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Abstract
With the resurgence of building industrialization, the phrase DfMA has gained popularity, representing a new approach to future construction. Applying the DfMA principles can enhance the design process by optimizing manufacturing and assembly functions, resulting in cost and time savings. This approach could have a significant impact on product quality and, with the right strategy and guidelines, improve the performance of the construction industry. Analyzing DfMA uptake in the construction industry is crucial to understanding its current and future implementation. However, more studies are still needed on this topic. This review primarily aims to identify the factors of DfMA for advanced industrialized construction. This research aims to integrate DfMA principles into industrialized construction by leveraging advanced construction components and their connection with DfMA. This study used a multi-step research method to achieve the main research goal: creating an analytical framework for advanced industrialized construction through bibliometric analysis and using qualitative meta-analysis to identify DfMA factors and general DfMA-like concepts in advanced industrialized construction. We arrived at a conceptual model by identifying factors and elements of the DfMA for industrialized construction. Implementing automation and robotic systems into the construction process, off-site construction, construction 4.0, information communication technology and digital technologies, prefabrication, lean construction, sustainability, and virtual design and construction are DfMA factors for advanced industrialized construction. This document serves as a guide for the future direction of construction, aiming to achieve advanced industrialized construction, and can act as a foundation for further theoretical and empirical research.
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1-INTRODUCTION
The construction industry, with the support of other industries, is a significant sector that directly and indirectly affects a country's economic development (Hatema et al., 2022). At the same time, it faces challenges such as rising construction costs, extended development cycles ,and decreasing labor supply. In response, entrepreneurs and innovators in the construction sector are considering using industrialized construction (Pullen et al., 2019; Hall et al., 2019). Industrialized construction is receiving a new wave of attention and investment. According to a 2019 report by McKinsey, the construction industry could achieve annual savings of $20 billion and a 50% reduction in time through the adoption of industrialized construction (Bertram et al., 2020). In industry construction, advanced industrialization and technological progress are essential. Design for Manufacture and Assembly (DfMA), A concept that first emerged in the manufacturing industryhas been recognized as a key route for industrialized construction and a possible source of cross-disciplinary knowledge (Rehman & Kim, 2022). By optimizing manufacturing and assembly processes, DfMA principles reduce time and cost by promoting a design strategy. Customer happiness and product quality would both be significantly impacted by such a procedure (Chen & Lu, 2018). DfMA is an evolving design and production approach that emphasizes using design to optimize product performance and enhance production efficiency within the construction industry. DfMA is well-established in manufacturing (Lu et al., 2020). There is limited information on how DfMA relates to the construction sector (Gao et al., 2018; Jin et al., 2018). Our goal is to identify the factors that impact DfMA in advanced industrialized construction by examining the components of advanced construction for this  method and their relationship with DfMA. We will focus on addressing the gaps in existing literature related to this topic. According to these objectives, the following questions arise in this research: Research question 1: What elements impact the properties and conditions of DfMA (Design for Manufacture and Assembly) in industrialized construction? 2: What are the key indicators for each of the components influencing DfMA  in industrial construction? The structure of this research is as follows: Firstly, we outline the architecture and industrialized construction for the construction process using the VOS viewer application to do a bibliometric analysis evaluation. Then, we construct a framework On the basis of this deduced definition of this construction method to locate scientific trends and pertinent literature, assess the status of the factors with research synthesis, and identify the elements of DfMA for the framework of industrialized construction. The next phase presents the results of using research synthesis to create a conceptual framework Which focuses on identifying the indicators related to the research This essay  to identify ways to develop and improve the construction industry for industrialized construction in the future.

2-RELATED STUDIES 
The authors divided the literature review into two parts under the research objectives to introduce the proposed theoretical framework for the research.
1) industrialized construction, with appropriate emphasis placed on the inherent advantages of the industrial approach. Consequently, research was done on industrialized construction.
2) DfMA design principles, in which careful consideration was given to implementing efficient design by examining the state of progressive solutions in this area. As a result, the use of DfMA in construction with an approach to the industrialized construction process was examined.
2.1. Industrialized construction
Modern industrialized construction involves a structured, regulated, and standardized manufacturing process for clearly defined building systems. (Lessing, 2015). Industrialized construction refers to advancing construction work through mechanized and automated systems. This approach can help achieve various goals, such as increasing productivity, replacing human labor with machines, expediting construction timelines, enabling early project utilization, improving quality, and reducing construction costs (RIBA, 2016). The industrialized construction today extends beyond just factory production and off-site prefabrication, its main emphasis is on the system and manufacturing processes to ensure a consistent and controllable output in the production of building systems (Andersson & Lessing, 2017). It will take coordinated industry activity to move construction toward greater manufacturing usage. Clients must be receptive to innovation, and suppliers must consider future items. In addition to promoting production-oriented tools and software, designers should strive for transformative design (RIBA, 2020). This research defines industrialized construction as a set of building procedures that encourages the transition from design to construction using clever manufacturing and automation techniques (Andersson & Lessing,  2017).

