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Abstract 
Robotic technologies for on-site building construction represent a major departure from conventional construction approaches. The new paradigm brings a host of new topics into the forefront of robotics in construction research. To gain an improved understanding of the trend and trajectory of research on application of robotic technologies in construction, this paper presents a systematic review on 86 articles. Cross-comparison analysis suggests that five categories of topic have become major themes in this research domain, namely, types of construction robots, implementation in site, innovation in material and design, building elements and construction projects, and robotics features. The review suggests that traditional automated systems have been in use to streamline construction process, while construction moves into an era of technology innovation, such as using 3D printing and modular construction, there is a great need for more robotics research and development (R&D) for achieving efficiency gains in a construction process. 
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[bookmark: _Ref527294420][bookmark: _Toc1592953][bookmark: _Toc2087915]Introduction and background 
Off-site fabrication in building construction has grown rapidly since the construction industry began to embrace the robotic technologies in controlled off-site environments [1]. According to the Modular Building Institute in USA [2], prefabrication offers the potential to increase construction efficiency, enable better sequencing in the construction process and reduce weather-related holdups. It also offers benefit of reducing a project’s delivery time and construction cost and creating a safer working environment [2]. However, prefabrication technology has been facing some issues that have had hampered its widespread usage, including misconception about quality and lack of ability and flexibility to customise, limited potential to be used in high-rise buildings, and in some cases, the high cost of transportation [3]. 
The productivity gains by using industrial robots over the past decades have helped open up new application areas of robotics in building construction [4]. As construction activities become more complex and challenging for large and mega-infrastructure and commercial building projects, robotic technologies may offer opportunities for implementing new building construction methods to deal with these complexities [1],[5]. In most cases, buildings tend to be individually unique and prototypical, but the construction process in terms of its organizational structure, project management method, and construction activities can be replicable, which is amenable to automation principles [6].
The construction industry provides a rich context for the investigation of many research questions in relation to the development and application of robots in a variety of ﬁelds [7]. What types of on-site construction activities can be undertaken by automated robots to replace manpower or skilled worker? To answer this question, the first step is to investigate the current status of research on robotics in construction. For this purpose, this paper applies a systematic review to evaluate and synthesize empirical findings on the use of robotic technologies in on-site building construction. As the construction industry is upgrading and transforming in the era of Industry 4.0, a state-of-the-art review will provide insights into existing gaps and areas for technological improvement. It also presents the digital industry with an improved understanding of the application areas of different types of robotic technology in construction and potential technical domains that require further investment in research and development.
The remainder of the article is structured as follows. Section 2 introduces the systematic review methodology. Section 3 and 4 detail the results and discussion. Finally, the paper concludes the findings of this review and reflects on the future research directions that can advance the use of robotics in improving construction practice.
[bookmark: _Toc1592954][bookmark: _Toc2087916]Methodology
To provide a robust understanding on robotic technologies in on-site building construction, a systematic review approach was adopted. In comparison with a conventional literature review, a systematic review applies an explicit, rigorous, reproducible, and auditable methodology for evaluating and interpreting all available research relating to a particular research question, topic area, or phenomenon of interest [8]. According to Cooper et al. (1986), a systematic can also overcome the shortcomings of a single facet approach which is often adopted in a literature review, by representing the bigger picture by combining discrete pieces and synthetizing results in an organized way [9]. Additional benefits also include that researchers can summarize existing evidence about a phenomenon, identify gaps in current research, and provide grounds to position or support new ideas and hypotheses [10]. 
The review has been undertaken in five distinct stages, including 1) development of review protocol, 2) identification of inclusion and exclusion criteria, 3) searching for relevant papers, 4) applying critical appraisal, 5) data extraction, and synthesis. 
[bookmark: _Toc530340588][bookmark: _Toc1568437][bookmark: _Toc1572711][bookmark: _Toc1592955][bookmark: _Toc1593035][bookmark: _Toc2087917]Research question 
The aim of the systematic review is to locate relevant existing studies based on the research question ‘How robotic technologies have been adopted and introduced for the on-site building construction industry?’
[bookmark: _Toc530340587][bookmark: _Toc1568438][bookmark: _Toc1572712][bookmark: _Toc1592956][bookmark: _Toc1593036][bookmark: _Toc2087918]Protocol development 
The protocol for the systematic review was developed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [11]. This protocol specified the research questions, search strategy, inclusion, exclusion and quality criteria, data extraction, and methods of synthesis.
[bookmark: _Toc530340589][bookmark: _Toc1568439][bookmark: _Toc1572713][bookmark: _Toc1592957][bookmark: _Toc1593037][bookmark: _Toc2087919]Inclusion and exclusion criteria 
Papers were excluded if their focus, or main focus, was not related to robotics in construction or if they did not present empirical data. Furthermore, the research question is concerned with on-site building, therefore, papers that focused on off-site building construction were excluded. Papers were eligible for inclusion in the review if they presented empirical data on robotics in on-site building construction and passed the minimum quality threshold (see Section 2.5). The systematic review included research articles published from 1994 to and including 2018. Papers only written in English, clearly describe its methodology, completed and concluded were included.
[bookmark: _Toc530340590][bookmark: _Toc1568440][bookmark: _Toc1572714][bookmark: _Toc1592958][bookmark: _Toc1593038][bookmark: _Toc2087920]Data sources and search strategy
The search strategy included electronic databases of Scopus, Web of Science, IEEE, and Engineering Village.  Figure 1 shows the systematic review process and the number of papers identified at each stage. 
[image: ]
[bookmark: _Ref526159718]Figure 1. Flowchart of systematic review process. (PRISMA flow diagram [11])
In the identification stage, the search term (robot* AND construction) were used for searching such a term in the titles, abstracts, and keywords of the articles in the included electronic databases. These keywords are widely-known for their use in research articles. As shown in Figure 1, this search strategy resulted in a total of 65,608 documents. Of total number of documents (n = 64,506), 1,020 were book sourced, 13,696 journals, and 49,790 were resulted from a conference proceeding source. 
At screening stage, duplicated items were removed as well as papers from undefined or trade publications resources. At this stage, 102 articles were excluded after removing duplicates as well as papers from undefined or trade publications resources. However, it was not always obvious whether a study was, indeed, an empirical one. Therefore, all articles that indicated some relations with robotics in construction were included. At eligibility stage, papers were excluded if their main focus was not robotics in on-site building construction. As a result, a total of 86 primary articles were included for the detailed quality assessment. 
[bookmark: _Ref527105022][bookmark: _Toc530340591][bookmark: _Toc1568441][bookmark: _Toc1572715][bookmark: _Toc1592959][bookmark: _Toc1593039][bookmark: _Toc2087921]Quality assessment
The methodological quality of the eligible selected papers was critically appraised using a set of screening questions adopted from the Critical Appraisal Skills Programme (CASP) [12]. The questions used to assess the quality of these articles are presented in Table 1. The tool provides a guide for appraising qualitative research to consider if the results of the study are valid, what the results are, and the benefits of the results [12]. In this study, these questions provided a measure of the extent to which we could be confident that a particular study’s findings could make a valuable contribution to the review. Each of the 9 questions was graded on scale of (yes = 1, no = 0), and only question 1 was used as the basis for including or excluding a study.
[bookmark: _Ref526169408]Table 1. Quality appraisal questions
	Screening Questions

