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ABSTRACT

This research presents a systematic review of the state-of-the-art research
for interaction/ cooperation between humans and robots (HRI/HRC) in
construction considering different types of robots. This paper represents,
investigates, and further discusses the different domains of studies in
terms of systems, metrics, and types of interactions and types of relative
construction possibilities. The main goal of this research is to understand
which type of relationship is studied in construction research and whether
they have considered the interaction of humans and robots in construction.
Also, it will identify the future of robotic construction and communication
with humans in the research.
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INTRODUCTION

Based on the Oxford Dictionary, construction is defined as gathering together
different parts of the building and performing work to build a physical
environment. So based on this definition, we are considering the interaction
between humans and robots in construction activities. Consequently, there
1s no limit for the consideration of construction definition; either it should
be the field of infrastructure (bridges, tunnels, etc.) or building construction.
And we can apply the boundaries of this research in the whole domain of
automation in construction.

Construction automation is one of the most critical research fields
in recent decades, and it is followed by the application of automation
technologies in different parts of construction (i.e. architecture,
environmental engineering, civil engineering, etc.) even in prefabrication
of various building materials components (Cousineau et al, 1998). The main
aim of construction automation is to reduce the cost and time of performing
a construction project with significant improvements in safety, corporation,
and collaboration between humans and technology. The field of construction
and building activities are prone to consider the robotic technologies as a
part of the construction process (Parker, 2015).

In this research field, several researchers have worked on the topic
of the interaction between robotics and humans. Recently after the first
effort in Japan in the 1980s, there are different motivations for finding an
interaction between humans and robots in construction. On one side, there
is a demand for construction safety, quality assurance of challenging tasks,
and shortage of the number of workers active in construction and on the
other side introducing new technology related to robotics to the field of
construction.

All the mentioned factors have motivated researchers to investigate
the co-relation of humans and robots in construction. Besides, machines
and robots are able to perform various difficult tasks whereas people are
not able to perform these tasks because they are either unsafe or impossible
to do in harsh hazardous environments. Furthermore, without using robots,
humans are not able to perform difficult and complicated construction.
Within this framework, there is a need to further contemplate the relation
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and interaction of humans and robots in the construction field.

Bearing in mind that since 1980, a significant portion of technology
development in machinery and information has happened, different
studies have been performed in automated construction elaboration, and
in recent years there is a trend to further investigate the HRI (Human-
Robot Interaction) and HRC (Human-Robot Cooperation) in the field of
technology.

The primary aim of this research is to understand which type of
relationship is studied in construction research. Also whether they have
considered the interaction of humans and robots in the field of construction.

Therefore, this research tries to answer the following sub-questions
parts:
1.What types of robotic applications are conceivable in construction?
ii.What are the different types of possible interactions between humans and

robots in the construction environment?
iii.What is the preeminent and optimum model for the collaboration of

humans and robots in construction?
iv.What kind of construction activities can be taken by interaction (or the
cooperation) of humans and robots?

To answer the mentioned questions, a systematic review should be
the best approach in order to understand to what extent this topic is being
addressed in the recent research in construction and maintain a literature
review.

LITERATURE REVIEW

It is necessary to understand the correlation between humans and robotics
and besides follow up with this association in construction. Some researches
(Parker, 2015b) defined the possible corporation between humans and robots
in three main fields: manual assembly, hybrid assembly, and fully automated
assembly. Based on these researches it is possible to consider all of the three
different fields in the domain construction of robotics.
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Figure 1. Possible ways of HRI/HRC
(Source: Parker, 2015b)

Based on this study, HRI is a promising aspect of achieving favourable
production cost, an optimal combination of human and robot skills, increased
efficiency, productivity and reduction in human stress and workload. On the
other hand, although human-robot interaction is an advanced research area,
the industrial robots are still not autonomous enough to allow interaction
in such defined levels. In another research, a collaboration between human
and robots are defined as “working jointly with others to perform shared
goal in an internal endeavour” (Green et al, 2008), and it had defined three
types of interaction between humans and robots: robot as a tool, guide
hosting and assistant robots, and humanoid robots.

