics under the six main themes. However, only 180 articles were used to move on to the qualitative analysis of the 633 quantitatively
analyzed, limited to 20 years between 2002 and 2022. These articles were selected by careful manual SLR (steps 2.1 to 2.3 in Fig. 3)
until a synthesized but representative set was obtained to serve as a global sample to discuss MMCs.
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5.1. Construction 4.0 (number of articles = 51)

Industrialization implies a high degree of organization, requiring different tools and technology integrated into the work processes
[28]. It must allow the exit to a very competitive market in a society that increasingly demands economic, fast, quality, and profitable
construction. To achieve this, the current industrial 4.0 model [26] is based on a) the automation and optimization of processes,
seeking efficiency in deadlines; b) the implementation of new digital technologies, constructively defining the building almost in its
entirety in the initial design phase, avoiding problems and unforeseen events in the execution phase; c) skilled labor, since applying
these tools requires professional specialization.

5.1.1. Computer-aided design, building information modeling and rendering

Computer-aided design (CAD) and related technology are not recent [99]. In the case of industrialization associated with MMCs,
the integration of Building Information Modeling (BIM) is one of the leading and most widely used tools [6,100]. It facilitates the
exchange and management of building data in real-time and throughout the building’s life cycle [101,102]. BIM-based approaches
using 3D architectural modeling and geometry-based design automation have been realized, capable of creating up to 1500 new
precast and cast-in-place concrete design options in as little as 30 min [103]. Researchers have developed prototypes that integrate 4D
BIM applications to plan the layout of concrete joints in real-time [104]. Other scholars have focused on CAD automation and
computer-aided manufacturing (CAM), from bricks [99] to timber-framed panels to generate BIM and fabricate the automated con-
struction of residential modular buildings [105]. BIM integration has also been used with other analytical algorithms to parameterize
the design of precast drywall by optimizing them from an ecological, economic, and aesthetic point of view [106]. These design and
digital data management tools are decisive when comparing conventional construction methods with MMCs. They facilitate
decision-making based on sustainability criteria [19,107], being especially useful to implement during the earliest phases of design
[108] to ensure quality and complete control of the building prior to on-site construction. Regarding dismantling or rehabilitating the
building, BIM efficiently provides all the information related to materials and their recycling [101], enhancing the circular economy.

5.1.2. Blockchain, digital twin, computer vision and internet of things

Blockchain technology enhances the precision of MMC on-site assembly [109]. It ensures a secure and controlled digital envi-
ronment for the BIM model where the project is developed, enabling traceability of the building’s life cycle processes [110]. This is
particularly beneficial in decentralized project settings. This multidisciplinary approach aims to align the building’s actual perfor-
mance with the design and expectations of the developer. The digital twin [111] combines the information required for commissioning
and monitoring the finished building. The digital twin, updated in real-time through monitoring, provides data on the building’s state
and predicts its behavior in uncertain circumstances. Advancements in technology, such as [oT [112] and computer vision [84,95],
further enhance the digital twin and improve decision-making for MMC innovation, making it directly applicable to the management
and maintenance of buildings and critical infrastructure.

5.1.3. Artificial intelligence, machine learning and deep learning

Building managers in MMC-based constructions must have the ability to understand and accurately assess the results of monitored
models. These models have real-time updated data in their digital twin. However, it can be challenging to understand the data and the
root causes of changes in building behavior, mainly related to structural behavior throughout its lifespan. Artificial intelligence (AI)
[77,113] and machine learning (ML) [80] have long been used in the civil engineering and construction industry to analyze large
amounts of data and identify patterns and correlations. Recently, there has been a significant advance in deep learning (DL), a more
advanced form of ML that uses neural network-based algorithms. Studies have shown that integrated modular construction can benefit
from combining virtual prototyping and transfer learning techniques to develop a module detection model based on mask regions
through a convolutional neural network [114].