	Q1
	Research: Is the paper based on research

	Q2
	Aim: Was the aim of the research clear?

	Q3
	Method: Was the research methodology used appropriate?

	Q4
	Design: Did the study design address the aims of the research?

	Q5
	Data analysis: Was the data analysis sufficiently rigorous?

	Q6
	Findings: Are the findings clearly stated?

	Q7
	Gaps: Have gaps in the literature been clearly identified?

	Q8
	Acceptance: Can I accept these findings as true?

	Q9
	Value: Can I apply these findings to my own work?



The results of quality assessment are shown in Figure 2. Because only research papers were included in this review, all included papers were rated as yes on the first screening question, in addition, they all had a clear statement of the aims of the research. While the number of negative answers was eight for each criterion of research methodology, study design, and data analysis. Moreover, the highest numbers of negative answers were 32, and 37 as it has been noticed that the findings were not well described, and gaps in the literature were often not identified. 
[image: ]
[bookmark: _Ref526169419]Figure 2. Quality appraisal summary results (out of total number of articles: 86)
[bookmark: _Toc1568442][bookmark: _Toc1572716][bookmark: _Toc1592960][bookmark: _Toc1593040][bookmark: _Toc2087922]Peer assessment 
The titles of all articles that resulted from identification stage were scanned to determine their relevance to the systematic review. At the eligibility stage, the abstracts were divided among the first two authors and the third author in such a way that each abstract was reviewed by two researchers independently of each other. All disagreements were resolved through discussions that among all three researchers, before proceeding to the final stage. Each of the 86 articles that remained was assessed independently by the authors, according to quality assessment procedure. 
[bookmark: _Toc1568443][bookmark: _Toc1572717][bookmark: _Toc1592961][bookmark: _Toc1593041][bookmark: _Toc2087923]Data extraction 
During this stage, data was extracted from each of the 86 papers included in this systematic review according to a predefined extraction form (see Figure 3). This form enabled to record full details of the articles and be specific about how each of them addressed the research question. Data about each article, including its research aims, settings, type of research methods used, findings, and conclusions were tabulated in Microsoft Excel.
[image: ]
[bookmark: _Ref526162896]Figure 3. Data extraction and data analysis
[bookmark: _Toc1568444][bookmark: _Toc1572718][bookmark: _Toc1592962][bookmark: _Toc1593042][bookmark: _Toc2087924]Data analysis 
Meta-ethnographic methods were used to synthesize the data extracted from the primary papers [13]. In a meta-ethnographic synthesis, articles can relate to one another in one of three ways: they may be directly comparable as reciprocal translations; they may stand in opposition to one another as refutational translations; or taken together they may represent a line of argument [14]. Table 2 shows the seven-step process for conducting a meta-ethnography. This has identified a set of interpretations and themes, which recurred across papers, through documenting the different feature for construction robots, highlighting the gaps. 
[bookmark: _Ref530393366]Table 2. Seven phases of meta-ethnography (Noblit and Hare [13])
	1. Getting started

	2. Deciding what is relevant to the initial interest

	3. Reading the papers

	4. Determining how the papers are related

	5. Translating the papers into one another

	6. Synthesizing translations

	7. Expressing the synthesis


[bookmark: _Toc2087925][bookmark: _Ref530347011][bookmark: _Toc2087926][bookmark: _Toc527305051]Results 
The detailed information about the year of publication, country of first author, article source, construction robot type, robotic system design and building category is listed in Appendix 1. We categorized the results into two main themes: 1) summary of key publications and 2) results from thematic analysis. Below we report the results in the following subsections: publishing framework and application areas, research focus, types of on-site building construction robots, implementation on a construction site, innovation in construction material and engineering design, targeted building elements and construction projects, and construction robotic features.
Summary of key publications 
[bookmark: _Hlk526186962]With respect to the types of on-site buildings that have been reviewed, Table 3 shows that 47 (54.5%) of the literature in this review were related to concrete structures. Papers about external and internal finishes came next with 27 (31.5%) of the literature. However, steel structures could be found only in 12 (14%) of the total 86 papers. 
[bookmark: _Ref526173977]Table 3. Distribution of articles based on construction category
	Construction category 
	Number
	Percentage 

	Concrete structures 
	47
	54.5%

	Finishes - external/ internal
	27
	31.5%

	Steel structures
	12
	14.0%

	Total 
	86
	100%



[bookmark: _Ref526195340]Table 4. Distribution of articles after publication channel and occurrence
	Source
	Publication channel
	Number
	Percent