Table 1. Summary of the Most Critical Reviewed Paper in Human-robot
Interaction (HRI) and Human-robot Cooperation (HRC) in Construction

methodology for
evaluating a robotized
construction task

ways to share the work
between robots and
human operators and
workers.

collaboration

Row | Research purpose Method findings Ref
1 presents the By examining and *economic benefits (Kahane et
development of a comparing various of human-robot al, 2004)

Describe dialogue
used among human
to communicate and
cooperate with robot
agents

Performed peer-to-peer
interaction joint actions
are supported and

the construction tasks

agreed by both partners.

(human and robot)

*Defining HRI models
based on peer-to-peer
human-human or
human-robot joint action
dialogues.

(Foster et al,
2006)
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Performing risk
analysis HRI.
Identification of
significant threat
implementation of
efficient protection

Using model-based
safety analysis approach

*Facilitating interaction
between human and
robot by safety measures
derived from risk analysis
approach

(Fong et al,
2006)

Improvement in the
automation system
for curtain-wall
installation

Define the control model
in HCR according to the
sort of contact conditions
and using the adjustable
impedance factors.
Performing experiment
to validate the model.

* Better handling heavy
material in construction
sites and installations
with relatively less forces.

(Lee et al
2007)

Implementation and
using cooperation
bas control for
mobile robots in the
installation of curtain-
walls.

Define control method,
which contains HCR
mode — required new
hardware and software
to compose robots' basic
system.

*The new safer and more
efficient model, HCR
model.

*Possibility of
implementation of
different construction
materials

(Lee et al
2007)

Present unified

Using survey

*Defining five types

(Goodrich et

treatments our questionnaires of human-robot al, 2008)
human-robot interaction: teleoperation,
interaction related mediated teleoperation,
problems supervisory control,
collaborative
control, peer-to-peer
collaboration.
*The only human-robot
cooperation:Human
supervisory
Using augmented Using AR augmented * several advantages (Green et al
reality (AR) to reality and human- over using AR for 2008)
investigate the robot collaboration stimulation of HRI and
possibility of human- system architecture HRC
robot collaboration in | as experience tools *A multi-dimensional
a team to testify possibility of approach in developing
simulation with an AR in | the human-robot
HRI/HRC collaborated system
would be the most
effective System.
Introduces the Implementation of a *Defining a two-phased (Lee et al,
prototype of improved | human-robot interface. HCR: 2010)

multi-purpose
field robots for
construction

Performed dynamic
modelling of human-
robot interaction

installation of
construction material

by carrying materials to
an installation site, the
inserting materials in the
proper position
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Proposing new
methodology for a
heavy-duty glass
glazing installation
help of robots

Using experimental
studies

*The corporation of
human robots is more
efficient in work time,
performance and force
interference. Possibility
of combining this method
with operation control
and robot power

(Bock et al,
2011)

Experiencing rapid
prototyping in recent
robotic fabrication

Using mobile robots

as the main tool

for fabrication and
construction, mainly with
masonry bricks.

*Identifying the need

to design a platform for
human-robot interaction
to optimize the
corporation process.

(Helm et al
2012)

Future investigation
application for
mobile robots’ units
in construction and
Interaction of human-
robot interaction
paradigm new
construction Sites.

By combining the
precision of the machine
with the innate cognitive
human skills, a simple
but effective mobile
fabrication system is
tested for the building of
algorithmically designed
structures that would
not be possible through
conventional manual
means. share control
responsibilities between
human and machine by
3D Scanning of Hand
Movements

*a deeper understanding
of the interpretation

of human robots in
construction within
digitally controlled
machines

(Helm et al,
2012)

Proposed installation
methodology based
on HRI installation of
glazed window

Analytical comparison
between three different
installation methodology

*The glass installation
work using intuitive
manipulation device

is more efficient while
this method combines
operator's control ability
and the robot's power

(Gil et al,
2013)

Defining the metrics
in human-robot
interactions.

Using a systematic
review of 29 papers

in which the metric of
human-robot interaction
was introduced.

