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ARTICLE INFO ABSTRACT
Keywords: This paper aims to identify construction robotics’ potential to reduce airborne virus transmission,
Robotics review factors limiting the technology’s adoption and highlight how similar barriers have

Construction industry been addressed in other industries. Construction robotics were identified and classified into 8

ﬁ:&;_‘:gi};mses themes with 25 categories through a critical literature review. We undertook interviews with 4
Barriers construction contractors and conducted an online questionnaire with 32 experts from the UK

(n=14) and China (n=18) who reviewed the robotic systems we identified and ranked the
potential ability of each to reduce airborne virus transmission within the construction industry.
The results of this study showed that construction robotics is not only beneficial to reduce airborne
virus transmission, but may also help to reduce the spread of future contagious viruses. We found
no significant difference (P>0.05) in practical usage and implementation barriers to construction
robotics between the UK and China. Cost, training and limited awareness of robotic technologies
were the main implementation barriers we identified in both countries. Both the UK and China
may need to adopt strategies such as providing more financial support to small construction
industries and skill training which are utilised successfully in other sectors to realise the potential
of construction robotic technologies.

1. Introduction

Since the first adoption of construction robotics in the 1970s in Japan [1,2], research into construction automation or robotics
rapidly increased to improve productivity in both on-site and off-site construction activities [3]. Bock [4] in 2015 postulated that
to meet the growing demands of the construction industry, traditional methods of construction have reached their limits and the
ubiquity of robotics would be the development trend. In addition, studies have identified that construction robotics has great potential
to increase efficiency and productivity and thus combat a reduction in labour availability [3,5-9]. For example, Tybot and Brayman
Construction have successfully developed a rebar-tying robot that resulted in a 40% reduction in labour hours and a 30-day schedule
reduction during the construction of a bridge deck project in 2018 [10]. In 2020, Gharbia et al. [3] also highlighted that construction
robotics and automated systems have been adopted to undertake repetitive, dirty and dangerous activities, preventing workers
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from being exposed to risks from hazardous environments and increasing productivity. Additionally, in 2022, Iturralde et al. [11]
highlighted the higher accuracy and shorter installation time of construction robotics through a case study with a cable-driven
parallel robot for curtain wall installation. These findings are supported by other literature [3,12,13].

Since the 1960’s adoption of robotics has been slow in comparison to other industries due to factors which include high capital
costs and an unwillingness to change current working practices [3,14-19]. A comprehensive literature review conducted by Cai et
al. [20] in 2019 explored existing technologies used in high-rise building activities and compared construction robotics development
within academia and industry. This research found that whilst there was significant academic development of robotic and automated
systems for construction this did not translate to significant commercialisation of technology, with only 105 companies providing
commercial construction robotics up to 2019. The UK government 2021 report ‘The Economic Impact of Robotics & Autonomous
Systems Across UK Sector’ concluded that the current robot density in construction was the lowest (<0.1 robotics per million hours
worked) compared with 6 other sectors, agriculture, health and social care, energy, food and drink, infrastructure and logistics sectors
[21]. However, there is a significant need to increase the productivity of the construction industry as it faces several challenges
[3,5,19,22-25]. A survey from Mckinsey Global Institute (MGI) in 2017 [26] determined that construction labour productivity has
not increased and may even have declined over the last decades [27-29].

Since the 1970s, the major barriers to construction robotics adoption were identified in previous studies [30-33], and have been
stated as financial difficulties, insufficient development of technology and managerial barriers. However, recent studies showed
that financial difficulties (e.g. high investment cost and limited financial support from the government), requirements of highly
skilled/qualified operators and complexity of the supply chain are still the main implementation barriers of construction robotics
[16,20,34]. The adoption of robotics in the construction industry could partially alleviate the problems related to low productivity
and project progress. Especially, during COVID-19, there was a large loss of life, high rates of unemployment and economic recession
in many countries globally [35-38].

According to the UK Department of Trade and Industry’s Review of Early Estimates of Construction Output for Gross Domestic
Product (GDP) report [39], the construction industry accounts for 5.4% of the UK’s GDP making it a crucial sector of the UK’s
economy. The Construction News website in 2020 reported, that the cost of project delays in the UK, due to the impacts of COVID-19
was estimated at £104 billion [40]. According to the Office for National Statistics (ONS) Construction Output in Great Britain: April
2020 report, the total output value of the construction industry in the UK fell by 40.1% from the previous month, due to a 41.2%
decrease in new projects beginning and a 38.1% decrease in maintenance-related construction activities [41]. Certification and Risk
Management Organization (CHAS) news reported that due to the pandemic, the turnover of UK construction companies fell by more
than 70%, and nearly 80% of activities in the construction industry and its supply chain were delayed or adversely affected [42]. In
2020, the University of Wolverhampton conducted semi-structured interviews with 13 construction professionals from 10 companies
in the UK. All participants stated their employers had significant issues related to shrinkage and cash flow due to COVID-19 [43],
which also supported the findings from CHAS. Concerning the impact of the pandemic in China, the lockdown halted construction
activities and caused a 10 million Chinese Yuan loss of capital investment in the construction sector in 2020 [44]. In 2021, Liu [45]
determined that during the first quarter of 2020 in China, the overall economic output was the worst since 1992, and production in
the construction sector reduced by 17.5%.

The main research question for this study is that if construction industries could cope better with airborne viruses such as COVID-
19 if they adopted construction robotics. To answer this question, the United Kingdom (UK) and China were selected as examples of
developed and developing countries according to the Organisation for Economic Co-operation and Development (OECD), respectively
in this study.

Based on current research, we propose that using appropriate technologies, such as robotics, may be an effective way to reduce the
spread of airborne viruses, such as COVID-19 in the construction industry and enable activities to continue safely. However, the level
of adoption of robotics for construction in both the UK and China is relatively low, both are less than 1% [21,46]. Although many
studies identified the implementation barriers of construction robotics [15,16,34,47,48], none of them have considered successful
strategies which have been used in other industries to solve these challenges.