2.2. DfMA and construction 
[bookmark: _Hlk133864937]In the late 1960s and early 1970s, formal strategies emerged to establish the guiding concept of the DfMA methodology. DfMA tools and software were created in the 1980s by Boothroyd and Dewhurst (Boothroyd et al., 2011), and DfMA is now used in a variety of manufacturing businesses and industries, including the automotive and aerospace sectors (Barbosa & Carvalho, 2013; Meeker, 2018). Today, it has developed into a sophisticated design methodology and thinking philosophy that can be used in numerous applications and sectors to reduce expenses and increase profits (BDI, 2018). In the fields of engineering, architecture,  and construction (AEC), DfMA is a recognized methodology and a new technique. DfMA was developed and redesigned by several industries to better align with their specialties. One sector that has modified the DfMA's definition and scope over time to better reflect its use in the industry is the construction sector (Bao et al., 2022; Lu et al., 2021; Gao et al., 2018). DfMA is a construction industry trend where a substantial part of the work is designed and planned for off-site construction in a controlled manufacturing environment. (BCA, 2018; Tik et al., 2019). It includes a broad range of equipment and innovations (processes and finished goods) used in the AEC industry to develop building spaces and parts that are easy to manufacture and assemble (Bryden Wood, 2017; Building and Construction Authority, 2016). With the progress of automation technologies and successful applications, the use of Design for Manufacturing and Assembly in the Architecture, Engineering, and Construction (AEC) industry has been expanding. (Bao et al., 2022; Langston & Zhang, 2021; McFarlane and Stehle, 2014). The adoption of DfMA has the potential to enhance productivity in the construction industry and develop a more industrialized building system (Razak et al., 2022).


2.3. LITRATURE REVIEW
[bookmark: _Hlk192448964]The literature on DfMA still needs to be improved in the construction industry because it is a new subject. The literature lacks a thorough subject analysis incorporating the most recent themes and trends (Gao et al., 2020). The article explored the implementation of DfMA principles within the construction industry, focusing on three key points. Firstly, it emphasized a holistic design process. Secondly, it examined how to improve manufacturing and assembly effectiveness. Finally, it explored how DfMA could be used as a technical tool in prefabrication ( Lu et al., 2021). In addition to its numerous benefits, DfMA can be integrated with other construction concepts, such as value management, lean construction, and other principles (Hyun et al., 2022). This integration can enhance the overall advantages of the process by incorporating DfMA considerations into the off-site construction design review. They did not discuss DfMA application factors during their review. Jin et al. (2018) explored the use of off-site construction and sustainable industrialized building systems. This article covers prefabrication technologies; however, neither of the reviews covered how to include DfMA in the procedure. Tan et al. (2020) provided five recommendations on how DfMA rules should be developed for the construction sector (Context-based design, technology-rationalized design, logistics-optimized design, components-integrated design, and material-lightened design). Lu et al. (2021) The article highlighted the direction of DfMA in the construction sector, analyzed and compared the current state of DfMA development between the manufacturing and construction industries, and examined concepts similar to DfMA (Gbadamosi et al., 2019). A method for evaluating design options was developed based on DfMA and Lean Construction principles, and optimization elements were identified. The studies did not consider the methods or the variables that affect how DfMA is applied in the building sector. The reviewed literature in the field of DfMA has not focused on understanding the factors and components involved.




3. RESEARCH METHODOLOGY
The study aims to develop a conceptual model for factors identified by DfMA in industrialized construction. It also seeks to specify the direction of future research, research synthesis methods, and knowledge understanding. The research plan is a staged process that addresses previously outlined research questions (Figure 1). The initial step in the research process involves creating an inventory that includes definitions for the terms industrialized construction and advanced construction, as well as conducting a bibliometric analysis (using Vos viewer) of the relevant literature to seek answers to the questions. This section will provide an overview of the research achievements thus far. In order to proceed to step 2 of the research, we will continue our investigation, which involves utilizing the research synthesis method. Based on the initial investigation (step 1) findings regarding DfMA factors for industrialized construction, we will analyze the current state of the discovered unifying and proceed to investigate step 3. At this stage, we will create a conceptual model of the DfMA with advancing technology and combined factors, serving as a guide for future design.

[image: ]
Figure1. The overview of the research methodology

3.1. Bibliometric analysis (step 1)
One of the research objectives has been advanced using bibliometric analysis to reach a comprehensive idea concerning industrialized construction knowledge. As illustrated in Figure 1, this is done sequentially through this step in the direction of bibliometric analysis to acquire knowledge about industrialized construction .
3.1.1. Data curation
As mentioned in the previous study (Esmaeili et al., 2023), the first phase of this research thoroughly examined data curation, including data management through discovery, analysis, retrieval, and structuring from various sources such as databases and repositories. This process helps maintain and preserve data quality (Miller, 2014). In the previous paper, we explored this phase in detail, and it has been used in the current study as a background for the development and extension of the research in subsequent stages. In this study, data curation was employed to retrieve information from a database of scientific studies, which is considered a reliable research database with broader coverage from WoS and Scopus (Salisbury, 2009). The search keywords used were "industrialization" or "industrialized" and "construction" or "building" or "architecture." The search was conducted between 2015 and 2023. The collected data included articles, conference papers, and review articles. Including articles from research fields such as "engineering," "construction building technology," and "architecture" helped enhance the dataset, resulting in 1,444 bibliographic records.