5.1.4. Automation, robotics, 3D printing and additive manufacturing

In addition to the already developed concepts of digital design, information and communication technologies, or Al topics such as
automation [115,116] and robotization [107,117] are necessarily associated with the innovation of the so-called "smart construction"
on which MMCs are based. With the help of cognitive learning, these automated systems can accomplish or increase tasks to enhance
performance and resolve better solutions to decisions that traditionally require human judgment. Although the integration of auto-
mation in architecture has seen a slow progression, an increasing number of construction companies are implementing automated
systems and procedures into their operations [118]. The development and implementation of automation and robotics in the con-
struction industry present new opportunities to address various building needs within the sustainability framework [90]. Researchers
have introduced innovative robotic automation systems with various applications, including the digital fabrication of unique timber
structures [85,119], assembling steel beams [120], constructing commercial cavity blocks [121], and using mobile masonry robots on
construction sites [122]. The growth of MMC-based industrialized building prefabrication has been spurred by advances in 3D printing
(3DP) technology. As construction projects become increasingly complex and cost-conscious, this technology has been proven to be a
game-changer. 3DP has created models of retaining and shear walls with non-standard shapes for a single floor of a reinforced concrete
building, including reinforcement [123]. Other research has explored the potential of fused deposition modeling (FDM) for 3DP
fabrication of a lightweight cellular lattice structure reinforced with long fibers in complex and unconventional structures [124].

Although among the most promising Construction 4.0 technologies, BIM, Al, 3DP, or ML are at the forefront, there are still many
gaps to be filled by combining all their capabilities in terms of material and design flexibility, cost efficiency, operational agility, and
sustainable practices [125]. For example, 3D-printed houses could be explored as a temporary shelter solution after disasters such as
the recent ones: forest fires in North America, floods in Pakistan, the conflict in Ukraine, and earthquakes in Indonesia or Turkey.
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Before a catastrophe, some elements, such as walls, can be prefabricated and stored for later assembly. In addition, houses can be 3D
printed on the ground using machines, while aerial robotic drones scan the area and create 3D landscape models with BIM systems.
Some drone prototypes can already fix pipes. In the future, they could be equipped with Al and ML to assist in various aspects of the
construction process, potentially reducing the need for human labor and enabling the rapid establishment of temporary shelters or
housing solutions.

5.2. Sustainable construction (number of articles = 23)

Sustainability has evolved from a visionary idea to an imperative. The European directives and the 17 Sustainable Development
Goals (SDGs) for 2030 provide a roadmap for aligning all economic activities with a balance of economic viability, environmental
protection, and social welfare. MMCs strongly align with the three dimensions of sustainability.

5.2.1. Sustainable design

The construction industry is a significant contributor to environmental stress, making it crucial to pursue sustainability. However,
until recently, little attention has been given to finding environmentally friendly solutions in the design phase of the building life cycle
[126]. As a result, optimizing structural designs using mathematical procedures based on iterative methods to achieve functionality
with minimal use of materials [127] has become an area of growing interest [128] to reduce the environmental impact of material
extraction and processing. Research is being conducted to minimize material consumption and embodied energy [129] and reduce
carbon dioxide emissions [130]. In addition, recent studies have taken a comprehensive approach to sustainability assessments,
incorporating life cycle assessment methods such as ReCiPe, economic, and social factors [131]. There is also ongoing research on
using innovative materials to enhance the sustainability of buildings [94,132]. Another promising trend in reducing environmental
impact and enhancing socio-economic aspects of construction is the use of pre-manufactured modular sections [133].

5.2.2. Sustainable production

The production life cycle of buildings has become a critical factor in assessing their environmental impact. As a result, research has
been conducted to identify ways to enhance the sustainability of building processes [134]. The environmental and sustainable benefits
of MMCs have been emphasized by multiple studies [135,136], indicating a need for a change from traditional on-site construction
practices [137]. examines the potential benefits of using wood-based construction techniques based on public perception towards
wood buildings and also reveals positive feedback for OSC.

5.2.3. Sustainable operations

Modular OSC is a cutting-edge building method involving prefabricating components assembled on-site. This method results in
high-quality, environmentally friendly buildings that are built faster and generate less waste. The challenge of managing the supply
chain is one of the main limitations of modular OSC. However, recent research has shown that optimizing supply chain management
can lead to greater sustainability [138]. Efforts are being made to reduce carbon emissions in the supply chain [139,140] and to
explore the potential socio-economic benefits of fast construction methods in prefabricated buildings [141].

5.3. Emerging markets (number of articles = 27)

Sustainable architecture has gained global prominence, particularly in developing nations. In Asia, particularly China, where there
has been significant economic and population growth, the implementation of sustainability in the construction industry is of particular
interest. In the past, however, China was one of the largest producers of pollution and waste, lacking consideration for sustainability in
its construction industry.