Building on our research with the UK Health and Safety Executive and Tomas Ashton Institute, published as ‘Keeping the UK
Building Safely: a scoping study: Prepared for: The PROTECT COVID-19 National Core Study on transmission and environment’ [49],
we have undertaken a further investigation of the potential benefits of construction robotics at reducing the spread of contagious
viruses such as COVID-19 and potential strategies to overcome the implementation barriers. If this is found to be beneficial then
to realise this a wider adoption of robotic systems within the industry would be needed. We are unaware of existing research that
considers this research question.

1.1. Research questions and aims

The research questions of this study can be summarised as follows:

e Could the construction industry continue to operate safely during a contagious virus pandemic, such as COVID-19, through
greater usage of construction robotic technology?

» What are the current and perceived benefits and barriers to the adoption of robotics within the construction industry in Devel-
oped (UK) and Developing (China) countries and have they changed since the 1970s?

e How can construction industries overcome implementation barriers and increase robotics adoption in Developed (UK) and
Developing (China) countries?



L. Li, P. Yuan, Y. Tang et al. Heliyon 10 (2024) 29697

\

( ( { Review the construction robotics ]
[ Identify the construction robotics } Design the I
questionnaire and 7 ¥
interview structure An online questionnaire . . .
l l : i Semi-structured interviews
according to the — with 32 experts (14 from B ————
A critical literature A general web search for construction UK, 18 from China) L g
review through the commercial available robotics C 7 T
online database construction robotics identification - -
Identify the practical usage, benefits and
\\\ / \ implementation barriers of using construction robotics /

Fig. 1. Flowchart of overall methodology.

This study aims to answer the research questions through a critical literature review, an online questionnaire and interviews
with stakeholders. The main contribution of this study is first, the potential of construction robotics to minimise the risk of virus
transmission and maintain productivity was identified and ranked; secondly, the potential solutions to overcome construction robotics
implementation barriers were identified and discussed.

The structure of this paper is as follows: In Section 2, the research methodology is presented. Then, in section 3, construction
robots are identified, classified and discussed through a scoping literature review. Furthermore, Section 3 investigates the potential
of using construction robotics as a technology shield to keep the construction industry safe and maintain productivity in the UK and
China during airborne viruses through an online questionnaire with experts. The potential and challenges of construction robotics
adoption are discussed in Section 4, with suggested strategies to increase construction robotics adoption highlighted. Section 5
summarises the research conclusions and proposes future research directions.

2. Methodology

The overall methodology of this study is illustrated in Fig. 1. A comprehensive literature review was undertaken to ascertain
the existing landscape of construction robotics to assess their commercial viability. Subsequently, guided by the outcomes of the
literature review, an online questionnaire and semi-structured interviews were formulated and administered among construction
professionals.

2.1. Critical literature review of construction robotics

To identify the latest developments in construction robotics, a critical literature review on current review papers was conducted
in Web of Science and Scopus databases. The keywords used for the literature research were related to construction robotic systems,
specifically (‘Robot’ OR ‘Robotic’) AND (‘Construction’).

The titles, abstract, and then full texts were screened for papers that met the following inclusion criteria:

1. Written in English

2. Published from 1st January 1985 to 31st December 2022

3. Related to robotics/automation systems including collaborative robot and human-robot collaboration/interaction in the con-
struction sector

4. Additional relevant papers identified from screening references of selected review papers

The exclusion criteria were:

1. Not written in English

2. Describing Al influence, control strategies and surgical robots

The papers identified through the critical literature review were analysed to identify construction robotic systems which were
classified and categorised according to their working environment/location/position. The main aim was to figure out the implemen-
tation of construction robotics and their potential to maintain safe operations in the industry during airborne virus (e.g. COVID-19),
we focus on commercialised construction robotics utilised within the industry. To achieve this, we did a further search of the web,
using the following steps:

1. An internet search was conducted using Google to determine which of the robotics systems identified from the literature review
have been commercialised. The robot name and type were used as search keywords.

2. A further general internet search was conducted to identify additional commercialised robotic systems based on keywords such
as ‘construction robot’ and ‘commercial’ using Google.

3. The details (e.g. robot objective, control strategy, features and requirements for the operator) of commercialised and plan for
commercialised construction robotics were identified and summarised.

2.2. Questionnaire and interviews with construction industry experts regarding the potential of robotics to reduce airborne virus transmission
2.2.1. Online questionnaire

Following the literature review, an online questionnaire was conducted from May 2021 to March 2022 through the online survey
software Qualtrics (US, Appendix 1) to identify the potential ability of construction robotics to reduce airborne virus transmission,
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practical usage and implementation barriers in the UK and China. The questions in the questionnaire were identified and developed
through the focus group among authors. To guarantee the online questionnaire works properly, a pilot survey was conducted among
the authors before it was published. The questionnaire was distributed through professional networks (email), and social media
(LinkedIn, Twitter) targeting experts in the civil engineering and construction industry. According to the guidance of Hallowell
and Gambastese [50] and previous research [51-53], we defined ‘experts’ as having more than 5 years of work experience in this
research. Guest et al. [54] in their research ‘How many interviews are enough? An experiment with data saturation and variability
states that a minimum of 8 experts is needed to obtain a reliable, representative view, we therefore set this as a minimum target.
We captured data on the experts’ backgrounds, and experience, to determine their expertise and opinions on the use of construction
robotics. Participants were also asked to rank the construction robotics we identified through the literature review according to
1) the potential to increase the social distance between workers undertaking the same activity conventionally; 2) the potential to
reduce the number of workers required to undertake the activity; 3) the potential to conduct the same activity remotely; 4) the
potential to reduce the time taken to complete the activity (hence reducing potential exposure). Experts were asked to evaluate each
robotic technology according to these four questions rating from ‘Not at all’ (0) to ‘Very high’ (4). There was a further option for the
participants to opt out of answering questions they did not feel they had the expertise or experience to comment on. The median
response, which is more robust to outliers was determined for each question applied to each robotic system.

2.2.2. Interviews with 4 United Kingdom construction industry contractors

Semi-interviews were conducted parallel to obtain more comprehensive results. Five project managers from four of the top 20
construction industry contractors in the UK were interviewed through an online communication platform, Zoom. All participants
were asked to be anonymous and no private data was collected. The interviews aimed to identify the practical usage of construction
robotics and stakeholders’ attitudes to the adoption of construction robotics.