3.1.2. Content analysis
As explained in the previous study (Esmaeili et al., 2023), this study conducted a bibliometric analysis to gain a more comprehensive understanding of the knowledge domain and research trends in the field of industrialized construction (Figure 1). The data collection strategy (such as keyword generation and database selection) was initially developed to obtain a complete dataset for subsequent analyses. More detailed explanations of the data collection process are provided in Section 3.1.1 below. This scientific mapping approach is an effective and well-known method for visualizing dynamic trends in bibliographic records and databases. In this research, the VoSviewer software was used for bibliographic data analysis, which includes useful features such as (1) distance-based visualizations, (2) intelligent and dynamic clustering algorithms, and (3) full and partial counting methods (van Eck & Waltman, 2020). The data analysis in the present study was conducted based on bibliometric methods similar to those described in the (Esmaeili et al., 2023) paper.
3.2. Systematic review (step 2) 
The authors developed the assessment procedure following the stages outlined by Denyer and Tranfield (2009), which are essential for research design and systematic analysis. This research involves the following: (1) using a set of selected articles and systematically reviewing their quality and contents using the DfMA method for industrialized construction; (2) Providing a clear and organized overview of the research process, including the chosen database, study retrieval methods, and the indicators and criteria used for selecting target articles; (3) being able to update and repeat the process; and (4) representing and integrating studies in the field of DfMA to advance industrialized construction and achieve the specified research goals (Figure 3). As a result of the bibliometric analysis conducted in stage 1, as shown in Figure 1, a qualitative analysis of the selected articles was performed. This analysis was carried out manually by the researchers. According to the research objectives, the qualitative analysis aimed to identify the factors, introduce a conceptual framework for DfMA to industrialized construction, and identify future construction needs. The current study is a developmental-applied type using qualitative research methods, specifically a research synthesis. This research synthesis involves analyzing existing research to resolve conflicts in the literature and identify key indicators for each of the components influencing DfMA  in industrial construction (Coope, 2017).
3.2.1. Data curation
This study employed data curation to retrieve information from a database of scientific studies. The research analysis has access to several databases, including Scopus, Web of Science (WoS), Science Direct, and Google Scholar. The searched keywords are “ DfMA” OR “design for manufacture and assembly” AND “construction” OR “building” OR “architecture” in the TITLE-ABS-KEY. The search was conducted between 2015 and 2023. A meticulous selection procedure refined the results to the proper engineering field regarding the initial filtering. For example, at this stage, papers focused on other fields. According to the source, irrelevant journal or conference articles were eliminated to improve the selection of articles. A search is undertaken to find studies relevant to the study goal. As a result of the second-level filtering, we enhanced the result by "industrialized construction" (step 1).  In order to choose articles, we utilized a manual method and identified genuine and valid keywords. This analysis solely looks at research in that field to further define the features, influencing factors, and usage state of DfMA in industrialized construction. The PRISMA diagram shows the article selection procedure ( Fig 3). The team reviewed the 174 selected publications and found that the research covered many topics. The titles, summaries, and key phrases of the 92 selected articles were examined to encode them. The entire text was scanned and coded if the necessary information could not be obtained from the title, abstract, and keywords. The theoretical saturation  was reached attained in the 51st sample.
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Figure. 2. Steps of qualitative research analysis (Denyer and Tranfield, 2009)
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Figure 3. The PRISMA diagram for the process of selecting articles

3.3.2. Content analysis
Literature reviews are the foundation of the knowledge to be explored in the current research. We can improve our comprehension of our studies' subject matter by analyzing and synthesizing data from earlier investigations (Fisch & Block, 2018). We used a mechanism-based review approach in our synthetical approach to all chosen publications (Denyer et al., 2008; Van Burg & Romme, 2014; Romme & Dimov, 2021). Due to the stage 1 implementation of the bibliometric analysis, as illustrated in Figure 1, a qualitative examination of the chosen articles was conducted. Researchers performed this analysis manually. A qualitative analysis was conducted to meet the research goals of DfMA for industrialized construction and identifying future construction needs to determine the influencing factors and provide a conceptual framework. The qualitative research utilized content analysis to examine the data. The text is analyzed and organized into manageable categories for content analysis. First, the text is coded into specific categories, which are then further grouped into "code categories" to summarize the data. The types of research content analysis are conceptual and relational.  The sub-themes with the most conceptual and semantic similarities were merged to create new words and meanings. These sub-themes were then categorized as the main themes. The coding, sub-themes, and primary themes have all undergone several revisions in this process.
4. Results and Finding
4.1. bibliometric analysis 
This section covers the findings of the research methodology outlined in section 3.1 and Fig 1, which describes the scientometric analysis.
4.1.1. Data evaluation in industrialized construction
between 2015 and 2023, there was a focus on advanced construction approaches in annual journal releases. Figure 4 illustrates annual journal articles published about industrialized construction (IC) with advanced construction. The graph indicates that there has been a significant increase in journal papers on industrialized construction over the past nine years, with the most rapid growth occurring after 2018. As depicted in the figure, industrialized construction and modern method construction (MMC) received few journal papers in the early 2010s. However, in early 2015, MMC, industrialized construction, and construction 4.0 emerged significantly in industrialized countries. As a result, the field received greater attention and increased funding prospects. Consequently, there has been a surge in the publication of journal papers on (IC) and MMC construction since 2018, leading to a rise in articles in prestigious building journals (Esmaeili et al., 2023).

[image: ]
Figure. 4: Annual publications from 2015 to 2023 (Esmaeili et al., 2023)

4.1.2. Co-occurrence resolution of author keywords in industrialized construction
As explained in the previous study (Esmaeili et al., 2023), the methodology for selecting industrialized construction research areas was similar. A baseline number of occurrences for keywords was set to 10, with 50 of the 3,248 keywords meeting this criterion. The selection of entries was based on two factors: (1) the existing bibliometric literature review (e.g., Oraee et al., 2017a; Hosseini et al., 2018) and (2) several experiments conducted to produce optimal graphics for research clusters. The co-occurrence keywords were grouped into clusters with various colors, highlighting prominent themes such as sustainability, industrialization, automation, and industry 4.0, which have been increasingly addressed in the literature on industrialized construction .

4.2. Pattern of DfMA for industrialized construction
In this context, it is evident that "prefabrication" is the primary keyword in this field of study. More research has been conducted on "prefabrication" than DfMA, a more recent research topic. The larger node size indicates that more studies have been conducted on specific subjects. Based on the node's color, Figure 5 demonstrates that referred documents on prefabrication began, on average, in last-2020. Two thousand twenty-one documents look at off-site construction and DfMA. The mentioned documents examined sustainable development, feature recognition, engineering design, and policies in 2019, all related to DfMA. This demonstrates a specific development in prefabrication technology that allows DfMA to optimize construction. BIM-related documents appear to have begun in 2020 and are associated with off-site construction and modular construction.