5.3.1. Asia

In recent years, China has shifted from being a world factory to having a leading industry of its own. Studies have been conducted to
understand the factors contributing to the growth of the prefabrication industry in Asia, with some focusing on future trends in
countries such as Japan [92]. The public’s perception of emerging markets in Asia has also been explored [142,143], revealing positive
feedback for off-site production practices [144]. Despite this, there are still barriers hindering the implementation of MMC and
industrialized building systems in Asia, particularly the cost [8]. Researchers have analyzed the cost composition of prefabrication
processes [145] and products to demonstrate the economic benefits of traditional construction methods [16]. Other studies have
explored the impact of lean practices on project value [146] and the role of corporate responsibility and experience on the quality of
prefabrication production in China [147]. Additionally, the structural response of modular construction systems in high-rise buildings
and the development of timber-based construction practices in China have been studied [148,149]. Further encouragement and
development through strategies and policies are needed to support the growth of the industrialized building industry in Asia [21,47,
81].

5.3.2. Prefabrication

The terms "industrialization," "prefabrication," and "modular construction" can be easily confused. A fully industrialized building is
considered "prefabricated" if its components are not assembled on-site. These homes are delivered to the construction site already
finished and only require connection to utilities. On the other hand, modular construction involves putting together several pre-
fabricated modules to create a building. In the Asian market, the development of high-rise modular prefabrication has gained mo-
mentum as a way to grow cities sustainably. Research has explored various global prefabrication methods, specifically in the
Australian market [150]. Optimizing prefabrication processes is also a focus of current research [151]. The benefits, performance

"o,
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advantages, and limitations of prefabricated elements in construction have been analyzed and summarized in Ref. [14]. Despite its
sustainability benefits, research is still being conducted to understand why the precast construction industry remains an emerging
market and has yet to become widely adopted [152,153].

5.3.3. Waste reduction

Most MMCs make it easy to assemble and disassemble buildings, thereby significantly simplifying the recycling of components and
materials. These recyclable materials can then be reintegrated into the industrial supply chain, helping to minimize the environmental
impact. Recent studies have explored how prefabrication technology can effectively curb construction waste [82]. One study of 114
actual high-rise building projects found that prefabrication can average a reduction of 15% in construction waste compared to
traditional construction methods [154]. Due to the increasing focus on minimizing waste from prefabricated components, researchers
have investigated the potential use of BIM technology to achieve this goal [155].

5.4. Decision analysis (number of articles = 17)

The subject of decision-making in building construction continues to captivate researchers. The attributes that define a building are
frequently interrelated, causing the advantages or disadvantages of various building alternatives to vary depending on the criteria
evaluated. To comprehensively compare different MMCs and conventional methods, decision analysis strategies are employed to
optimize the results and aid decision-makers in the selection process.

5.4.1. Life cycle assessment (LCA)

The construction sector accounts for nearly 40% of the carbon emissions into the atmosphere and thus plays a crucial role in
mitigating the effects of climate change. However, only what can be quantified can be addressed. LCA is a methodology that objec-
tively assesses environmental impacts and aids decision-making. The current state of LCA applied to MMCs has mainly focused on
environmental performance [17,22]. As outlined in the ISO 14040 series of standards, this methodology can also evaluate
socio-economic impacts as they share some common elements that provide valuable comparative data for decision-making in new
projects or improvement initiatives. Environmental [156] and economic [83] impact assessments of MMCs have been conducted for
over a decade, as they are mature methodologies established in 2006 and 2008. Some scholars have investigated environmental
assessment by developing BIM-based LCA methods for prefabricated buildings that can support automated assessments throughout the
life cycle [157]. After the creation of the SDGs in 2015, more attention has been given to three-dimensional approaches to sustain-
ability, including social aspects, which are more challenging to evaluate than economic or environmental factors. Recently, some
comprehensive research on building sustainability has emerged. In Ref. [158], a Life Cycle Sustainability Assessment (LCSA) is
conducted on different MMC-based foundation and soil improvement alternatives, combining the social assessment with impacts of the
transient state (short-term) and the steady state (long-term). Therefore, more research is needed to integrate the social dimension into
the SDGs.