Questions were asked during the interview as follows:

» Have you used any type of technology to reduce the transmission of airborne viruses in your industry? If not, could you please
provide the reason?

» Will you choose to use any technology such as construction robotics in your industry? Could you please provide the reason?

2.2.3. Data analysis and ethical approval for research

IBM SPSS (Statistical Package for the Social Sciences) V25.0 was used for all quantitative data analysis collected through online
questionnaires, including the usage and implementation barriers of construction robotics and the potential ability to use construction
robotics to reduce the transmission of airborne viruses in both the UK and China. Analysis of variance (ANOVA) was used for the
comparison between different countries.

Qualitative content analysis was used to analyse all qualitative data, which were collected from both online questionnaires and
interviews. The collected data was categorised into three main themes: 1-The background of participants; 2-The experience and
willingness to use construction robotics; 3-The perceived benefits of construction robotics; 4-The perceived implementation barriers
of construction robots.

3. Results
3.1. Identified construction robotics

In total 7291 papers were identified from Scopus (n=7027) and Web of Science (n=264) database. Fig. 2 illustrates the study
selection of the literature review. After eliminating duplicate entries (n=18), excluding studies deemed irrelevant during title
(n=7122) and abstract (n=119) screening, removing articles that do not focus on robotics (n=13), and incorporating additional
pertinent articles identified through the reference screening of eligible studies (n=7), a total of 26 studies were deemed suitable for
inclusion in the final review [2,3,20,25,55-76].

There is no universally agreed approach for classifying construction robotics within the existing body of knowledge, owing
to variations in the definition of construction robotics. Therefore, we have classified commercially available construction robotic
systems into 8 themes based on the work environments within which they operate to improve clarity. The 8 adopted themes are as
follows:

(1) Multiple sites construction robots (these are robots that can be used within different environments); (2) Indoor construction
robots (these robots are mostly used for indoor environments); (3) Outdoor construction robots (these robots are mostly used for
outdoor environments); (4) Aerial building and survey construction robot (these are all types of aerial robots); (5) Roof construction
robot (these robots are mostly used for roof construction tasks); (6) Off-site construction robot; (7) Facade construction robot (these
robots are mostly used for facade work, e.g. facade cleaning and painting); (8) Underground construction robot (these robots are
mostly used for underground or foundation environments), see Fig. 3.

After conducting the internet search, 24 commercialised robotic systems were identified and summarised, as shown in Table 1.
The Technology Readiness Level (TRL) for the systems presented in Table 1 was between TRL8 to TRL9; that is to say, they were
commercialised either as a service provided by a 3rd party to the construction industry or as a commercial system which can be
purchased for use on-site [77]. The general advantages and disadvantages of each identified construction robotic system are presented
in Table 1. High accuracy, high-intensity work and high work efficiency were the common advantages of commercialised construction
robotics. The high cost of robotics and the high requirement for skilled operators and training were the general disadvantages for
most commercialised construction robotics, which are also the implementation barriers for construction robotics.
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Table 1
Most used or representative system for each theme of construction robots.
Source&Year [Ref] Classification Objective Features
Balzan et al. 2020 [75] Theme 4, Construction site Advantages: 1. Increased surveying speed 2. Reduce risks of people surveying
Category 4-2 monitoring and dangerous environments 3. Lower cost than light aircraft/helicopter alternatives
supervision Control: Teleoperated Disadvantages: 1. Require skilled operators 2. High initial
capital investment in equipment 3. Depending on suitable weather conditions 4.
Distract construction workers [64]
Guillen 2021 [78] Theme 3, Construction site Advantages: 1. High accurate navigation Control: Teleoperated Disadvantages: 1.
Category 3-2 monitoring and Require skilled operators 2. Complicate data collection process
supervision
Madsen 2019 [79] Theme 3, Brick laying Advantages: 1. Reduce manual lifting 2. Significant reduction in labour costs 3. 3 to
Category 3-1 5-fold increase in productivity 4. High precision 5. Real-time production data Control:
Semi-autonomous Disadvantages: 1. Bricks and mortar need to be manually loaded 2.
Optimum efficiency only realised through large-scale projects 3. Large capital
investment in equipment 4. Increased set-up time on some occasions
Pessoa et al. 2021 [80] Theme 3, Print building Advantages: 1. Construction of irregularly shaped structures 2. Reduction of
Category 3-3 construction waste 3. Easily transported Control: Fully autonomous Disadvantages:
Low production speed
Taylor et al. 2003 [81] Theme 2, Floor finishing Advantages: 1. Low-cost 2. High accuracy and concrete trowel speed 3. Lighter weight
Category 2-4 compared with similar products 4. High work efficiency Control: Teleoperated
Disadvantages: Require skilled operators
Lin and Luo 2015 [55] Theme 1, Steel welding Advantages: 1. Reduction in human labour requirements 2. High quality and precise
Category 1-2 welds Control: Fully autonomous Disadvantages: Difficult for transportation
Zhao et al. 2022 [76] Theme 2, Concrete Advantages: 1. Reduction in human labour requirements 2. Remote control Control:
Category 2-2 distribution Fully autonomous Disadvantages: Require skilled operators
Liu et al. 2018 [82] Theme 2, Floor tiling Advantages: 1. Reduce labour requirements 2. Increase speed of concrete distribution
Category 2-6 Control: Fully autonomous Disadvantages: Require skilled operators
Balzan et al. 2020 [75] Theme 1, Automated Advantages: 1. Ensure timely delivery of construction materials on-site 2. Increase
Category 1-5 delivery of productivity through timely delivery of materials 3. Reduce manual lifting therefore
construction reduce occupational health hazard Control: Fully autonomous Disadvantages: Large
materials on-site size and require more pre-assemble time
Reichenbach 2021 [83] Theme 2, Concrete Advantages: 1. Compact—easy to deploy 2. High level of flatness Control: Fully
Category 2-3 levelling and autonomous Disadvantages: Require workers to clean the concrete corners
compaction
Kochan 2005 [84] Theme 7, Roof glass Advantages: 1. Reduction in human labour requirements 2. Increase cleaning speed
Category 7-1 cleaning Control: Teleoperated Disadvantages: Movement is limited by ambilocal cable
Invert Robotics 2021 [85] Theme 7, Surface Advantages: 1. Excellent climbing ability on various surfaces 2. Multiple methods of
Category 7-1 inspection of detection capabilities 3. Can work continuously 24/7 Control: Teleoperated
facade Disadvantages: Require skilled operators
Anudari 2019 [86] Theme 7, Facade painting Advantages: 1. Multitasks-oriented design 2. Reduce risks to workers 3. Workers will
Category 7-1 not be exposed to harmful paint substances 4. Constant outcome quality Control: Fully
autonomous with teleoperation capability Disadvantages: 1. Can only move up and
down. Reinstallation is required to move left and right. 2. Limited by weather
conditions
Bogue 2018 [87] Theme 7, Reduce labour Advantages: 1. Simplify installation process 2. High efficiency 3. Reduce manual
Category 7-1 needs lifting Control: Teleoperated Disadvantages: Require high accuracy of installation
position
Bock 2015 [4] Theme 6 Assembly Advantages: 1. Increased building quality of construction components 2. Reduce the
building modules  construction time 3. Effectively controls pollution Control: Fully autonomous
Disadvantages: 1. high transportation cost 2. Higher cost for plant construction
Tay et al. 2017 [59] Theme 6 Binder jet Advantages: 1. Enables manufacture of complex geometry shapes 2. Almost zero
printing the emissions/ Effectively control pollution 3. Easily control of detailing and finish of
whole irregular structure Control: Fully autonomous Disadvantages: Affected by bad weather
structures
Branch Technology 2022 [88] Theme 6 Printing small Advantages: 1. Manufacture uniquely shaped structures 2. Reduce manufacturing
and individual time 3. Effective control of pollution 4. Easily control the detailing and finish of the
building structure Control: Fully autonomous Disadvantages: 1. Longer manufacture times
components than the traditional method 2. Require skilled operators
Saidi et al. 2016 [12] Theme 8, Remotely Advantages: 1. Reduced exposure of humans to hazards 2. Reduce labour needs
Category 8-1 controlled Control: Teleoperated Disadvantages: 1. Remote control increases the cognitive load
excavation 2. Additional training of operators 3. Capital outlay for equipment
HK Tuen Mun 2022 [89] Theme 8, Increased boring Advantages: 1. Large working area 2. Higher tunnel boring speed than traditional
Category 8-1 speed and tunnel tunnelling 3. Reduction in number of workers Control: Teleoperated Disadvantages:
construction 1. Require skilled operators 2. Hard to transport to construction location
Bock and Linner 2016 [25] Theme 5, Heavy bar Advantages: 1. High accuracy installation 2. Reduced manual lifting therefore
Category 5-2 positioning reduced occupational health hazard Control: Semi-autonomous Disadvantages:
Require highly skilled operators
Bock and Linner 2016 [25] Theme 5, Roof cover Advantages: 1. Increased speed of the roof installation 2. High-accuracy roof panel
Category 5-1 installation installation 3. Reduction in human labour requirements 4. Reduced manual lifting