[image: ]
Figure 5. Science mapping of research keywords of referred papers


4.3. Systematic review 
4.3.1. Data evaluation in DfMA for industrialized construction
The criteria for selecting articles for keyword research, year of publication and type of source in academic databases have been used to collect 174 articles. According to the studies that have investigated the use of DfMA in industrialized construction and based on the stated research method, 51 articles were selected as the most relevant articles for the research.The total number of research elements 78 was more than the articles chosen for the qualitative analysis. Therefore, for the qualitative analysis (synthesis analysis), the research elements had to be counted multiple times and grouped into different categories. Various DfMA factors have been studied and suggested to enhance industrialized construction. After thoroughly searching databases and carefully analyzing the gathered information, We have created a list of nine DfMA factors for industrialized construction, as shown in Table 1, along with their corresponding explanations. Under each main section, a new subsection was added to list all articles discussing the application rules for that specific area .

Table 1. Summary of research  themes  related to industrialized construction

	Id
	Research theme
	Reference

	1
	
Construction 4.0
	
Cheng et al., (2023), Tan et al., (2023), Weththasinghe & Wong, (2022), Tuvayanond& Prasittisopin, (2023), O. Olawumi& Chan, (2022)


	2
	

Off-site construction
	Cheng et al., (2023), Wasim et al., (2020), Gbadamosi et al., (2020), Bakhshi et al., (2022), Shang et al., (2020), Tan et al., (2022), Baoa et al., (2022), Weththasinghe& Wong ., (2022), Alfieri et al., (2020), Gbadamosi et al., (2019), Jung& Yu, (2022), SUN& KIM , (2022), Ofori-Kuragu& Robert , (2021), Charlson& Dimka , (2021), Kalemi et al., (2020), RANKOHI et al., (2022), Hui, (2022), Cao et al., (2021).

	3
	
prefabrication
	Razak et al., (2022), Yuana et al., (2016), Wasim et al., (2020), Shang et al., (2020), Lu et al ., (2020), Gao et al., (2019), Alfieri et al., (2020), Gao et al., (2018), Rosarius& Soto, (2021), Wasim et al., (2020), Montali et al., (2019), Ofori-Kuragu& Robert , (2021), Qi& Costin , (2023), Shanmugaratna, (2019)

	4
	
automation
	Cao et al., (2022), Masters& Johnston, (2019), Tan et al., (2022), SUN& KIM, (2022), shan Ng & Mark, (2019), Tuvayanond& Prasittisopin, (2023), Jalali Yazdi et al.,(2021), O. Olawumi et al., (2022)

	5
	

VDC (virtual design and construction)
	Cheng et al., (2023), Razak et al., (2022)., Yuana et al., (2016), Gbadamosi et al., (2020), Abrishami& Martín-Durán., (2021)., Bakhshi et al., (2022)., Weththasinghe & Wong., (2022), Alfieri et al., (2020), Gbadamosi et al., (2019), SUN& KIM , (2022), Abrishami& Martín-Durán, (2021), Giuda et al., (2019), Qi& Costin, (2023), RANKOHI et al., (2022), Ur Rehmanet al., (2023), Cao et al., (2022)

	6
	lean construction
	Lu et al., (2020), Gao et al., (2019), Gbadamosi et al., (2019), Rosarius& Soto, (2021), Langston& Zhang, (2021), Shan Ng& Mark Hall, (2019), Hui, (2022)

	7
	
sustainability
	Ahn et al., (2022), Charef et al., (2022), Abrishami& Martín-Durán ., (2021), Baoa et al., (2022), Jung& Yu , (2022), Zaman et al., (2022)., Wasim et al., (2020). Wasim et al., (2021), Langston & Zhang, (2021)



[image: ]
Figure 6. Classification of  selected  articles

Each article's study topic groups the research focus into subcategories, as illustrated in Figure 6. The seven study themes are divided into groups, with the integration of DfMA and off-site construction in industrialized construction making up the largest category (18 publications). The following top group, with 16 articles, discusses the DfMA and BIM in various contexts. More than half of the articles in the collection fall under two main categories: the implementation of DfMA for off-site building and the technology and principles that can be combined to improve the process. This indicates the significant importance of these topics in the overall process. The areas with the least research include lean automation and optimal construction 4.0. These two areas are essential for developing effective regulations to increase the appeal of DfMA concepts. We coded 5 and 8 articles, respectively, in this regard using a descriptive analysis based on the categorization of publication types and years. Figure 7 displays the descriptive results of publication categories, while Figure 8 depicts the distribution of publishing frequency by year and category. Off-site building has been the most popular construction method in the past decade. Eighteen articles, or 23% of the total, were published on this topic, with Building Information Modeling (BIM) accounting for 16 papers, 21%. BIM is a digital technology that has been discussed since 2000 and is considered one of the key technologies in the off-site construction sector. It receives much attention due to its significance. The emergence of new computer technologies, such as cloud databases and IoT, has demonstrated strong operability and compatibility, leading to numerous cross-area/cross-direction publications. There were 14 papers (18%) on prefabrication, 10 papers (13%) on sustainability, 8 papers (10%) on automation, 7 papers (9%) on lean construction, and 5 papers (6%) on construction. During 2015–2019, few papers were published on DfMA for industrialized construction industry; however, after that, the number of papers published on DfMA for industrialized construction drastically grew. 