5.4.2. Multi-criteria decision making (MCDM)

This issue is of great significance in construction engineering, especially in sustainable design, where complex challenges involving
multiple and often conflicting factors must be addressed. Traditional Multi-Criteria Decision Making (MCDM) techniques, such as AHP
and VIKOR, have been employed to subjectively weigh and choose between precast concrete, steel, and laminated timber deck
structures [159]; and SWARA and COPRAS have been used to prioritize green building materials [160]. The efficiency of precast and
in-situ construction systems was evaluated through a hybrid MCDM approach [161]. The Delphi method was utilized to formulate
relevant criteria, DEMATEL to analyze their impact, ANP to assign weights, and TOPSIS to determine rankings. In the context of a tall
building in Australia [162], studied the selection of the most sustainable construction method among three industrialized and one
robotic alternatives using AHP as the most commonly used MCDM technique. In these cases, social impacts are often limited to simple
factors such as aesthetics or construction time, without considering other social aspects related to building construction, maintenance,
and demolition that align more closely with the SDGs [78]. consider social criteria such as job creation, fair wages, public engagement,
and the safety and health of users and workers. The economic, environmental, and social impact categories are combined into a
comprehensive sustainability index through the combination of SAW, COPRAS, TOPSIS, VIKOR, and MIVES. Further research is
necessary to understand stakeholders’ priorities for MMCs adoption, especially in Europe, where their adoption rate remains low
compared to conventional methods [163]. provides a thorough analysis of the barriers to modular construction in Germany from a
developer’s perspective using fuzzy DEMATEL.

5.4.3. Decision support systems (DSS)

DSS can streamline the resolution of complex problems and enhance objective and accurate decision-making. In Ref. [87], a
multi-methodological approach was employed with over 50 criteria, categorized by quality, expenses, timeline, sustainability, safety,
health, contracting, process, and regulatory compliance. The study in Ref. [164] in Malaysia identified material consumption, waste
generation, and disposal as crucial factors of MMCs. It proposed a systematic strategy to improve environmental performance by
conducting a SWOT analysis to inform upstream decision-making [165]. created a classification matrix to aid decision-making when
designing or revamping OSP systems in residential architecture. In other cases, hybrid techniques have been used in uncertain sce-
narios, including a neutrosophic set approach with N-AHP [166] to address the uncertainty in expert group evaluations. In Ref. [167],
an ANP-ELECTRE IS model was calibrated for sustainability assessment criteria in building structures, which resulted in greater
consistency by automating the clustering of input data and reducing expert judgments by over 90%.
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5.5. Green building (number of articles = 17)

The terms "green" and "sustainable" are often used interchangeably, but sustainability involves a balance of the three pillars:
economy, environment, and society. A green building prioritizes environmental health by efficiently and minimally impacting land,
water, energy, and resources during construction and service life. It incorporates various practices and techniques to reduce or
eliminate the negative impact on the environment and human health.

5.5.1. Ecodesign

In the green building industry, there is significant interest in natural materials for structural applications, leading to the emergence
of the Eco-design approach as a means to support sustainable building practices. A particular focus has been placed on using timber-
based construction elements to reduce the emissions and waste generated by traditional construction materials. The Eco-design
approach is closely linked to the use of timber in all its forms as a primary construction material. In particular, industrialized tim-
ber has proven to be a precious alternative for green building construction [168,169]. As a result, the use of Cross-Laminated Timber
(CLT) elements has emerged as an environmentally friendly alternative to traditional prefabricated solutions [170,171]. Additionally,
research has been conducted on the performance of alternative natural elements, such as unprocessed bamboo, as efficient building
materials [172].

5.5.2. Eco-efficiency

The increasing interest in using natural materials in construction has prompted the scientific community to evaluate their structural
performance. Significant efforts have been focused on analyzing CLT elements’ stiffness and strength efficiency [173]. Research has
covered the numerical and experimental assessment of the bending strength of CLT panels, their response to seismic conditions [174],
and the structural analysis and design of efficient connections between CLT and steel elements [175]. In addition to CLT-based so-
lutions, there is also growing attention on the structural analysis of bamboo-based solutions [176] and the development of simple
processing technologies to make it a competitive alternative to conventional construction materials [177]. Moreover, research has
been conducted on the structural efficiency of natural elements like oak logs, which due to their irregular shape, have been deemed
uncompetitive in processing and often discarded as valuable construction materials [178].

5.5.3. Circularity

A significant trend in the construction industry is adopting circular economy strategies [179]. The construction sector’s conven-
tional "buy-use-dispose" approach has faced criticism for generating a large amount of waste at the end-of-life (EoL) of the built
environment. In contrast, the circular economy aims to minimize waste at the EoL stage and create valuable waste that can be recycled
or repurposed as building materials.