therefore reduced occupational health hazard Control: Fully autonomous
Disadvantages: The size of installed roof is limited by robot size

(continued on next page)
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Fig. 2. Flowchart of literature search and selection.

Table 1 (continued)

Source&Year [Ref] Classification Objective Features
Cybe 2022 [90] Theme 1 Printing the Advantages: 1. Increased construction speeds 2. Enables construction of more
whole house complex geometries 3. Easy to transport Control: Fully autonomous Disadvantages:
contour—regular 1. Require skilled operators 2. High capital investment
structure
Brown 2012 [91] Theme 1, Transport and Advantages: 1. Reduce production cost 2. Reduce the duration of task performing 3.
Category 1-3 excavation Compatible with current equipments Control: Teleoperated Disadvantages:
Long-distance transmission has high latency
Ekso 2021 [92] Theme 1, Human Advantages: 1. Reduce human physical exertion 2. Low weight 3. Reduce manual
Category 1-7 augmentation handling injuries 4. Easy and comfortable to don on and off Control: Teleoperated

Disadvantages: Limited weight support

3.2. Potential ability robotic technology of reducing airborne viruses transmission and barriers to implementation

In total, 32 experts from the UK (n=14, 44%) and China (n=18, 56%) participated in the online questionnaire. Table 2 presents
the characteristics of the experts who responded. More than half of the experts (n=19, 59%) had more than 10 years of working
experience in this field, while 69% (n=22) had never used construction robotics before. Despite the limited experience in using
construction robotics, most experts (n =24, 75%) showed a positive attitude toward the use of construction robotics. Although most
experts showed a positive attitude to using construction robotics, there were still some who were not keen on the use of robotics
(UK =2, China=6). The main reasons were personal willingness, the requirement for operator training and the time required to set
up the robotic systems.

Almost three-quarters (n =23, 72%) of the experts who responded work in construction and one quarter (n =8, 25%) work in uni-
versity or academic settings. The majority of the experts were from construction engineering (n=11, 34%) followed by geotechnical
engineering (n=10, 31%) disciplines. Although we received some experts’ responses from countries other than the UK and China,
we did not include them in our analysis as this was beyond the scope of our research.

3.2.1. Perceived benefits and implementation barriers of construction robotics

The perceived benefits and implementation barriers of using construction robotics in the UK and China were identified through the
online questionnaire with experts (Table 3). Increasing productivity and quality, promoting workers’ health and safety and reducing
the required workforce are the main advantages of using construction robotics. Although the benefits of using construction robotics
have been widely known by experts, the adoption of construction robotics is low in both the UK and China due to the implementation
barriers including high cost, extra training for robotics operation, and less awareness of new technology. The interview participants
also stated that the application of construction robotics is low due to multiple implementation barriers which also aligns with the
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Fig. 3. Classification of Construction robotic technologies encompassing 8 themes (inner ring) and 25 categories (outer ring).