Fig 7. The percentage of publication categories

Fig 8. Distribution of publication frequency by category (sub-category) and year

It is important to consider its specific characteristics to reform the construction business completely. Based on the information gathered, a time-based research trend was developed that was restricted to and applicable to the papers cited in the current study. The development of research on DfMA principles for industrialized construction in the context of the building industry will be better understood as a result of this trend. Figure 9 displays the current research trend and the projected course for this field of research. The research trend describes themes that have emerged in the study over time, resulting in a few key research fields. Due to the novelty of this research topic, a few scholars are working on this study area.


Fig 9. .Distribution of publication frequency by year

5. DISCUSSION
In this article, the DfMA for Industrialized Construction principles emphasizes the importance of involvement from the beginning of the design process. This procurement strategy is the most effective way to implement industrialized construction and DfMA principles. The construction industry must combine all these elements to establish improved DfMA construction guidelines. The framework development process is divided into seven main components for discussion: 1) construction 4.0, 2) off-site construction (OSC), 3) prefabrication, 4) automation and robotic systems, 5) VDC, 6) Lean construction, and 7) sustainability.
5.1. CONSTRUCTION 4.0
In recent years, the manufacturing sector has successfully undergone a digital transformation (Ghobakhloo, 2020). Similarly, the global construction industry has embraced digital technology to improve productivity and efficiency, often called "Construction 4.0" (Forcael et al., 2020). characterized Construction 4.0 as a "transformative framework," with the initial transformation focusing on industrial production and construction. The construction industry is always looking for ways to work more efficiently. One way they do this is through industrialization, which involves using more machines and automation to do the job faster (Autodesk, 2022). Digital technologies for DfMA include three main categories: building information modeling (BIM), interoperability, and virtualization (Cheng et al., 2023).
1.BIM: The effectiveness of DfMA would be improved by integrating BIM. A digital and parametric platform should be used to complete the design process more quickly and adapt to changes. Building Information Modeling (BIM) is gaining traction in the construction industry (Derbe et al., 2020). The design process must take into account the assembly requirements for tower cranes or any other essential on-site machinery to ensure that Design for Manufacture and Assembly (DfMA) is effectively implemented throughout the project lifecycle. BIM could also be useful in construction (Banks et al., 2018). 
[bookmark: _Hlk183781284]2.Interoperability:Unlike internal interoperability within virtual design, interoperability for DfMA is also realized through interaction between the physical and virtual worlds. Production and assembly must adhere to design criteria and be able to provide feedback to achieve real-time synchronization. Alteration of the design plan can ensure that the original goal of DfMA is accomplished (Sun&Kim, 2022).
[bookmark: _Hlk183781313]3.Virtualization: With the rise of digital visualization technologies, more participation is desired in projects, such as walking around and exploring. Immersive technologies (ImTs) have made significant progress and now provide a solution by allowing stakeholders to fully immerse themselves in various project phases (Zhang et al., 2020).


[image: ]

Figure 10. Digital technology for offsite construction

The advanced technologies in Table 2 could enhance the collaborative working environment and overall work quality throughout the project, from its inception to the construction and utilization phases. The success of  DfMA relies on the adoption of these practices. Furthermore, digital transformation largely depends on tools and processes and will influence future construction. To embrace DfMA, one must be open to advanced technology.
Table 2. Construction 4.0 in DfMA for industrialized construction
	Factors
	                 References                                    
	Research themes

	




construction 4.0






	



Cheng et al., (2023), Tan et al., (2023), Weththasinghe& Wong, (2022), Tuvayanond& Prasittisopin, (2023), Olawumi& Chan, (2022), Sawhney et al., (2020), Abbas et al., (2019), Alizadehsalehi et al., (2020), tan et al., (2020), Bakhshi et al., (2022)

	-radio frequency identification (RFID)
-BIM (building information modeling)
-robotics
-augmented reality (AR)
- virtual reality (VR)
-blockchain
- digital twinning
- laser scanners
- Three-dimensional printing
-Auto ID 
- QR/bar codes
- IoT (Internet of Things)
-photogrammetry technology
-global positioning systems (GPSs)



5.2. Off-site construction 

Off-site construction and DfMA are gaining more attention as process innovations increase productivity (Bao et al., 2022; Hyun & Kim, 2022). Prefabrication and off-site construction, major drivers of DfMA, offer benefits in shorter overall construction schedules, program predictability, safety, quality, sustainability, and procurement ( Hui, 2022; Boon & Doig, 2019; CIC, 2022). This opens up new possibilities for further automation, optimization, and integration. Construction industrialization commences with the DfMA stage, ensuring designs are suitable for off-site and prefabricated construction methods. Using the principles of standardization and modularization at this stage will result in higher production, efficiency, and scale economies (Ofori-Kuragu & Robert, 2021). However, research on how to adapt DfMA production methods with off-site construction is still in its infancy (table 3).


Table 3. Off-site construction in DFMA for industrialized construction

	Factors
	                                   Reference
	Research theme

	

Off site construction 
	Razak et al., (2022), Yuana et al., (2016), Wasim et al., (2020), Shang et al., (2020), Lu et al ., (2020), Gao et al., (2019), Alfieri et al., (2020), Gao et al., (2018), Rosarius& Soto, (2021), Wasim et al., (2020), Montali et al., (2019), Ofori-Kuragu& Robert , (2021), Qi & Costin , (2023), Shanmugaratna, (2019)
	
[bookmark: _Hlk134654816]prefabrication

	
	Goulding et al., (2015), Abrishami,& Martín-Durán, (2021), Arashpour et al., (2018), Kim et al., (2016), Said, (2015), Sutrisna & Goulding ,  (2019), Tan et al., (2020)
	[bookmark: _Hlk134656190]standardization

	
	Parraguez et al ., (2019Gharbia , (2020), AIA,(2019), Peterseim, (2016), HKHA, (2019), Pasco et al, (2022), Tan et al., (2022)
	[bookmark: _Hlk134656263]modularization