*Considering five main
metrics of human-robot
interaction: productivity,
efficiency, reliability,
safety, co-activity

(Murphy et
al 2013)

Introduces a new
method of human-
robot cooperation

Using TRCI Robot as
a test robot glazing
installation

*Improvement in
productivity
*Improvement in safety
*Reduction of working
time

*Reduction in danger
*reduction the number of
workers

(Lee et al,
2014)
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15 Investigation of the Performing experiments | *simple bridge-building (Schulz et al,
system for human- using PR2 Robotics tasks with which people 2017)
robot collaboration for | research platform by were interacting revolved
on table task using 5 action selection around preferring to have

strategies: proactive, proactive action selection
autonomous, reactive, interaction.

human requested, and

human comments

16 Define a Preposition of a *Defines basics (Turek et al,
communication theoretical model for human-robot, 2017)
language and for human-robot Communication in
platform between communication construction
human and robot in management
construction

17 Introduces robot Use immersive virtual *Improvement in safety (You et al,
acceptances safety environment VR to level by separation the 2018)
model test the safety by working environment of

using masonry brick human and robots
composition tasks.

18 To introduce tower Using tower-construction | *Introduction of a (Jung et al,
construction as a new | as a single human - resource distribution task | 2018)
field for collaboration | single robot corporation. | to collect data in HRC
between human and Using new experiments in order to designing
robot (HRC) to investigate the human-robot interaction

corporation of robot with | strategies
multiple human

19 The Pictobot and Considering human *Having more reliance on | (Asadi et al,
human collaboration as an upper-level skilled workers, improved | 2018)
analysis decision-maker for robot, | productivity and decrease

and judgments and human exposure to
perception of workers harmful environments
becomes an upper-level

planner for robot

(Source: Author)

Japanese companies were the first to use automated construction
and integrate robots in construction. With the help of a robot to mount
single-glazed window robotic installation or constructing a steel-reinforced
concrete building using prefabricated components (Khoshnevis et al, 2006).
Although in comparison with the other industries, the construction sector
has the lowest rate of using robots or automated technologies (Khoshnevis
et al, 20006).

Automation constructions as a small part of a construction process
framework mainly were included in the construction of buildings, tunnels,
bridges, and infrastructures assembly or finishing interior and exterior
materials and building concrete structures (Balaguer et al, 2008). Another
research (Ardiny et al, 2015) classified three main tasks in robotic
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construction activities:

a) Activities based on gathering different types of building materials
fabrication and finishing (such as bricklaying).

b) Joining and assembling rigid parts of the buildings and structures (such
as welding different parts).

¢) Forming process of manipulation of materials (city cutting disposition
machinery and digging).

While based on (Khoshnevis et al, 2006) there are five different areas and
a superior construction could be practical by using robots. In this
paper, we have summarized related researches based on these five
following applications:

Automated Construction of Vertically/ Horizontally Oriented
Buildings

It includes the attempts of engineers to make the construction repetitive
and frequent task, profession or practices automated. It originates from
Japan where major contractors wanted to apply the potential of integrated
robots as a supplementary of building construction (Bock, 2011). The
single task construction robots were assistants of workers by performing
frequent, repetitive, specific construction tasks (for example, digging,
concrete levelling, concrete finishing, painting) or physical activities that
were labour-intensive in a confined course (vertically or horizontally). The
common feature of these kinds of robots is specification in performing a
task, increasing the productivity in comparison with workers doing the
task, increasing the quality of the results, reducing material consumption
and saving in material usage (Saidi et al, 2016). Lack of integration in
these types of single-task robots with parallel, upstream or downstream
execution of work incurred their progress toward integrity in performing
the construction works (Bock, 2015).

Housing Production
The advent of 3D printers facilitates manufacturing of complicated
prototypes. It is denominated rapid prototyping (RP) but the scale of the

printed products is limited because of restriction on the scale of the printers.
Printing the entire building needs more advances in large-scale printers
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to perform. There has been fruitful progress in developing large scale 3D
printers to reach the goal of printing the whole building (Amsterdam-
based DUS architects and Qindoa Unique Technology) (Wu et al, 2016).
A significant example is the mobile construction robot CyBe which is an
arm-based system with the ability to fabricate a large-scale 3D print concrete
structure in-situ (Dorfler et al, 2019).

In the construction sector the partial application of the robot is
commonplace; for example, prefabricated components of the building may
be constructed in an automated production line in a factory. Besides, some
ofthe construction works can be performed on-site with the combination of
the potential of the robust robots and the intellectual ability of humans. The
industrial robot dimRob and similar in-situ fabricator is a good example of
the implementation of the man-machine interaction paradigm (Helm et al,
2012; Giftthaler et al, 2017).