	Book 
	Others 
	3
	3%

	Book series Total
	3
	3%

	Conference 
	ISARC
	16
	19%

	
	IEEE
	14
	16%

	
	Others 
	12
	14%

	
	ICCAS
	4
	5%

	
	ARC
	2
	2%

	
	Automation in Construction
	2
	2%

	
	ACADIA
	1
	1%

	
	ASME
	1
	1%

	
	ARCM 
	1
	1%

	
	ICARA
	1
	1%

	
	ICSMA
	1
	1%

	
	IOP
	1
	1%

	
	IROS
	1
	1%

	
	MMS
	1
	1%

	Conference Total
	58
	67%

	Journal
	Automation in Construction
	11
	13%

	
	Others 
	9
	10%

	
	Autonomous Robots
	3
	3%

	
	Architectural Design
	1
	1%

	
	IEEE
	1
	1%

	Journal Total
	25
	29%

	Grand Total
	86
	100%



Table 4 gives an overview of the literature according to publication channel, which indicated that conference proceedings of ISARC and IEEE in addition to Automation in Construction journal have the largest number of articles, in which they accounted for almost half of the total considered papers of 86. In general, 67% of the papers (58 out of 86) were published in conferences, while 25 (29%) appeared in scientific journals. 
Regarding the year of publication, a steady increase of the papers has been noticed during the period from 2015 to 2018, in addition to 2005 to 2009. Although this could indicate for a growing interest in performing research related to the subject, the analysis results demonstrated a substantial decrease in the number of literatures from 2010 to 2014. The reason for such decline can be related to that the number of funded articles has not increased in between the periods of 2005-2009 and 2015-2018 (See Figure 4). 
[image: ]
[bookmark: _Ref526236313]Figure 4. Chronological distribution of articles (total number of articles: 86)
[bookmark: _Ref526339177]

Table 5. Publishing framework and application areas (total number of articles: 86)
	Building elements
	Construction activities to be replaced 
	Country
	Number 

	Non-structural 
	Masonry work
	Germany
	5

	
	
	Spain
	2

	
	
	Portugal 
	1

	
	
	Hong Kong
	1

	
	
	Japan
	1

	
	
	Switzerland 
	1

	
	
	USA
	1

	
	
	Czech Republic
	1

	
	
	Serbia
	1

	
	Curtain-wall
	South Korea
	8

	
	
	Netherlands 
	1

	
	Ceiling 
	Spain 
	1

	
	
	South Korea
	1

	
	Tiles Laying
	South Korea
	3

	
	
	USA
	1

	Structural
	Structural Concrete
	USA
	16

	
	
	Germany
	6

	
	
	Switzerland
	4

	
	
	France
	4

	
	
	Singapore 
	3

	
	
	UK
	3

	
	
	Poland 
	2

	
	
	Spain 
	2

	
	
	South Korea 
	2

	
	
	Italy
	1

	
	
	Australia 
	1

	
	
	Netherlands
	1

	
	
	Russian Federation 
	1

	
	
	Portugal 
	1

	
	Structural Steel
	South Korea
	7

	
	
	Japan
	2

	
	
	USA
	2

	
	
	Germany
	1

	
	
	Spain
	1



[bookmark: _Toc527305052][bookmark: _Toc530340595][bookmark: _Toc1568447][bookmark: _Toc1572721][bookmark: _Toc1592965][bookmark: _Toc1593045][bookmark: _Toc2087927]Publishing framework and application areas


Table 5 illustrates the number of publications according to the country of origin for the first authors, in respect to the building element category and construction activities. When comparing the geographical distribution of the papers related to robotic research for non-structural building components, Germany is ahead of all others in masonry work, and South Korea for research on curtain wall. Concerning the building structural elements USA has been leading the topic of structural concrete followed by Germany and Switzerland, while authors from South Korea targeted the structural steel elements and have published more than 50% of related topics.  

[bookmark: _Toc1568448][bookmark: _Toc1572722][bookmark: _Toc1592966][bookmark: _Toc1593046][bookmark: _Toc2087928][bookmark: _Toc527305053][bookmark: _Toc530340596]Research focus 
Figure 5 illustrates the distribution regarding the research focus of the analysed papers. The largest proportion of the articles in all building construction disciplines addressed the purpose of using robotic technology to improve overall construction efficiency (34 articles found in concrete structures, 26 in finishes, and 9 in steel structures). A considerably lower proportion of papers focused on introducing a new construction technology only (3 articles in concrete structures, and 3 in finishes). Followed by structural concrete articles which addressed interest to adapt the technology for Construction in extraterrestrial environments (5 articles). The minority of papers picked up reducing the high accident rate, and the construction in hazardous environment or disaster areas. 
[image: ]
[bookmark: _Ref526420297]Figure 5. Research focus of papers (total number of articles: 86)
[bookmark: _Toc2087929]Results from thematic analysis 
0. [bookmark: _Toc527305055][bookmark: _Toc530340598][bookmark: _Ref530347748][bookmark: _Toc1568450][bookmark: _Toc1572724][bookmark: _Toc1592968][bookmark: _Toc1593048][bookmark: _Toc2087930]Types of on-site building construction robots
As presented in Table 6, 3D printer was the most popular robotic technology among the others (22 articles), followed by automated building system (16 articles). Glazing robots, brickwork robots, swarm robotics, and wire robots have been less popular (8-10 articles each). However, technologies related to climbing robots and mobile robots were the least proposed among the reviewed papers. 