5.3. Prefabrication

Design for Manufacturing and Assembly (DfMA) has been developed for prefabricated building components (Serra et al., 2019; Gao et al., 2019).  DfMA can be used as a revolutionary construction philosophy that includes prefabrication and modular building techniques (Gao et al., 2020). Greater automation in a regulated setting boosts construction productivity and quality by employing individuals with higher skill sets. Diverse aspects are considered in the DfMA, a relatively modern prefabrication building design process, to ensure that Prefabrication buildings are effectively designed (Lu et al., 2021). BIM and Product Data Management (PDM) are proven advantageous for prefabrication and DfMA. However, as the design progresses, data updating should be automated to prevent problems with a deluge of design data that would defeat Project Delivery Methods objectives ( Razak et al., 2022). Using library data and tools, such as the weighted sum method, analytic hierarchy process, and approach for ordered preference, could expedite and simplify the multi-criteria decision-making (MCDM) iterations involved in the design process (tan et al., 2019). Prefabricated Prefinished Volumetric Construction (PPVC), DfMA technique, is another striking example. Similar to MiC, where building modules are produced in a factory setting and then transported to a construction site for assembly, this idea involves the completion of internal finishes and fittings (table 4).


Table 4. Prefabrication in DfMA for industrialized construction

	Factors
	                         Reference
	                 Research theme

	


prefabrication

	Merja & Harri., (2018), Langston & Zhang., (2021), Trinder et al., (2018), Razak et al., (2022)
	[bookmark: _Hlk134656309]product data management (PDM)

	
	Tan et al., (2019)
	multi-criteria decision making(MCDM)

	
	Sharma et al., (2021), Rajesh, (2020), Ahmed, (2019), Luo et al., (2019), BCA, (2016).
	
Supply chain management (SCM)

	
	Weththasinghe & Wong, (2022), Gao et al., (2019), Malleswari et al., (2020), BCA, (2021)
	Prefabricated Prefinished Volumetric Construction (PPVC)

	
	CIC, (2019), Yin et al., ( 2019), mic.cic.hk, (2021), Langston,&Zhang, (2021), Yuan et al., (2018), Lu et al., (2020), Razak et al., (2022).
	

Modular integrated Construction (MIC)

	
	Boothroyd, (2005), Gbadamosi et al., (2018), Kim et al., (2016), Banks et al ., (2018)
	the downstream logistics and supply chain (LSC)



5.4. Automation and robotic system

DFMA goes beyond being a modern construction method focused on improving the efficiency of building components. It also prioritizes the entire construction process, improving the effectiveness of utilizing established and proven construction techniques (BCA, 2020; RIBA, 2021). As a new design method, DfMA is anticipated to use digital fabrication to address OSC issues (Tan et al., 2022). DfMA is emerging as a methodical innovation in the AEC industry that encourages automation and improves productivity. Manufacturing expertise must be incorporated early in the design process (Bao et al., 2022). Design quality, production efficiency, and labor demands have all greatly grown due to building information modeling (BIM) and robotic manufacturing technology. Automated production tools make the exchange and updating of design data possible. This happens at a specific stage in the process. There are some new design characteristics that designers need to keep in mind. To ensure successful outcomes, manufacturers and designers must collaborate closely, understanding material properties and manufacturing capabilities to bring DfMA to life (Tan et al., 2022). DfMA and AM technology are still relatively new, so extensive research and development have been undertaken. Currently, the main focus is ensuring that materials perform well, construction is efficient, automation and machines are user-friendly, and everything is implemented legitimately (table 5). 

Table 5. Automation in DfMA for  industrialized construction

	Factors
	Refrence
	Research theme

	

Automation and Robotic systems




	

Cao et al., (2022), Masters & Johnston , (2019), Tan et al., (2022), SUN & KIM , (2022), shan Ng & Mark (2019), Tuvayanond & Prasittisopin (2023), Jalali Yazdi et al., (2021), Olawumi et al., (2022)

	[bookmark: _Hlk134656484]1) Construction Automation(CA):
[bookmark: _Hlk134656580]a)robotic systems (RSs)
b)modeling and mimulation(BIM)
c)digitization and virtualization (DV)
d)sensing systems
e)artificial intelligence(AI)
[bookmark: _Hlk134656519]2) Digital fabrication(dfab)
[bookmark: _Hlk134656643]additive manufacturing (AM)



5.5. Virtual design and construction 

Another advancement is the integration of Design for Manufacture and Assembly (DfMA) with Virtual Design and Construction (VDC) tools, such as Building Information Modeling (BIM). BIM is a building representation that utilizes parametric objects to depict each architectural component (Eastman et al., 2011). The implementation of DfMA is made easier with BIM from two perspectives. DfMA requires an analytical platform to improve manufacturing and assembly processes in the design phase. BIM objects containing comprehensive information about actual building components are ideal. Applying DfMA principles to the design can make it more conducive to production and construction.
Furthermore, the information can be utilized to evaluate the manufacturing and assembly of the components. Automated factory monitoring methods, such as the one proposed by Panahi et al. (2023), can monitor the production process automatically and ensure alignment with the DfMA principles (Panahi et al., 2023). Moreover, BIM builds an efficient platform for collaboration. Designers, engineers, suppliers, and contractors can share knowledge and ideas using the digital model (Chen et al., 2017; Zhong et al., 2017). Once the design is finalized, the BIM model can be directly sent to suppliers or manufacturers for mass production.
 Additionally, BIM may connect upstream activities such as briefing, assessments, and conceptual design to downstream DfMA operations like procurement, fabrication, transport, and installation. This improves contact and cooperation with stakeholders (BCA, 2021).
[bookmark: _Hlk177129092]
Table 6. VDC in DfMA for  industrialized construction