Table 2

Characteristics of participating experts in the UK and China through the online survey.

Characteristics Number (%) of experts

UK China Total
Experts 14 (44%) 18 (56%) 32 (100%)
Profession and major™
Construction Engineering 7 (22%) 4 (13%) 11 (34%)
Environmental Engineering 0 (0%) 4 (13%) 4 (13%)
Geotechnical Engineering 1 (3%) 9 (28%) 10 (31%)
Structural Engineering 2 (6%) 2 (6%) 4(13%)
Transportation Engineering 1 (3%) 0 (0%) 1 (3%)
Other 3 (9%) 3 (9%) 6 (19%)
Work organization™
Construction industry 11 (34%) 12 (38%) 23 (72%)
Academia 5 (16%) 3 (9%) 8 (25%)
Other 1 (3%) 3 (9%) 4 (13%)
Working experience
5—10 years’ experience 5 (16%) 8 (25%) 13 (41%)
> 10 years’ experience 9 (28%) 10 (31%) 19 (59%)
Experience of using construction robots
Had experience 5 (16%) 5 (16%) 10 (31%)
Did not have experience 9 (28%) 13 (41%) 22 (69%)
Willingness to use construction robot
Yes 12 (38%) 12(38%) 24 (75%)
No 2 (6%) 6 (19%) 8 (25%)

* These are multiple selection questions, so totals exceed 100%
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Table 3
General perceived benefits and implementation barriers of Construction robots in the UK and China from the
questionnaire with 32 experts.

Perceived Benefits Perceived implementation barriers
Improved health and safety High cost

Improved product quality Extra training for robotics operation
Reduced workforce requirements High skilled/qualified operator required
Helping to complete difficult tasks Complex operations of robotics
Increased working efficiency Difficult to find suitable robotics

(e.g. reducing production time, increasing productivity) Difficult to contact suppliers or request demos
Size of the robotic is not suitable for institution

questionnaire and previous literature review results [3,20]. Particularly, the limited financial support from the government and
high initial capital investment for technology is the main barrier to using more technology in industries. Moreover, the benefits and
implementation barriers of construction robotics that consistent with the previous studies [3,20].

3.2.2. Robotics potential ability to reduce airborne virus transmission

The ranking results of 24 construction robotic systems according to the potential to reduce the transmission of airborne viruses are
illustrated in Table 4. Regarding the four potentials: (1) the potential to increase the social distance between workers undertaking the
same activity conventionally; (2) the potential to reduce the number of workers required to undertake the activity; (3) the potential
to conduct the same activity remotely; (4) the potential to reduce the time taken to complete the activity), all robotic systems were
reported having a medium or above the potential level from all experts responses. According to the Analysis of variance (ANOVA),
the difference in country had no significant impact on the potential ranking results of almost all robotic systems (P>0.05).

All construction robotics showed a high total potential value (TPV) to reduce airborne virus (TPV>9). All of them had a high
potential to decrease the activity time except the roof construction robotics. Fagade construction robotics showed the highest TPV to
reduce airborne virus transmission in the construction industry due to the high distance between workers, low required workers, low
activity time and high potential to work remotely. Construction robotics cannot reduce the required number of workers. The social
distance between workers was ranked as having the lowest potential (TPV =9) to reduce airborne transmission in the construction
industry, such as the Ekso EVO exoskeleton.

4. Discussion

The findings of this research indicate that construction robotics has the potential to keep the construction industry going during a
contagious virus pandemic, e.g. COVID-19, in both the UK and China. This technology can decrease the number of workers required
for a task, increase social distance, help to conduct work remotely and reduce the duration of activities. The great patentability
of construction robotics was identified through the literature review, interview and questionnaire with experts, while the current
implementation barriers were also highlighted by the experts. Therefore, we identified and highlighted potential strategies that have
been successfully utilised in other sectors (e.g. manufacturing or agriculture sector) to address the low adoption of robotics in the
construction sector.

4.1. Potential of construction robotics to maintain construction industry operation during airborne virus

In total, 8 themes with 25 categories of construction robotics were identified through the literature review. However, many
categories of construction robotics were only under the research stage; 24 commercially available robotic systems were identified
through an additional internet search. The literature review results indicate robotics in the construction industry is generally used
to prevent workers from exposure to hazards, reduce the number of workers required for activity and increase task accuracy,
although many robotic systems require highly skilled operators, which is highly consistent with the online questionnaire results. These
advantages also indicated a high potential of robotics to keep the construction industry active during the airborne virus (TPV>9).
The construction robotics with more potential to reduce the workforce required on the original basis and increase social distance had
higher TPV, such as facade construction robots (Fig. 4A-C). Although most robotic technologies have huge potential advantages in
reducing the required number of people or increasing social distance, in some cases, such as surveying and concrete levelling (Fig. 4D-
E), this may make little practical difference because people are already distance due to the nature of the activity. The exoskeleton
robotics (Fig. 4F) was reported as having the least potential to reduce airborne virus transmission in the construction industry because
it cannot reduce the required workforce and social distance between workers. In addition, robotics were considered as having the
potential to maintain productivity and reduce personnel on-site during the pandemic and participants for the questionnaire and
interviewees have all shown a positive attitude towards their use not only during the airborne virus, such as the COVID-19 pandemic
but also after the pandemic. It also indicated that the use of construction robotics can not only keep the construction sector safe and
help maintain productivity amidst airborne viruses, other infectious viruses, and hazardous work environments. However, despite
this potential, there seems to be limited adoption of construction robotics to reduce the transmission of airborne viruses due to
various reasons including economic challenges, technical availability, and long deployment times. This is also in line with the
general challenges of robotic adoption in the construction industry [16].
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Table 4

Ranking results of construction robotic systems according to the potential to reduce the transmission of airborne virus.