[bookmark: _Ref526603554]Table 6. Types of on-site construction robots (total number of articles: 86)
	Type of on-site construction robots
	Number 
	Percent

	3D Printers
	22
	26%

	Automated Building System
	16
	19%

	Glazing Robot
	10
	12%

	brickwork robot
	8
	9%

	swarm robotics 
	8
	9%

	Wire robots
	8
	9%

	Climbing Robot 
	2
	2%

	Mobile Robotics 
	2
	2%

	Robotics for Moulds
	2
	2%

	Tile Robots
	2
	2%

	Humanoid robot
	2
	2%

	Drilling Robots
	1
	1%

	Robotic Construction Crew
	1
	1%

	Robotics for Insulated Walls 
	1
	1%

	Spraying Robotics 
	1
	1%

	Total
	86
	100%



Figure 6 illustrates the distribution of articles on construction robots according to their usage in building construction. 3D printers, swarm robotics, and automated building system were the most studied robotic technologies to be used for concrete structure. Automated building construction has been the favourable technology in constructing steel structures. In contrast, glazing robots were used for building curtain wall while brickwork robot and wire robots were mainly used for masonry work. Meanwhile, internal building finishes were the area that is less likely to utilise on-site construction robots. 
[image: ]
[bookmark: _Ref526680817]Figure 6. Distribution of the construction robots according to their usage in building construction (total number of articles: 86)
0. [bookmark: _Ref526777978][bookmark: _Toc527305056][bookmark: _Toc530340599][bookmark: _Toc1568451][bookmark: _Toc1572725][bookmark: _Toc1592969][bookmark: _Toc1593049][bookmark: _Toc2087931]Implementation on a construction site
In concerning level of development of robotic technology cited in the reviewed articles, as shown in Table 7, our analysis shows that 49 articles (57%) cited existing or developed advanced technologies for on-site building construction, while others envisaged the potential of future technologies to address certain challenges.
[bookmark: _Ref526697344]Table 7. Level of development
	Level of Development 
	Number
	Percentage 

	Implemented
	7
	8%

	Achievable but Challenging
	7
	8%

	Achievable
	23
	27%

	Challenging
	49
	57%

	Total 
	86
	100%



Figure 7 summarises findings about the level of development of robotic technologies used among different building construction disciplines. Most of the mature technologies related to building finishes and steel structures. A large number of researchers found inventing a new robot for any structural concrete work to be challenging. 
[image: ]
[bookmark: _Ref526703109]Figure 7. Level of development distribution among the different building construction disciplines (total number of articles: 86)

0. [bookmark: _Toc527305057][bookmark: _Toc530340600][bookmark: _Toc1568452][bookmark: _Toc1572726][bookmark: _Toc1592970][bookmark: _Toc1593050][bookmark: _Toc2087932]Innovation in construction material and engineering design 
In relation to innovation in construction materials, Table 8 shows that the literature can be divided into two types of studies, one introducing an alternative material (42 article) and the other focusing on standard building material (44 articles). Studies related to building finishes and steel structures utilized the conventional construction material, while 98% from the introduced alternative material could be found in concrete structures. 
[bookmark: _Ref526774357]Table 8. Innovation in construction material
	Building discipline 
	Innovation in material
	Number
	Percentage

	Standard Building Material 
	Structural Steel
	11
	25%

	
	Structural Concrete
	6
	14%

	
	Finishes 
	27
	61%

	Total standard material
	44
	100%

	Alternative material
	Structural steel 
	1
	2%

	
	Structural Concrete
	41
	98%

	Total alternative material
	42
	100%


Despite concrete structures being the most researched building discipline, researchers in this field were still unable to introduce thorough novel construction material. In regard to alternative materials in concrete type of structures, Figure 8 shows that 45% of the papers considered mesh wire for reinforcement and around 79% from the total literature proposed polymer based material and cementitious material to replace the ordinary cement. While mortar mix, intelligent concrete blocks, and ultra-high-performance concrete found to be novel alternatives to conventional concrete mix. 
[image: ]
[bookmark: _Ref526776886]Figure 8. Alternative material in concrete structures
[bookmark: _Ref526782918]
Table 9. Innovation in engineering design
	Design innovation
	Building discipline 
	Number
	Percentage

	Conventional Design
	Finishes 
	25
	61%

	
	Structural Steel
	9
	22%

	
	Structural Concrete
	7
	17%

	Total conventional design 
	41
	100%

	Limited Novel design 
	Structural Concrete
	26
	84%

	
	Structural Steel
	3
	10%

	
	Finishes 
	2
	6%

	Total limited novel design 
	31
	100%

	Novel design 
	Structural Concrete
	14
	100%

	Total novel design
	14
	100%



As illustrated in 
Table 9, the level of innovation in design among the total number of 86 papers varied from conventional to novel. 41 papers were found to still use the conventional engineering design, especially in building finishes and steel structures. Most of the articles related to concrete structures could introduce limited towards fully novel structural design (40 papers). 31 out of 86 articles have proposed the use of robotic technologies based on a novel engineering design. 
0. [bookmark: _Toc527305058][bookmark: _Toc530340601][bookmark: _Toc1568453][bookmark: _Toc1572727][bookmark: _Toc1592971][bookmark: _Toc1593051][bookmark: _Toc2087933]Targeted building elements and construction projects
An analysis was made on what building elements could be built on-site by the presented robotic technologies. As illustrated in Table 10, the types of building elements have been divided into two categories of: one can be built by the robot and cannot be built. The results demonstrated that building elements related to finishes and steel structures can be built on-site. While in concrete structures only vertical RC elements can be built by the proposed robotics, though, horizontal RC elements could not be built on-site unless they were supported or assembled.  
[bookmark: _Ref526869208]Table 10. Targeted building elements
	Category 
	Building Discipline 
	Building Elements 

	Can be built
	Finishes - External
	Masonry Walls

	
	
	Curtain Wall

	
	Finishes - Internal
	Floor tiling 

	
	
	Plaster boards

	
	
	Wall and ceiling Tiling

	
	
	Ceiling Glass

	
	Structural Concrete
	Vertical RC elements

	
	
	Most of the RC elements by assembly

	
	Structural Steel
	Complete steel structure

	Cannot be built
	Structural Concrete
	Horizontal RC elements



Table 11 gives an overview of the papers according to the types of building projects cited in the articles. 58 articles were related to low rise buildings and low to medium rise buildings, in which structural concrete masonry work and tile placing were the main topics. High rise building in addition to medium to high rise building (23 articles) could attract research attention in relation to structural steel construction and curtain-wall fixing. 
[bookmark: _Ref526847064]Table 11. Targeted building projects
	Project
	Building element
	Number 
	Percent