In line with the circular economy trend, various practices have been studied for their contribution to the circularity of the built
environment, such as implementing lean construction principles during the building construction phase [180]. Research has also been
conducted on utilizing digital technologies to achieve a circular economy across industries [181]. Another noteworthy trend involves
adopting innovative materials and solutions that positively impact the circular economy, such as using bio-based walls instead of
traditional prefabricated wall panels [182].

5.6. Industry management (number of articles = 45)

One of the significant challenges architects and construction professionals need to improve is the inefficiency of traditional con-
struction techniques [29]. Delayed decision-making and missed deadlines result in low economic returns. Modular and Manufactured
Construction aims to guarantee that every project is both high-quality and profitable [9]. To achieve this, streamlining the production
process through technology and effective organizational management is critical in establishing an industrialized and efficient building
production model.

5.6.1. Lean construction, productivity and quality/security control

Lean Construction (LC) is a critical component for implementing industrialized architecture based on MMCs [86,91]. This approach
focuses on creating practical tools for the execution phase, particularly in coordinating and making decisions during the manufacturing
process and assembly of elements. The objectives of LC include improving design and manufacturing efficiency, increasing stan-
dardization and customization, reducing labor requirements and costs, and minimizing waste in materials and construction [183,184].
Productivity [185] is ultimately the goal of all this incorporation of advanced processes and technologies in design, production,
manufacturing, and management for MMC-based construction [186]. MMCs systematically manufacture components in a factory
setting using machines, robots, and skilled workers. Most constructions, especially modular ones, are made under cover and optimal
working conditions [20]. Modular construction, in particular, is carried out under optimal working conditions and can simplify mass
customization [187] in engineer-to-order environments. Some methodologies, such as the graph-based approach, have been developed
to optimize the design of modular buildings by applying a clustering algorithm and using iterative methods combined with BIM tools
[188]. Building quality depends on on-site work in traditional construction, and productivity suffers greatly, especially in
labor-intensive tasks such as formwork [189]. These on-site operations are only sometimes performed by qualified personnel and in
variable environmental conditions in the open air, resulting in numerous occupational accidents. Some methodologies, such as the
graph-based approach, have been developed to optimize modular building design [190]. In terms of labor productivity evidence, a
contractor interaction study was conducted to investigate the impact of BIM on labor performance on commercial projects, which
revealed an increase in labor productivity in modeled and prefabricated areas by as much as 240% [191]. In addition, it has been
possible to develop innovative recruitment methods to improve recruitment strategies in the organization of specialized tasks [192]. In
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this context, analytical methodologies have also been developed to characterize the variability of productivity in budgeting labor costs
[193] specific to industrialized construction.

5.6.2. Supply chain, manufacturing/assembly

The pursuit of efficiency in MMCs in an Industry 4.0 setting requires dividing the work into various tasks [4]. This division allows
each professional to play a crucial role in the building’s production, construction, and management chain [15,54]. This revolution has
transformed construction supply chains hitherto oriented exclusively to transporting raw materials. The revolution in construction has
changed the traditional supply chain, which used to focus solely on transporting raw materials. Mathematical models have been tested
in MMC projects to optimize manufacturing, transportation, and inventory for school dormitories to design logistics configurations
with reduced risk [194]. The Just-in-Time (JIT) approach has been studied for supply chain performance management to evaluate the
environmental and economic impact of prefabricated products in sustainable development [195]. The social dimension of sustain-
ability is also a concern, and reducing scheduling delays remains a challenge. Although some integrated performance-based duration
estimation models have been developed [196], or scheduling calendars have been developed from genetic algorithms and multiple
constraints [197], further sophistication is required to solve the problem entirely. In a conventional building, changes and weather
conditions often result in construction delays. However, with MMCs, manufacturing is automated, and decisions are made in advance
[24], reducing the need for improvisation and speeding up the construction process [46].

6. Discussion

6.1. Trend analysis

In this section, the analysis of trend topics will be introduced. The density and centrality of the graph will be used to carry out this
analysis of trend topics. The graph is built from bigrams of the abstracts, performing a process of stopwords and lemmatization to
ensure a better quality of the clusters. The Walktrap (WT) method [198] was used to construct the clusters. The WT algorithm uses a
hierarchical agglomerative method to get the clusters. The result is shown in Fig. 9. The figure considers four quadrants: motor clusters
in the first quadrant, niche themes in the second quadrant, emerging themes in the third quadrant, and primary groups in the fourth. In
the first quadrant, the topic that stands out (in orange) corresponds to sustainable development focused on urban development and
planning in conjunction with waste management. This orange group is related to the green cluster shown in the fourth quadrant; in this
cluster, the development of new materials, structural design, and life cycle analysis with a focus on sustainability and green building
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Fig. 9. Trends topic analysis based on abstract on MMC selected papers.
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stand out. Therefore, sustainability is an essential and driving theme in MMC.