	

VDC
	
Cheng et al., (2023), Razak et al., (2022)., Yuana et al., (2016), Gbadamosi et al., (2020), Abrishami& Martín-Durán ., (2021)., Bakhshi et al., (2022)., Weththasinghe & Wong., (2022)., Alfieri et al., (2020)., Gbadamosi et al., (2019), SUN& KIM , (2022), Abrishami& Martín-Durán , (2021), Giuda et al., (2019), Qi& Costin , (2023), RANKOHI et al., (2022), Ur Rehmanet al., (2023), Cao et al., (2022)

	

BIM



5.6. Lean construction
The concepts of lean construction and DfMA are interconnected and collaborate. DfMA can help lean construction processes focus on reducing waste, which is labeled as a "non-value-added" action in lean construction (Koskela, 1992). This matches fundamental DfMA principles, that is, reducing the amount of components and optimizing convenience of handling and construction (Gerth et al., 2018). lean construction can use own concepts to enhance Design for Manufacture and Assembly philosophy. Utilizing DfMA and lean construction can generate mutual advantages to the AEC sector. In Agreement to reach an optimal shared value like Lowering the cost of construction and efforts , and augmenting construction efficiency (Ogunbiyi, Goulding, & Oladapo, 2014). traditional construction practices compared to, Prefabrication/MiC is a great time-saver, helping to reduce costs and cut down on waste during the building process (Yuan et al., 2018). Gbadamosi et al. (2018) confirmed that the construction sector becomes more efficient through successful practices and manufacturing methods such as DfMA and lean concepts. Concurrent Engineering (CE) facilitates collaboration in product development for design-to-cost and design-to-target. Total Value Design (TVD) is an integrative project management tool that ensures costs and design align with the client's target throughout the design process (Kim & Lee, 2010; Ballard, 2011, Jung et al., 2012; Miron et al., 2015). There is a growing awareness of the relationship between BIM, integrated project delivery (IPD), and lean construction (LEAN) in Australia and the US. It is now understood that all three are necessary to collaborate on significant and complex projects (Nguyen& Akhavian, 2019 ; leanipd, 2021). The increasing need for more integrated project delivery and value development strategies will lead to a rise in the popularity of DfMA. To maximize project performance, VM and integrated project delivery (IPD) work together to coordinate the objectives and strategies of all relevant parties (Lu et al., 2020).



Table 7. Lean construction in DfMA for  industrialized construction
	Factors
	                 Reference

	        Research theme

	




Lean construction

	Nguyen & Akhavian, (2019), Lean IPD, (2021), Lu et al., (2020),  Charlson &  Dimka, (2021)
	integrated project delivery (IPD)


	
	Lu et al., (2020), Chen & Lu, (2018), Gao et al., (2019), Newton et al., (2018)
	value management (VM)


	
	Ballard, (2011), Miron, (2015), Jung, (2012), Kim et al., (2010), Mark Hall, (2019)
	Target Value Design (TVD)


	
	Charef et al., (2021), European Commission, (2019), Lu et al., (2018), Gao et al., (2019)
	Concurrent Engineering (CE)


	
	Gao et al., (2019), Yuan et al., (2018), Gao et al., (2018) Lu et al., (2020)
	
constructability

	
	Ćwik & Rosłon, (2017)
	Last Planner System( LPS)




5.7. Sustainability
DfMA's advantages include a shorter product development cycle, higher productivity, better product quality, improved design reliability, reduced resource waste, and higher profitability   ( Charef et al., 2022). Design for Environment (DfE), Design for Safety (DfS), and Design for Construction Waste Minimization (DfCWM) have been added to Design for Manufacturing and Assembly (DfMA) (Laovisutthichai et al., 2020). Design for Excellence (DFX) is another name for the DfMA that refers to a design for all fields. The construction industry's sustainability can be increased using the Design for Excellence (DfX) process, which prioritizes the environment, recycling, disassembly, and life cycle evaluation. Testability, compliance, recyclability, manufacturability, dependability, maintainability, and variability are just a few of the aspects. In response to the discussion on Design for Manufacture and Assembly (DfMA), several research projects have begun to explore the application of this strategy at the end of an asset's lifecycle, particularly for deconstruction, disassembly, and disposal. DfMA can also encompass deconstruction/disassembly and decommissioning procedures; parts or whole buildings can be reverse-engineered to facilitate dismantling (Build offsite, 2020). DfD is widely used to encourage designers to consider practices that assist reuse and recycling, including taking preventive measures to reduce unnecessary waste (table 8).

Table 8. Sustainability in DfMA for  industrialized construction

	
	         Reference
	                   Research theme

	
sustainability
       
	Ahn et al., (2022), Charef et al., (2022), Abrishami & Martín-Durán, (2021), Baoa et al., (2022), Jung & Yu , (2022)

	Design for Excellence (Dfx )
DfL
Design for Construction Waste Minimization (DfCWM)
Design for deconstruction ( DfD)