	High Rise Buildings
	Structural steel 
	10
	50%

	
	Curtain wall
	9
	45%

	
	Ceiling 
	1
	5%

	 
	20
	100%

	Medium to High Rise Buildings 
	Structural steel 
	2
	67%

	
	Structural concrete
	1
	33%

	 
	3
	100%

	Low to High Rise Buildings 
	Masonry Work
	6
	75%

	
	Structural concrete
	1
	13%

	
	Ceiling 
	1
	13%

	 
	8
	100%

	Low to Medium Rise Buildings
	Structural concrete
	16
	67%

	
	Masonry Work
	7
	29%

	
	Tile placing
	1
	4%

	 
	24
	100%

	Low Rise Buildings
	Structural concrete
	27
	87%

	
	Tile placing
	3
	10%

	
	Masonry Work
	1
	3%

	 
	31
	100%



0. [bookmark: _Toc527305059][bookmark: _Toc530340602][bookmark: _Toc1568454][bookmark: _Toc1572728][bookmark: _Toc1592972][bookmark: _Toc1593052][bookmark: _Toc2087934]Construction robotic features 
Different types of robotic systems have been reported in the literature. Rapid prototyping and self-assembly were found to be the most appropriate systems for the purpose of concrete building construction, while controlled assembly system appeared mostly in steel structures and building finishing. Furthermore, the Cartesian motions programme attracted researchers for building finishes and concrete structures. As presented in Figure 9, the analysis shows that robotic systems vary depending on their usage in building construction. 
[image: ]
[bookmark: _Ref526925190]Figure 9. Robotic system design/ programme
In terms of the types of robots in construction, 64% of articles that related to concrete structures used manipulator robots, and 17% adopted collective construction robot. While 75% of articles related to steel structures favoured assembly by multiple robots, only 17% utilised collective construction robot. In building finishes, assembly by manipulator and manipulator robot were found to be the most useful robotic categories for internal and external finishes work. As presented in Figure 10, the results are in consonance with rapid prototyping and controlled assembly systems, in addition they highlighted the most appropriate robotic categories for the purpose of on-site building construction.   

[image: ]
[bookmark: _Ref526930186]Figure 10. Categories of construction robots
[bookmark: _Toc2087935]Discussion 
[bookmark: _Toc2087936][bookmark: _Toc527305061][bookmark: _Toc530340604]Technology evolution over time and across applications 
Figure 11 shows how the on-site robotic technologies have evolved over time and compares between different technologies in regard to the building types in which they were used.
It shows that early attempts in developing a mechanized construction system for concrete and steel elements led to pioneered automation system in construction. The key concept of such a system is “working floor” in which robotic systems form as a systematic factory that could be either fixed or movable [15]. A fixed factory automatically assembles one entire floor at a time and the floor is jacked up one level when it is finished, whereas a movable factory moves itself along as it completes portions of the building [15]. However, the systems highly depended on labours to weld and bolt steel members and were mainly based on conventional construction material and building methodology [16][17]. In addition, their implementation has been prohibitively expensive due to the extraordinary complexity of automating a large number of various operations such as large and heavy steel and concrete members [18].
Only until early 1990s, robotic arm in mobile platform has been developed for non-structural building components such as masonry, tiles, and curtain walls based on articulated robots placed over mobile platforms and operated in a human-robot co-operated manner [19]. However, as most robotic arms were relatively large requiring a big space to transport and place on site, its usage remains limited [20]. 
The recent advancements during the past 20 years in the field of industrial robots have brought hope for using novel robotic design systems such as rapid prototyping in self-organized [image: ]construction and assembly. In particular, 3D-printing and digital fabrication technologies are receiving an increasing attention in the construction of structural concrete elements, due to their ability to build any shape and benefits of eliminating the need of formwork [21]. [bookmark: _Ref2071834]Figure 11. On-site robotic technologies evolution

Looking into future, the self-organized assembly and construction systems such as swarm robotics and climbing robots may play a larger role as they use simple, identical, autonomous robots to assemble two-dimensional structures [22]. Comparison across the studies reviewed also shows that it looks like cable-driven robots have received a lot of attention among all other technologies in the field of robotizing the masonry work. The reason is perhaps due to the fact that their construction is relatively simple and inexpensive, and they are easy to transport and assemble [23]. Humanoid robot also attracted attention from many researchers as highly customizable technology for internal finishes. Using such technologies in real construction sites is still not possible, however, the presented prototype is showing that there is a strong promise for their future applications on sites (see Figure 11). 
[image: ]
[bookmark: _Ref526956849]Figure 12. Integrated diagram: how the robotic technologies have been used in on-site building construction industry