On the other hand, the purple cluster of the fourth quadrant highlights the administration of information for management focused
on different construction methods such as AEC, precast, and BIM. This cluster is related to the cluster located between the first and
fourth quadrants, which relates construction projects to the supply chain and different types of construction methods. Therefore,
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another essential and driving theme corresponds to industry management. The industry management topic has a niche line in the

second quadrant which exploits all the simulations and Monte Carlo methods to estimate the duration of projects and associated risks.
Finally, in the third quadrant, we find themes related to industry 4.0 about robotization and process automation.
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Fig. 11. Dendrogram and conceptual structure analysis for management topic.
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Fig. 12. Dendrogram and conceptual structure analysis for industry 4.0 topic.

6.2. Future directions

With the results obtained in Section 6.1, mainly through the allocation of the analyzed documents to various clusters as shown in
Fig. 9, this section delves into the subjects of sustainability and green building (Fig. 10), industry management (Fig. 11), and Industry
4.0 (Fig. 12) to identify future trends in each topic. The analysis will be conducted using conceptual structure maps and multi-
dimensional scaling (MDS) with topic dendrogram charts to discern the dominant concepts and their relationship.
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In Fig. 10, the relationships between articles and key concepts are depicted. The four main concepts are environmental impact,
urban planning, life cycle, and green building. A conceptual structure map reveals three prominent themes. The first green theme
focuses on eco-friendly construction materials, mainly rubber. The second theme, in red, pertains to assessing environmental impact,
urban planning, and sustainable city development. The final theme, in blue, highlights the connection between manufacturing pro-
cesses, life cycle analysis, and the impact of industrialized construction on the environment. The dendrogram shows that all aspects of
urban development are closely related to energy development, manufacturing processes, life cycle analysis, and developing innovative
materials for green building.

MMCs have the advantage of allowing for the early selection of materials and construction methods. While any material can be
used, those that facilitate integration and have "dry joint" components are preferred for a cleaner construction process. Lightweight
materials are also favored for ease of transportation and assembly. One of the most significant advantages of many MMC-based single-
family homes is the ease of assembly and disassembly. Using recyclable, sustainable and eco-friendly materials further reduces the
environmental impact [160]. The choice of MMCs also extends beyond traditional building components to include new materials such
as biodegradable bioplastics, 3D printed materials, nanomaterials, eco-friendly concrete, and smart glass for energy collection and
protection.

Several key technologies can be implemented to enhance the sustainability of new buildings, such as green and sustainable building
materials, renewable energy sources like solar panels and wind turbines, LED lighting, sustainable drainage systems, thermal insu-
lation materials, and sensor and automation systems. Adopting these technologies can effectively reduce the carbon footprint of the
building, minimize energy consumption, and reduce the usage of non-renewable resources while generating significant cost savings
and improving water quality [128]. Furthermore, these solutions can enhance building efficiency and provide occupants with a higher
quality of life.

However, the current sustainability paradigm is no longer sufficient in reducing the environmental impacts of human activity
[136]. It is necessary to consider economic and social aspects to achieve a balance, but this is complex as environmental, social, and
economic sustainability may not always be compatible [17]. For instance, a faster construction method reduces transportation re-
quirements for workers, resulting in reduced energy consumption and improved environmental performance. The challenge is to
preserve natural resources, heritage, culture, social balance, and ecosystems for future generations.

To address this challenge, the old "recycle, reduce, and reuse" approach must be replaced by "restore, renew, and replace" [179].
The new paradigm, Regenerative Design, aims to generate positive impacts throughout the entire life cycle of buildings by restoring
and developing natural and human ecosystems. This requires a shift in thinking and design with a holistic and integrated approach
incorporating a high scientific knowledge level. The shift to Regenerative Design requires in-depth knowledge of various areas. It may
require the collaboration of several specialists, appropriate tools, and new research methods, guidelines, and design strategies. MMCs
are an approach that uses innovative technologies and processes to improve the efficiency and quality of construction [29]. This
includes prefabrication of components, using lighter and stronger materials, and faster and more precise construction techniques
related to regenerative design.