Heliyon 10 (2024) e29697

No. Theme Category Potential to reduce the transmission of airborne virus
Increase social Reduce labour ~ Conduct work Reduce TPV
distance™ needs™ remotely™ operation time™
1 Facade construction robot Facade work robot (glass cleaning) High (3) High (3) High (3) High (3) 12
2 Facade construction robot Facade work robot (remote High (3) High (3) High (3) High (3) 12
control)
3 Facade construction robot Facade work robot (for cleaning High (3) High (3) High (3) High (3) 12
and painting)
4 Off-site construction robots Off-site construction robots High (3) High (3) High (3) High (3) 12
(Assemble line)
5 Off-site construction robots 3D printing the whole irregular High (3) High (3) High (3) High (3) 12
structure
6 Aerial building and survey Site-measuring and construction Medium (2.5) High (3) High (3) High (3) 11.5
robot progress monitoring
7 Outdoor ground Bricklaying robots High (3) High (3) Medium (2) High (3) 11
construction robots
8 Outdoor ground Site-measuring and construction High (3) High (3) Medium (2) High (3) 11
construction robots progress monitoring
9 Indoor construction robots Concrete distribution robot High (3) High (3) Medium (2) High (3) 11
10 Indoor construction robots Steel welding robot High (3) High (3) Medium (2) High (3) 11
11 Off-site construction robots 3D printing small building Medium (2) High (3) High (3) High (3) 11
components
12 Underground construction Earth and foundation work robots Medium (2.5) High (3) Medium (2) High (3) 10.5
robots (excavation)
13 Underground construction Earth and Foundation Work Robots Medium (2) Medium (2.5) High (3) High (3) 10.5
robots (tunnel boring)
14 Indoor construction robots Concrete Finishing Robots Medium (2) High (3) Medium (2.5) High (3) 10.5
15 Outdoor ground 3D Concrete Structure Production High (3) Medium (2) Medium (2) High (3) 10
construction robots
16 Roof construction robots Reinforcement production and Medium (2) High (3) Medium (2) High (3) 10
positioning robots
17 Indoor construction robots Tile setting and floor finishing Medium (2) High (3) Medium (2) High (3) 10
robots
18 Indoor construction robots Site logistics robots Medium (2) High (3) Medium (2) High (3) 10
19 Multiple site construction Across multiple categories™™ (3D Medium (2.5) Medium (2) Medium (2) High (3) 10
robots printing the whole house)
20 Facade construction robots Facade work robot (for class Medium (2) Medium (2.5) Medium (2) High (3) 9.5
installation)
21 Multiple site construction Robotized conventional Medium (2.5) Medium (2) Medium (2) High (3) 9.5
robots construction machines
22 Roof construction robot Across multiple categories™* High (3) Medium (2) Medium (2) Medium (2) 9
23 Indoor construction robots Concrete levelling and compaction Medium (2) Medium (2) Medium (2) High (3) 9
robots
24 Multiple site construction Exoskeletons, Wearable robots, Medium (2) Medium (2) Medium (2) High (3) 9
robots and Assistive devices

* Median value of all experts
ok

the construction robotics can be classified into different categories

In the next section, we highlight the strategies which have been successfully utilised by other areas of the UK and Chinese
economies to stimulate the adoption of robotics to highlight strategies which may benefit their construction industries. Furthermore,
we make additional evidence-based suggestions which may promote the adoption of technology.

4.2. Implementation barriers and strategies to promote adoption of construction robotics

The questionnaire and interview results indicate that most experts had a willingness to adopt the technology generally and with

consideration given to the airborne virus (e.g. COVID-19) pandemic. We did not identify any significant differences in implementation
barriers to the adoption of construction robotics between the UK and China (P>0.05), which aligns with the previous studies of the
constriction robotic implementation in the UK [16] and China [34]. Although experts from both the UK and China have positive
attitudes to adopting construction robotics, the main implementation barriers (e.g. high device cost, workforce skills gap, limited
awareness of new technology and unclear economic benefit) still limit the adoption rate of construction robotics in the UK and
China. Construction robotics have been reported as one of the most important technologies that can help increase productivity
[46], yet the adoption rate in both the UK and China is low, both are less than 1% [21,46]. Conversely, robot adoption is high
across other industries in both countries. According to Cheng et al., robotics adoption in the manufacturing industry in China was
around 44.5% in 2019 [95]. Also in the UK, the robotic per million hours worked in the warehouse logistics sector was 3.3 in 2020,
which was around 33 times higher than in the construction sector [21]. Although many studies have identified the implementation
barriers of construction robotics [3,20,34], they do not provide suitable strategies to address these barriers. However, increasing
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Fig. 4. Examples of commercialised construction robotics. A: Robosoft—Facade work robot for roof glass cleaning [84]; B: INVERT ROBOTICS—Facade work robot
for remotely controlled robotic crawler with vision modules [85]; C: SB Multi-Coater robot—Facade work robot for wall painting [86]; D: LiDAR USA Snoopy A-
Series 120—Aerial robots for site-measuring and construction progress monitoring [93]; E: LOM 110—Concrete levelling and compaction robots [72]; F: EksoEVO
exoskeleton— Multiple site construction robots [94] (All images are reused with permission from respective sources).

the level of adoption requires implementation barriers which have been known for over 40 years to be addressed. In the preceding
paragraphs, we review the four major barriers preventing greater adoption of robotics within the construction industry. The identified
implementation barriers to construction robotics have also been general barriers to the adoption of new technologies in other sectors,
including manufacturing [96,97], agriculture [98,99], and oil and gas sectors [100-103]. However, these sectors have addressed the
adoption barriers. Thus we are proposing that the strategies adopted by these sectors could be utilised as a model for construction
robotics adoption.