[bookmark: _Toc2087937]How robotic technologies have been implemented for the on-site building construction industry? 
[bookmark: _Toc1568460][bookmark: _Toc1572734][bookmark: _Toc1593058][bookmark: _Toc2087938]Overview of adopted technologies  
Figure 12 shows the results to the research question of how robotic technologies have been adopted and introduced for the on-site building construction industry. The analysis indicates that the potential use of robotic technology in structural building elements related to substructures and horizontal members were not fully explored. Application of robotic technology in non-structural building elements seemed to be limited to masonry, plaster boards, tiling, and curtain walls. Our analysis revealed that there is little study that offer a comprehensive technology for on-site building. The result further supports the argument of [16][24][29] that on-site building robots are currently more suitable for supporting workers in construction rather than completely replacing them.  
[bookmark: _Toc1593059][bookmark: _Toc2087939][bookmark: _Toc1568461][bookmark: _Toc1572735]Types of building elements and projects  
The distribution of articles based on the construction category indicated that most studies seemed to be focused on robotizing the construction of concrete structures. This is in agreement with previous studies from [30][35] showed that the current robotic research focuses on constructing of concrete structures as it tended to be labour intensive. Researchers from the USA, and South Korea appear to be the pioneers to lead the research related to robotics in concrete and steel structures. According to [36][37] that as the concrete building sector in the USA is suffering from an alarming labour deficiency and the safety requirements are becoming stricter, robotized concrete work might provide a solution to addressing this issue,
[bookmark: _GoBack]The analysis on what building elements and types of projects cited in the articles, showed that most robotic technologies were aimed at multiple building projects, while only limited to certain building elements. This could highlight the need to explore the possibility of applying robotics technology in a certain type of building projects, with the intent to construct a broad range of building elements. The results are also in line with study from [6], which showed that most of the construction robotic research has been focused on using robots for construction and very few touched on its application in the design for construction robotization. 
[bookmark: _Toc1568463][bookmark: _Toc1572737][bookmark: _Toc1593061][bookmark: _Toc2087940]Degree of innovation in design and material 
The degree of innovation in construction materials and engineering design showed that little research was conducted on novel materials and design for on-site building construction. The results in a way support that on-site construction robots are more likely to innovate through further developments in construction design and materials in a new era of architecture [38]. This also suggests that the use of innovative building material in the engineering design and 3D on-site printing solutions may revolutionize the conventional construction process and open up opportunities for innovation in construction. 
[bookmark: _Toc2087941]Challenges and opportunities 
The distribution of articles according to their publication channels and occurrence warrants a need for more coverage of this topic in journals. This is in line with the work of [5][33][35][39][40] stated that this field of study is still in its infancy and thus characterized by a limited number of papers and a relative absence of informed research. Our analysis of the level of robotic technology development further shows that although it appears to be an emerging research field, it holds the promise for applications in many types of building activities and across various building types. The chronological distribution of articles suggested a seemingly linear relationship between the level of funding support and the number of publications.  For robotic technology to reach its full potential in future construction, financial support for current and emerging research and development is critical 
In addition, most of the articles (90%) reported that it is challenging to apply robotic technologies for on-site building construction due to such factors as: absence in design for automation, lack of research, inability to think out of the box and hence stifled innovation, high cost, difficulty in human-robot cooperative, and compliance with the building regulation. With the efficiency drivers to adopt more use of robotic technologies, the need to remove the barriers to innovation such as legal impediments in building code and regulations, health and safety concerns for human-robot co-operation become more pressing. This is particularly the case for modular type of construction where robotic technology can be widely applied while its quality assurance and occupational prototypes were not yet considered in building regulations of many countries.     
On the other hand, all articles acknowledged that robotic technologies would offer such benefits as introducing greater efficiency into construction processes, reducing dangerous site conditions, reducing construction cost and addressing labour shortages. In particular, the efficiency gain for on-site construction activities can be enhanced by decreasing the number of low-skilled labours [41]. A recurring concern in articles has been the impact of robotics on the overall construction sector as a whole, namely what would be the implications for the construction workforce training and development, the economy and employment, and polytechnic and tertiary education. The enabling conditions including such as a legal environment, occupational practice guidelines, training and education curricula, building consenting process, health and safety regulations, are needed to be in place before a full assessment of the benefits of using robotic technology in construction can be undertaken. In this sense, there is still some way to go before the construction of unique, one-off, and highly complex structures can be made possible by innovative robots. 
[bookmark: _Toc2087942]Conclusions
The research provides a systematic review on robotic technologies for on-site building construction, covering 86 studies found to be of acceptable rigour, credibility, and relevance. A number of reported benefits and limitations of using on-site robotics for building construction were identified. 
Analysis of contents of these 86-article revealed that most of the articles focused on finding a way to robotize the production of concrete structures on site. However, as robotics in construction is an evolving research field with increased interest shown in conference proceedings especially in past several years, there is a need for more in depth investigations to be published in journals. A linear relationship between funding and the number of publications was found, which might explain the low research activities. However, researchers in Germany seemed to play a lead role in researching topics related to masonry work, while those from South Korea dominated the research on application of robotic technology for curtain wall and steel structures. Meanwhile, topics related to concrete structures have been mostly published by the USA scholars, followed by those in Germany and Switzerland. The analysis also pointed out that the largest proportion of the studies in all building construction disciplines addressed the aspect related to improve the overall construction efficiency.
The robotic technology for on-site building construction was found to be a growing application field, where 3D printer and automated building construction seemed to offer more potential to influence the development of robotics research for improved on-site building construction. It is also interesting that despite concrete structures have been the most common application area for robotic technology, the technology itself has been the most challenging problem to address. Regarding the robotic features, proposed robotic systems in literature vary depending on the specific building discipline. Overall, literature showed that rapid prototyping and controlled assembly were the most appropriate robotics categories for the purpose of on-site building construction.
The key alley for future research is related to the potential to innovate within an enabling environment. While the development of swarm technology seems to signal the possibility for new inventions in the future, there is a need to look at how various tools, professionals and robots can work together on site. The future of construction is most likely to be an integrated process that allows to take advantage of both conventional and robotic technologies at the same time. Revolutionized innovations in building construction can only be achieved with signiﬁcant progress on research in construction material, robotics hardware innovation and integration between design and construction, such in the case of the recent attempts in 3D printing. In addition, enabling conditions including such as a legal environment, occupational practice guidelines, training and education curricula, building consenting process, health and safety regulations, are needed to be in place before a full assessment of the benefits of using robotic technology in construction can be undertaken. 
The results reported in this article draw upon a systematic review. The main limitation of this research methodology might be related to the probability of bias in selection of publications and inaccuracy in data extraction. The keywords for article research were discipline specific. Therefore, there is a risk that some relevant studies might have been omitted during the search. Furthermore, the adopted PRISMA protocol required the use of the predefined inclusion and exclusion criteria for selecting papers, which imply that relevant papers that do not fall into these criteria may have been neglected. 
As on-site building construction is complex and currently available   automated   systems   are   geared toward supporting the conventional construction process, more research into developing design for automation is essential. Our analysis shows that future research needs to seek alternatives in terms of construction material and engineering design that can support advanced automation and robotization in construction. While the review discussed a range of robotic technologies for different on-site building elements, more research is needed on how to streamline these often-complex systems into more simplified versions to develop a complete on-site robotic system for the construction of specific type of buildings. For instance, it could be studied how the 3D printing technology can be simplified and collaborated with climbing and wire robotics to construct high rise buildings. Above all, research that investigates what legal and operational standards and regulations are needed in support of widespread use of robotic technology is pressing to expand the awareness and advancement of automated methods in construction.
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Articles included in the systematic review.
1. Concrete structures
	Author 
	Year 
	Country
	Source 
	Robot Type
	Robotic System Design/ Programme
	Building Category 