By employing more sustainable materials, reducing construction waste, and lowering the carbon footprint, MMCs can create more
sustainable and efficient buildings and communities that promote environmental regeneration and community health. This represents
a paradigm shift towards more sustainable and environmentally responsible practices in the built environment that will need the full
attention of the scientific community within a few years.

Fig. 11 displays the visualizations for the management-related clusters. The conceptual structure map reveals two main groups,
depicted as two lines. The first group, shown in blue, highlights the management of industrialized processes, focusing on 3D printing,
digital twins, and computer-aided manufacturing. The second group, shown in red, pertains to automation and project management
and incorporates digital technologies [26] such as BIM, robotics, computer vision, data mining, and augmented reality. The largest
group in the dendrogram is related to structural eco-design and is closely tied to prefabricated construction in China [145]. On the
other hand, all the automation and efficiency elements are connected to technology integration. The potential of applying technologies
such as extended reality, Big Data, and 3DP in industrialized construction still needs to be explored [125]. Through the integration of
on-site construction robots and 3D printing technology, the field of architecture is poised to experience a wave of innovation,
particularly in the areas of design and building materials, ushering in a new era of construction [27].

However, the application of these technologies in the context of MMCs in architecture is often limited to new construction projects
[29]. Although the use of industrialized building techniques is becoming more accepted in the construction of new housing, it is still
rare in the context of building rehabilitation. The limited research in this field is a hindrance to the implementation of MMCs in
retrofitting, which is becoming increasingly necessary. The construction industry is a significant contributor to energy consumption,
accounting for around 40% of final energy use in the European Union. This highlights the need for energy-efficient renovations of
existing buildings. Innovative and unconventional approaches are necessary to enhance energy efficiency, particularly in existing
buildings, significantly. Al offers a solution that can automatically achieve this goal without imposing a significant burden on building
operators and owners [113].

Construction 4.0 faces two challenges: the urgent need for energy-efficient retrofits of large building envelopes and the cost-
effectiveness of such projects. MMCs, in conjunction with building mapping and management technologies such as BIM and
drones, would significantly accelerate progress toward meeting these needs.

Fig. 12 displays the results of the cluster analysis and dendrograms related to Industry 4.0. Two distinct groups are identified in the
cluster. The first group focuses on the Internet of Things and BIM, which work together to achieve control and operational efficiency.
BIM allows for planning and updates, and sensors provide real-time monitoring, enabling the application of analytics. BIM has its roots
in the 1960s with Sketchpad, a primary application allowing users to manipulate objects on a computer screen. BIM precursor
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applications were first used on personal computers in the mid-1980s for large projects like the Heathrow Airport terminal renovation.
Modern BIM design emerged in the late 1990s and early 2000s [6]. The second group, as seen in the dendrogram, highlights the
technology and techniques used, focusing on integrating robots, construction equipment, algorithms for statistical analysis and Al
Predictive tasks in Al and ML-driven analytics rely on historical data sets to make accurate predictions about new observations [77].
The field of ML has a history that predates BIM, going back to the year 1950 when Alan Turing created the "Turing Test". This test
required a machine to deceive a human into believing that they were interacting with another human instead of a computer.

Key technologies, such as those mentioned above, include complete automation of the entire project lifecycle. Moreover, these
technologies will facilitate significant changes in OSC operations by 2030, including the transition from single-product manufacturing
to modularization, a shift from customized offsite building components to standardized ones, a move away from permanent offsite
building structures to relocatable or portable ones, and a shift from dependence on single-skilled labor to multi-skilled labor [28].
Buildings constructed using MMC systems today are complex, involving advanced architectural, structural, and mechanical engi-
neering systems that play a role throughout the building’s life cycle. Further research is needed to understand the interdependent
building systems through the use of digital twins. There is also a significant opportunity to delve deeper into the social impacts of these
buildings, which have yet to be fully explored, to optimize their sustainability performance from a holistic perspective.