4.2.1. High initial capital costs

Economic considerations including high capital cost and limited financial support from the government have been highlighted
as major barriers to the adoption of technology in the construction industry [17]. Even without the airborne virus pandemic, the
adoption of robots in the construction sector is slower than in other industries due to the high implementation cost and low com-
mercial availability [87]. For example, the robotic density (the number of robotics per 1000 employees) in the construction sector
was 1.2 in the European Union (EU), while it was 160 in the manufacturing sector in 2017 [104]. This barrier has existed since the
early development stages of construction robotics and has persisted for more than 40 years [30,31,33]. Research suggests that it is
the higher-cost robotic technology which faces a barrier to adoption [105,106], and lower-cost robotics are more acceptable to the
construction industry [16,46]. For example, exoskeleton robotics, especially passive exoskeleton robots have been widely adopted in
the construction sector due to their relatively low cost and potential to increase productivity and reduce injury [107-109]. The higher
cost robotic systems also have been adopted, such as Concrete Masonry Units (CMUs) robots or bricklaying robots, but not to the
same extent as exoskeletons [71]. Although the UK and Chinese governments have provided financial support for their construction
industries, especially during the COVID-19 pandemic [110,111], it may still be difficult for small or middle-scale companies to get
sufficient economic support to drive adoption. Compared to large construction companies, smaller construction companies usually
have a smaller budget for technology and therefore would require more financial support from governments to address high capital
cost barriers [21]. Furthermore, the practice of large corporations subcontracting smaller firms to carry out work results in small and
medium-sized enterprises (SMEs) bearing the cost burden, rather than the larger companies.

Publishing policies to support technology adoption would be a solution and has already been demonstrated in other sectors,
such as manufacturing and agriculture sectors in Europe and China. The European Union, EU Horizon 2020 project [112] has
provided 79 billion euros of support for new technology innovation in 2020 with some success [113,114]. This program provides a
range of different funding schemes, including collaborative projects involving multiple partners from different countries, individual
fellowships for researchers, and SMEs looking to develop innovative products and services [113,114]. Through this initiative, a series
of new technologies has been developed and adopted in different sectors that improved productivity and economics. For example, a
new robot, SWEEPER, has been adopted for greenhouse harvesting which has increased the harvest performance from 29% to 61%
[113]. Apart from the agriculture sector, the vehicle manufacturing sector also benefits from EU Horizon. For instance, by using
RECOTRANS, a new manufacturing system, the production time was reduced up to 50% and the cost up to 35% from 2017 to 2021
[115]. In terms of China, the government has continued its strategy of setting Five-Year Plans, something it has done since 1953,
to provide financial support to encourage technology adoption [116]. However, in the previous Five-Year Plans, the priority areas
for the development of industries were manufacturing, new materials, biotechnology and agriculture rather than the construction
industry [117,118], which was one of the potential reasons for the slower robotics adoption in the construction sector. Through
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its 13th Five-Year Plan (2016—2020), the comprehensive mechanization rate of agriculture reached 71% in 2020, an increase of
6 percentage points over 2016 [119]. Thus, we propose that publishing suitable policies to provide financial support can increase
construction robotics adoption as well as productivity.

Providing tax credits or reducing the tax could be another solution for the high cost. The tax treatment of capital expenditures in
the UK, where the corporate tax rate is 19% [120], is less generous than in Singapore, which has a 17% corporate tax rate [121].
This may dampen the robotics investments and adoption. Additionally, manufacturing companies in South Korea receive tax credits
for investment in new equipment, which helped South Korea become the largest adopter of robotics in the industry in 2017, with
710 robots per 10,000 workers [46].

In addition to providing funding for technology innovation, increasing the Public-Private Partnership (PPP) between industry
and government is also utilised for motivating technology adoption in many sectors. According to the definition, “PPP programme
provides a long-term, sustainable approach to improve social infrastructure, enhancing the value of public assets and making better
use of taxpayer’s money” [122]. In terms of the construction sector in the UK and China, the government is the biggest client of the
construction industry, and can therefore help increase the adoption by promoting the cooperation between academia and research
institutes, and economic incentives [123]. A good example is the Factories of the Future contractual Public-Private Partnership (FoF
PPP) launched by the European Commission to increase the new technologies and system development across multiple sectors in
the European Union’s [124,125], which received 983 technology innovations for the advanced manufacturing process, digitalisation,
human-machine interaction and other areas with 94 awarded patents in 2017 [126]. Therefore, providing funding for technology
innovation and increasing the collaboration between the construction industry and governments would be a good solution to reduce
the high initial capital cost in both the UK and China.

4.2.2. Workforce skills gap

Skill shortage is a common barrier to the rapid adoption of new technology [127], especially for SMEs [128]. The construction
industry workforce does not have the necessary skills to adopt some technologies [129]. Training the workforce to achieve the
necessary qualifications and experience to operate more complex robotic systems requires extra time and costs, which is a barrier
to implementation. According to the interviews in this research we have conducted with industry experts, robots that require less
training or experienced operators may gain higher acceptance and adoption, which aligns with Pan’s research in 2020 into the
influencing factors for the development of construction robot technology [130].

Dorota et al. pointed out the lack of technology awareness caused the skill shortage in 2017 [131], and more advanced technology
adoption caused a larger skill gap and shortage [132]. Providing training, such as computer literacy training and technical skills
training for workers is the common way to address the workforce skills gap due to its low cost [133]. Boothby et al. in 2010 [127]
identified providing training can also transfer stakeholders’ attitudes to adopting new technology and increase the productivity effect
by more than 50%. However, there is insufficient funding when the industry tries to provide enough training for all employees [134].
Hence, as suggested by Boothby et al. [127] the government should establish co-ordinate policies to support the technology training
delivery, and a good example is the “Digital Skills Partnership” (DSP) initiative in the UK. DSP is a program providing collaboration
between governments, industries, and training providers to address the digital skills (e.g. coding, web design and digital marketing)
gap and increase the number of workers trained in digital technologies [135]. From an industry’s perspective, they obtain more
trained workers at less cost. A good example is the Heart of The South West Bounce Back Digital programme, which provides online
digital skill tutorials to more than 800 businesses [136]. Hence, a mix of industries and governments’ actions are needed to address
the workforce skills gap during new technology adoption.

4.2.3. Limited awareness of new technologies

Our questionnaire with experts found that the limited awareness of the new technologies directly leads to low construction
robotics adoption, which includes but is not limited to difficulty in getting information on new technology (e.g. cost and installation
time of robotics, the development and trend of current construction robotics), difficulty in finding and deciding suitable robotics
for industries (e.g. suitable robotic size for the industry). Although previous research highlighted the lack of awareness of the new
technology, assessment and selection are still barriers preventing increased construction robotics adoption [137], which has not been
addressed. Therefore, the government initiative and construction suppliers’ support may be required to promote the construction
robotics adoption.