	Allwright, M. [42] 
	2014
	Germany
	Others 
	swarm robotics construction system
	Self-Assembly
	Low Rise 

	Balaguer, C. [43] 
	2002
	Spain 
	IEEE
	Automated Building Construction System
	Controlled assembly
	Low Rise 

	Bazhanov, A. [44] 
	2016
	Russian Federation 
	IEEE
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Bos, F.P. [45] 
	2017
	Netherlands
	Others 
	3D Printers
	Rapid Prototyping
	Low Rise 

	Bosscher, P. [46] 
	2007
	USA
	Automation in Construction
	Wire robots for automated construction
	Cartesian Motions
	Low Rise 

	Buswell, R.A. [47] 
	2007
	UK
	Automation in Construction
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Cesaretti, G. [21] 
	2014
	 Italy
	Others 
	3D Printers
	Rapid Prototyping
	Low Rise 

	Davtalab, O. [48] 
	2018
	USA
	Automation in Construction
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Duballet, R. [49] 
	2017
	France 
	Automation in Construction
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Ghaffar, S.H. [50] 
	2018
	UK
	Automation in Construction
	3D Printers
	Rapid Prototyping
	Low Rise 

	Gosselin, C. [51] 
	2016
	France
	Others 
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Hack, N. [52] 
	2014
	Switzerland 
	Architectural Design
	Robotics for Moulds
	Generic, Versatile Mobile robotics system
	Low to Medium Rise

	Heinrich, M. K. [53] 
	2016
	Germany
	IEEE
	swarm robotics construction system
	Self-organized construction 
	Medium to High Rise 

	Howe, A.S. [15] 
	2000
	USA
	Others 
	Automated Building Construction System
	Controlled assembly
	Low Rise 

	Howe, A.S. [54] 
	2013
	USA
	Others 
	Automated Building Construction System
	Self-organized construction 
	Low Rise 

	Howe, A.S. [55] 
	2015
	USA 
	Others 
	Automated Building Construction System
	Self-organized construction 
	Low Rise 

	Hung, P.T. [56] 
	2016
	Singapore 
	Others 
	3D Printers
	Rapid Prototyping
	Low Rise 

	Hwang, D. [30] 
	2005
	USA
	ISARC
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Izard, Jean-Baptiste [57] 
	2018
	France
	Mechanisms and Machine Science
	Wire robots for automated construction
	Cartesian Motions
	Low Rise 

	Teizer, J. [58] 
	2016
	Germany
	ISARC
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Khoshnevis, B. [37] 
	2004
	USA
	Automation in Construction
	3D Printers
	Rapid Prototyping
	Low Rise 

	 Khoshnevis, B. [18]
	2006
	USA
	Others 
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Kim, H.H. [59]
	2017
	South Korea 
	IEEE
	3D Printers
	Rapid Prototyping
	Low Rise 

	Lim, S. [60] 
	2011
	UK
	ISARC
	3D Printers
	Rapid Prototyping
	Low Rise 

	Lublasser, E. [61] 
	2018
	Germany
	Automation in Construction
	Robotics for Insulated Walls 
	Rapid Prototyping 
	Low Rise 

	Magnenat, S. [7] 
	2012
	Switzerland
	Autonomous Robots
	swarm robotics construction system
	Self-Assembly
	Low to Medium Rise

	Martinez, S. [62] 
	2008
	Spain 
	Others 
	Automated Building Construction System
	Controlled assembly
	Low Rise 

	Meng, Y. [63] 
	2008
	USA
	IEEE
	swarm robotics construction system
	Self-Assembly
	Low Rise 

	Moreira, E. [64] 
	2015
	Portugal 
	IEEE
	Wire robots for automated construction
	Cartesian Motions
	Low to Medium Rise

	Nan, C. [65] 
	2015
	Germany
	Others 
	3D Printers
	Rapid Prototyping
	Low Rise 

	Nematollahi, B. [32][66] 
	2017
	Australia 
	ISARC
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Neudecker, S. [66] 
	2016
	Germany 
	Others 
	Spraying Robotics 
	Rapid Prototyping
	Low to Medium Rise

	Kumar, Nitish  [35] 
	2017
	Switzerland 
	IEEE
	Robotics for Moulds
	Generic, Versatile Mobile robotics system
	Low to Medium Rise

	Panda, B. [34] 
	2017
	Singapore 
	ISARC
	3D Printers
	Rapid Prototyping
	Low Rise 

	Panda, B. [67] 
	2018
	Singapore 
	Others 
	3D Printers
	Rapid Prototyping
	Low Rise 

	Sobotka, A. [68] 
	2016
	Poland 
	Others 
	3D Printers
	Rapid Prototyping
	Low to Medium Rise

	Sobotka, A. [69] 
	2017
	Poland 
	IOP
	3D Printers
	Rapid Prototyping
	Low Rise 

	Stroupe, A. [70] 
	2005
	USA
	IEEE
	Robotic Construction Crew
	Multi-robot Construction and Assembly
	Low Rise 

	Vukorep, I.  [71] 
	2017
	Germany
	ISARC
	Wire robots for automated construction
	Cartesian Motions
	Low to Medium Rise