7. Conclusions

This article studies MMCs in building construction. The study was based on a comprehensive review of the literature published in
the past 47 years, extracted from the Scopus database. The research was conducted in three phases: (1) Historical review and clas-
sification of MMCs: The article provides an overview of the history of industrialized construction and clarifies commonly misunder-
stood terminologies. A revised classification of MMCs was developed, grouping them into six categories, ranging from off-site
manufacturing and prefabrication to process improvement and technology applications. (2) Quantitative analysis of literature: The
study analyzed 633 articles from the literature using Natural Language Processing (NLP) analysis. (3) Qualitative analysis through
Systematic Literature Review (SLR): A sample of 180 selected articles was subjected to a qualitative analysis using SLR. The research
methodology combined traditional expert knowledge with modern machine learning (ML) techniques. A pre-trained BERT model,
UMAP feature reduction method, and hierarchical clustering algorithm were used to extract the relevant themes from the literature.
The results were filtered through keywords and visualized using the R package bibliometrix and VOSviewer.

The scientometric assessment provides a statistical overview of the current state of the MMC field. The assessment includes an
analysis of the annual production, most influential sources, authors, international collaboration, and highly referenced articles. The
results of the quantitative analysis revealed that the increasing demand for MMCs in recent years, driven by new building requirements
and technological advancements in construction 4.0, has led to a marked increase in research and literature production, with a sig-
nificant increase observed from 2017 onwards. The analysis shows that 50% of the literature on MMCs was generated in only four
countries: the United Kingdom, followed by Australia, the USA, and China. Through bibliometric analysis and scientific mapping tools,
the study identified and synthesized the significant themes in MMC research, grouping them into six categories: Construction 4.0,
Sustainable Construction, Emerging Markets, Decision Analysis, Green Building, and Industry Management. A qualitative analysis was
then performed to delve into the research gaps and trends in MMC research, identifying 18 subcategories of the six main themes.

The speed of delivery, the ability to make up for lost time, and the opportunity to maintain high productivity while implementing
social distancing in construction are key factors driving the shift towards MMCs over conventional methods. Implementing efficient
construction practices such as reducing material waste can also help mitigate potential increases in material costs due to shortages,
thus offsetting the cost differential between MMCs and traditional construction methods. Traditional construction methods are labor-
intensive, making creating a suitable working environment challenging. However, off-site construction requires less concentration of
labor, which facilitates the creation of safer spaces. MMCs can improve safety, quality, and time efficiency while minimizing waste. It is
concluded that in the short term, labor shortages and the need to increase the housing supply will be the main drivers of MMC adoption
in specific markets, as is already the case in Asia. In the medium to long term, the environmental impact of construction will require the
widespread adoption of MMCs worldwide.

The predominant research trends in construction are focused on applying tools and technologies associated with Construction 4.0.
These include the Building Information Modelling (BIM) methodology, process automation, Big Data analysis, cloud technologies, and
the Internet of Things, collectively contributing to accelerating the building process from the early design phase. While MMCs are often
presented as an ideal solution to meet the housing needs of modern society, research gaps demonstrate the need to focus more on
industrialized retrofitting, which has enormous potential to improve the existing huge housing stock. These gaps highlight the need for
further research into how MMCs can be utilized to retrofit and revitalize existing structures effectively. At last, the great challenge for
future research will be addressing the sustainability paradigm crisis and shifting toward a regenerative design model. In this regard,
MMCs will play a crucial role in promoting environmental regeneration and community health by reducing waste and carbon emis-
sions, enhancing energy efficiency, and enabling the development of sustainable communities.

The key findings of this research can be summarized into three main points: (1) A revised classification system for Modern Methods
of Construction (MMC) used in building construction, particularly in housing. This system makes it easier for researchers to access
bibliographic information and keeps pace with the inclusion of new construction systems as they emerge. (2) The establishment of a
multi-hierarchical knowledge structure consisting of central themes in MMC research topics, providing updated references for re-
searchers and industry stakeholders. (3) A discussion on the cutting-edge MMC markets, focusing on construction technology 4.0 and
industry management while keeping sustainability at the forefront and providing suggestions for future lines of research to address
existing knowledge gaps. In summary, MMCs offer a promising solution to the building sector’s low productivity, labor shortages, and
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cost control issues while reducing uncertainty, minimizing waste, and promoting sustainability. However, this study is limited to
analyzing English language articles in Scopus and JCR journals. Future research could expand to include conference papers and further
explore the effects of keyword co-occurrence and qualitative analysis through dendrogram analysis.

The results of this study are distinguished from previous reviews by their comprehensive approach and methodology. It covers a
broader range of MMCs, introduces a more accurate classification system than its predecessors, provides in-depth analysis, identifies
previously unexplored research gaps, and offers roadmaps to facilitate the application of these models.
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