6. CONCEPTUAL MODEL 
Based on the information from Section 5, Figure 12 presents a conceptual framework summarizing the recommended steps and necessary actions to improve the effectiveness of DfMA application in industrialized construction and the future construction sector. Consequently, the adopted conceptual model also categorizes DfMA into seven levels: off-site construction, construction 4.0, prefabrication, sustainability, lean construction, virtual design construction, and automation. Industrialized construction combines the construction site with the supply chain (factory). Off-site construction is a common form of industrialized construction, but it cannot solve all the challenges the construction industry faces alone. A partnership with an integrated design process like DfMA must address these challenges.  Therefore, the relatively mature industrial theories, frameworks, and techniques that have emerged from Industry 4.0 are applied to off-site construction under fourth manufacturing. As a result, off-site construction is mutually influential with fourth construction. Since DfMA encompasses various levels of component manufacturing, including non-volumetric pre-assembly, volumetric pre-assembly, and modular buildings, prefabrication is a fundamental pillar of the model, directly related to other components.  Moreover, adopting DfMA in manufacturing drives the desired goal for standardized construction processes and the increased use of pre-fabricated parts, interacting with off-site construction in a modular manner. On the other hand, the principles of lean construction and DfMA are related and mutually supportive. Designers can help improve these principles by utilizing the components of lean construction to identify inefficient movements and operations in manufacturing and assembly. This aligns with the key principles of DfMA: minimizing the number of parts and maximizing ease of transport and assembly.  DFMA considers product design improvement while also considering production and assembly processes. Simplifying products through DfMA can reduce production costs, improve quality, and decrease production time, ultimately increasing efficiency in line with sustainability requirements and the separation and recycling process. The concept of "circular approaches" to sustainability encompasses several ideas that aim to close the loop of the material cycle. This includes supply chain management, material chain optimization, and recycling. These concepts directly relate to prefabrication processes in industrialized construction and lean construction principles. Another trend that is based on the conceptual model of integrating DfMA and virtual design and construction (VDC) technologies is BIM. BIM can facilitate DfMA implementation from two perspectives. DfMA needs an analytics platform to identify opportunities to improve manufacturing and assembly processes through design and enable a seamless collaboration environment through automation and Building Information Modeling (BIM). Other DMFA components are influential and interrelated in improving the design and prefabrication process. In addition, digital models contribute to DfMA analysis to simplify the manufacturing and assembly process. Design for Manufacture and Assembly (DfMA) has the potential to enhance digital manufacturing techniques and accelerate OSC implementation. Robotic manufacturing and building information modeling (BIM) technologies have greatly improved design quality and production efficiency and reduced labor demand. These characteristics pose new requirements for designers, who must communicate closely with manufacturers to understand material properties, processability, and manufacturing characteristics to fulfill DfMA. Therefore, based on the research's conceptual model, the decision to implement DfMA involves considering the design requirements, planning, adaptation/optimization of designs, and level of automation, particularly in the initial stages, until the potential for integrated production of its components for subsequent assembly on-site can be established. this model for DFMA has made a major contribution to the technological advancement of the manufacturing industry through the introduction of advanced tools. Automation, improved planning systems and 3D simulation have been added to the design process with the introduction of Artificial Intelligence, which has had a significant effect on intelligent production, manufacturing, and maintenance. It's essential for industrial growth to have innovative. Creative innovation  for design are pushing the boundaries of how we design and monitor sites. The proposed model includes specific features that bring new capabilities in integration with construction 4.0 technologies, automation, and robotics, which have not been addressed in any previous models. On the other hand, considering the characteristics of industrialization and technological advancements, the model can provide scalability, applicability to various projects, efficiency in reducing costs or time, waste reduction, and integration with modern technologies. This model has uniquely improved the efficiency of design and manufacturing processes.
[image: ]
	Figure 11. Conceptual model DfMA for industrialized construction

7. CONCLUSION
According to the main research goal, the identification of components of advanced industrialized construction has been done using the bibliographic method and the VOSviewer software.  Through qualitative meta-analysis and systematic review, DfMA (Design for Manufacture and Assembly) factors and related concepts have been identified in advanced industrialized construction. This has resulted in developing a conceptual model encompassing principles of off-site construction techniques, Construction 4.0, information and communication technology, digital technologies, prefabrication techniques, lean construction, sustainability, and virtual design and construction. From the studies conducted, 46 governing principles based on DfMA for industrialized construction have been classified and defined into seven categories. These principles are used to design and produce advanced construction to implement the principles of DfMA. They provide what is needed to improve the effectiveness of DfMA's application in industrial construction and the future construction sector. The research findings indicate that the components are synchronized to optimize construction according to DfMA principles, with mutually determined two-way effects in the conceptual model. The study provides an excellent dataset for implementing DfMA in the construction industry. With the conceptual framework presented, we can develop strategies and guidelines for the best possible implementation of DfMA in construction projects, which will improve the construction sector in the future in terms of quality, time, and cost through technology integrations and DfMA expertise. Applying DfMA in the construction industry would also increase its ability to be transformed into an automated industry, especially during the manufacturing process. Enhanced with integration with technologies, depend on model , DfMA has the potential to bring the construction industry into the digital world. This will lead to more effective and sustainable constructions. Despite the clear advantage of applying DfMA in the construction industry, more research needs to be done. , DfMA is still very vague. There is very little research performed on strategizing and developing guidelines for the application of DfMA in the construction industry. This study could help the construction industry analyse and evaluate the optimal ways of adopting new innovative solutions such as DfMA. From the previous studies, the identified benefits of DfMA should be reason enough to apply it in the construction industry. Using the data compilations presented in this study, we can identify what is required to apply DfMA in the construction industry. From the conceptual framework produced in this study, strategies and guidelines could be developed for the optimal application of DfMA. Despite the obvious benefits of using DfMA in industrialized construction, further research is needed. According to the research, there are suggestions for future research and practical implementation, including Comparing the model in the construction industry with other industries such as automotive or manufacturing can reveal whether the principles of the DfMA model are applicable in these industries as well. Secondly, Simulating the model on small and large scales in real-world projects can help to better understand its impact on construction costs and time. Moreover Future research could focus on legal obstacles, stakeholder resistance, or technical limitations in implementing the DfMA model in real-world projects, finally Testing the model in pilot projects can provide detailed results on the extent of cost and time reductions in projects. The authors hope this understanding of research needs and the resulting recommendations can be used to further research and advance DfMA for industrialized construction.
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