	Werfel, J. [22] 
	2005
	USA
	Others 
	swarm robotics construction system
	Self-Assembly
	Low Rise 

	Werfel, J. [72] 
	2006
	USA
	IEEE
	swarm robotics construction system
	Self-Assembly
	Low Rise 

	Werfel, J. [72] 
	2014
	USA
	Others 
	swarm robotics construction system
	Self-Assembly
	Low to Medium Rise

	Wilkinson, S. [74] 
	2016
	USA
	Others 
	swarm robotics construction system
	Self-organized construction 
	Low Rise 

	Williams II, R.L. [75] 
	2008
	USA
	ASME
	Wire robots for automated construction
	Cartesian Motions
	Low Rise 

	Wismer, S. [76] 
	2012
	Switzerland
	IROS
	Mobile Robotics 
	Controlled assembly
	Low Rise 

	Zedin, T. [77] 
	2017
	France 
	ISARC
	Drilling Robots
	Prototyping
	Low to High Rise 

	Zhang, J. [78] 
	2013
	USA
	Automation in Construction
	3D Printers
	Rapid Prototyping
	Low to Medium Rise



2. Steel structures 
	Author 
	Year 
	Country
	Source 
	Robot Type
	Robotic System Design/ Programme
	Building Category 

	Chu, B. [28] 
	2009
	South Korea
	ICARA
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Chu, B. [41] 
	2013
	South Korea
	Automation in Construction
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Ikeda, Y. [16] 
	2006
	Japan 
	ISARC
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Jung, K. [79] 
	2007
	South Korea 
	Automation and Robotics in Construction
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Jung, K. [38] 
	2008
	South Korea
	ICSMA
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Galloway, Kevin C. [80] 
	2010
	USA
	IEEE
	Climbing Robot 
	Self-Assembly
	Medium to High Rise 

	Lee, S. [40] 
	2008
	South Korea 
	ICCAS
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Lee, S –K. [81] 
	2007
	South Korea
	ICCAS
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Nam, H. [82] 
	2007
	South Korea
	ICCAS
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Sakamoto, S. [17] 
	1994
	Japan
	ISARC
	Automated Building Construction System
	Controlled assembly
	High Rise 

	Saltaren, R. [83]
	2004
	Spain
	Others 
	Climbing Robot 
	Self-Assembly
	Medium to High Rise 

	Yun, Seung-Kook  [84] 
	2011
	USA
	Others 
	Automated Building Construction System
	Self-Assembly
	High Rise 



3. Finishes (external/ internal) 
	Author 
	Year 
	Country
	Source 
	Robot Type
	Robotic System Design/ Programme
	Building Category 

	Bruckmann, T. [85] 
	2018
	Germany 
	Others 
	Wire robots for automated construction
	Cartesian Motions
	Low to Medium Rise

	Choi, HS [24] 
	2005
	South Korea
	Automation in Construction
	Tile Robots
	Controlled assembly
	Low to Medium Rise

	Feng, C. [86]
	2015
	USA
	Automation in Construction
	brickwork robot
	Controlled assembly
	Low to High Rise 

	Pritschow, G. [87] 
	1994
	Germany
	IEEE
	brickwork robot
	Controlled assembly
	Low to Medium Rise

	Gambao, E. [5] 
	1997
	Spain
	IEEE
	brickwork robot
	Controlled assembly
	Low to High Rise 

	Gambao, E [19] 
	2000
	Spain
	Automation in Construction
	brickwork robot
	Controlled assembly
	Low to High Rise 

	Gil, M.S. [88] 
	2011
	South Korea 
	ISARC
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Han, C.S. [89] 
	2006
	South Korea
	Others 
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Hatano, M. [90] 
	1999
	Japan
	ISARC
	brickwork robot
	Controlled assembly
	Low to High Rise 

	Helm, V. [91] 
	2012
	Switzerland 
	IEEE
	brickwork robot
	Controlled assembly
	Low to High Rise 

	Jung, D.H. [92] 
	2014
	South Korea 
	ICCAS
	 Humanoid robot
	Self-Assembly
	Low Rise 

	King, N. [4] 
	2014
	USA
	Automation in Construction
	Tile Robots
	Prototyping
	Low Rise 

	Lee, S. [93] 
	2007
	South Korea
	Automation and Robotics in Construction
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Lee, S. [94] 
	2008
	South Korea 
	ISARC
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Lee, S. [95] 
	2013
	South Korea 
	ISARC
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Lee, S. [29]
	2015
	South Korea
	Automation and Robotics in Construction and Mining: 
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Lee, S.Y. [27] 
	2007
	South Korea
	Autonomous Robots
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Mattern, H. [96] 
	2017
	Germany
	Others 
	Wire robots for automated construction
	Cartesian Motions
	Low to Medium Rise

	P. Gonzalez De Santos [97] 
	2004
	Spain 
	IEEE
	Mobile Robotics 
	Manually controlled robot
	Low to High Rise 

	Schwartz, Mathew [98] 
	2016
	South Korea
	ACADIA
	Humanoid Robot
	Self-Assembly
	Low Rise 

	Stumm, S. [99] 
	2016
	Germany
	Others 
	brickwork robot
	Controlled assembly
	Low to High Rise 

	Svoboda, P. [20] 
	2011
	Czech Republic
	ISARC
	brickwork robot
	Controlled assembly
	Low to Medium Rise

	Van Gassel, F. [26] 
	2006
	Netherlands 
	ISARC
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Vujovic, M. [99] 
	2017
	Serbia 
	Others 
	Automated Building Construction System
	Controlled assembly
	Low Rise 

	Yu, S.N. [101] 
	2005
	South Korea 
	ISARC
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Yu, S.N. [25] 
	2007
	South Korea
	Autonomous Robots
	Glazing Robot Technology 
	Controlled assembly
	High Rise 

	Yulong Wu [102] 
	2018
	Hong Kong
	IEEE
	Wire robots for automated construction
	Cartesian Motions
	Low to Medium Rise
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