The main strategy for increasing stakeholders’ awareness of technology is to increase the technical knowledge in the construction
sector. Unlike academia, stakeholders in the industry have fewer opportunities to participate in seminars and conferences to up-know
the current trend of technology in industry [138]. Attending events (e.g. seminars and conferences) to build a strong professional
network is a good way for industry stakeholders to increase their awareness of the latest technology as well as the risk perception
[138], which could also be utilised in the construction sector. An example of such events was the 14 events held throughout
Europe in 2017 by the Fof PPP to support the network between industry and researchers [124,125]. Furthermore, strengthening
the link between industry and educational institutions is also regarded as an efficient way to increase stakeholders’ awareness and
investment by providing more applications and technologies that can be directly applicable and advantageous to the industry. In
1999, Premkumar and Roberts highlighted the positive impact of education and training on increasing stakeholders’ awareness of
new technology [139], which indicates the strategies used to address the skill gap can also be used to increase the technology
awareness of stakeholders. A good example is the University Cooperative Research Centers (IUCRCs) Program The National Science
Foundation (NSF) Industry runs. This program aims to develop new technologies through collaborative research between industry
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and academia [140]. According to the IUCRC report, most industry members (90%-95%) obtained technical advice or training, which
may have a positive effect on further new technology adoption [141].

In China, the government established ‘Made in China 2025’ in 2015 and aimed to motivate technological innovation and adoption
to achieve smart manufacturing [142]. As a result, the robot density increased to 461 per 10,000 employees in the Shanghai Electric
industry, the productivity doubled in Haier Company and the productivity increased by 24% in Sany Company [142].

Apart from the governments, the robotic supplier or the construction robotics industry association can also provide support
for increasing stakeholders’ awareness. For example, Universal Robots, KUKA and Yaskawa, provide free online training course
that allows users to program, operate and maintain their robots [143]. Industries may have more willingness to adopt robotics if
the suppliers provide suitable training. In terms of the association, most current events from UK and China construction industry
associations focus on providing information related to career, skill training, and industry development rather than introducing
new technologies, such as Build UK [144] and China Association of Construction Enterprises [145]. We propose that if these big
associations could introduce more new technologies, the stakeholders’ awareness would be increased.

4.2.4. Unclear economic benefit

Unlike sectors such as manufacturing which evidence demonstrates increased manufacturing output with the adoption of robotics
[146], the benefit to construction is less clear [4,147]. Although in 2018 Pan et al. [148] indicated the economic benefit of con-
struction automation and robotics, they only focused on the sustainability of robotics rather than the economic benefit of adopting
construction robotics. Davila Delgado et al. [16] in 2019 stated the economic benefits are not clear which aligns with our ques-
tionnaire results. The result is that unclear economic benefits pose a barrier for the industry to adopt and realise the benefit of
construction robotics.

Although the potential economic benefits of robotics adoption are not straightforward [21], we could determine that they are
directly reflected in productivity and robotic adoption rate [149-151]. According to the UK Department for Business, Energy & Indus-
trial Strategy’s report Robotics and autonomous systems: the economic impact across UK sectors, 2021, by increasing productivity,
the estimated cost can be saved up to 10% for the off-site prefabrication tasks [152]. In addition, this report highlights that if the
potential construction robotic adoption rate is achieved (38%), the Gross Value Add (GVA) could reach £10.6 billion by 2035, more
than 100 times higher than in 2018 [152]. A recent study conducted by Hu et al. investigated the potential economic benefit of
construction robotics by a case study of a cable-driven facade installation robot [153]. However, this economic benefit was obtained
from a prototype rather than a commercialised construction robot. Long-term investigation is required to get the clear economic
benefit of using construction robotics. Despite the unclear economic benefit of robotics, adoption in the construction sector can be
addressed readily by government policies. Policymakers in the UK and China could help either by funding the robotic and automation
system, increasing technology innovation, or providing skill training to motivate robotic adoption.

Although the UK and China governments published some policies to support the technology adoption in the construction sector,
such as UK’s ‘Construction 2025’ project (2013-2025) [123] and 14th Five-Year Plan (2021-2025) [154], there still is a long way to
achieve high adoption rate.

5. Conclusion

This work investigated the latest commercialised construction robotics and the future potential of construction robotics used as
a technology shield to reduce or prevent the transmission of airborne viruses in the construction industry. One contribution of this
study is that we identified that construction robots are not only beneficial to reduce airborne virus transmission, but also help to keep
the construction industry operating safely. Secondly, this work identified and discussed experts’ views on using construction robotics
in the UK and China. Most experts showed a positive attitude to using construction robotics but the adoption rate in both the UK
and China is low (<1%). This work also identified implementation barriers of construction robotics are the same in both the UK and
China. Thirdly, this work proposes potential strategies to overcome implementation barriers of construction robotics which have been
known since the 1980s and have not yet been diminished. One contribution of this study is that identified the potential strategies to
overcome the implementation barriers, which are: 1) the high initial cost of robotics could be addressed through government funding
and taxation strategy; 2) the workforce skills gap could be solved by training provided by government or industry; 3) the limited
awareness of new technologies barrier could be overcome through coordinated seminars and conferences to develop familiarity
with new technologies; 4) the economic advantages of incorporating construction robotics would be more discernible with a higher
adoption rate of robotics in the construction industry. Growing robotics within the construction sector could be achieved through
the strategies mentioned above, which have been developed by learning from successful solutions adopted in other sectors, such as
manufacturing and agriculture, for the adoption of new technologies. In addition to the attitude of the construction industry itself,
the British and Chinese governments, as the largest customers, also could provide sufficient support. Additionally, the UK and China
were selected as example of developed and developing countries respectively, thus, the results of this study can also be the guidance
for other countries having a low construction robotics adoption rate.

Limitation There are some limitations of this study. First, the number of questionnaire participants from industry was greater
than that from academia. The results of this study may vary with the number of experts from university or academic areas. For
further research, more experts from academics should be involved. Second, although the interview participants were from the top 10
construction sectors in the UK, the sample size was small (n=4) and they were based in the UK. More interviews with construction
companies in both of UK and China are required for further research.
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