Novel Construction Markets Accessible through Automated/
Robotic Construction (Construction in Space, Sea and Deep
Sea, Desert, Arctic areas, etc.)

The research revolves around using construction methods in severe or
exceptional conditions is not unprecedented. Military and army sectors are
the pioneers in this field. For example, ground-based forces are interested
in applying robotics and autonomous systems (RAS) as assistants in
construction. RAS help the military forces in performing partial or full of
the work of construction (Ha et al, 2018).

Some attempts have been made by ETH scholars and researchers to
use aerial robotic construction (ARC). Their ability and locomotion in the
air can increase their capability in manoeuvring. The advantages of the
mentioned system, such as obviating the need for scaffolding, having the
ability to scalable make this topic interesting; however, its effectiveness in
the architectural construction is an obscure concept (Gambao et al, 20006).

Various applications of robots in different construction contexts (such

as space, sea, and deep sea, desert, arctic areas) make it in fact, a fresh, and
appealing field of research.
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Automated Building Servicing and Maintenance

Apart from the multitude of automated facilities and assistive robots
that are available to help the elderly or people with disabilities (Gambao
et al, 2006; Borangiu et al, 2012), there are several examples that indicate
the application of robots in building servicing and maintenance. Although
there is potential to introduce new applications, some of the current robotic
services in the building industry already include cleaning facades, coating,
and painting exterior walls, wall cleaning, and wall washing machines
(Gambao et al, 2006).

Automated Deconstruction and Re-Customization

As the structure of a building have recyclable elements, controlled
demolition of buildings or structure can be performed by robots. Since
robots perform the construction precisely, they are capable of deconstructing
accurately in order to reintroduce the removed structural elements to the
fabrication system. There is an example of the mentioned process in Japan
where an automated floor-by-floor deconstruction were done by robots.
On the other hand, the old, decrepit elements can be substituted with the
new, robust components based on the needs and requests of clients (Saidi
et al, 2016).

METHODOLOGY

In this section, we are going to clarify the process of exclusion and inclusion
of the research papers to this systematic literature review. The first step is
the identification of the existing research in this domain. This report has
covered the web of Science and Google Scholar databases in the search for
documents that were related to this subject.

After conducting a holistic search in the web of Science, 8,494 journal
papers were selected. By applying inclusion and exclusion filters, the
number of articles came to 1049. Moreover, by performing final eligibility
considering, removing duplicates, and applying a screening phase the direct
contraction in construction environment the total number was 97 and directly
related papers were discussed for further analysis.
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The second step was screening and exclusion, the inclusion of the
research papers. Therefore, different articles were excluded if their primary
focus was out of the scope of HRI in construction. Furthermore, the research
scope precisely focused on the

databases

Records identified through
Identification 3494

Records Screened
q 1049
Screening
Records Screened Records Excluded
Eligibility 97 7445

Studies included in

Included this research

97

Figure 2. Inference Mechanism
(Source: Authors)

Therefore, all the considered papers have indicated some types of
interaction between human and robots in the field of construction and have
passed the eligibility of the screening stage, and the most important findings
are represented in Table 1.

FINDINGS

A systematic review shows that the application of 3D printers and robots in
construction are widely used in the USA, Switzerland, Japan, and Germany.
There are different types of construction activities considered in the robotic
field, such as indirect and direct activities related to structure, building and
infrastructure, and on-site constructions. Among all, rapid prototyping is
one of the best fields that is using more and more robotic implementation.
The primary goal of HRI is advancement of manufacturing. While in this
progression, the role of human is to be a supervisor of the tasks and this
interaction in industrial environment construction robots is the dominant idea
(Parker, 2015). Cooperative tasks are not always taken into consideration
as a simulation phase or not widely used in HRI.
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In this area, simulation for human-centred interaction should be one of the

challenges. Planning and provision of low cost and easy to use tool for

evaluation is another challenge. HRI and programming is the main area that

warrants significant attention for researches, but there is still a big challenge

in considering the complex system for a robot for perception and interaction

in a way that makes a robot social and cognitive. That is the principal value

of operation for communication in human environments.

Existing gaps in this field are as follows:

1.The first and most crucial challenge is to identify the best possible
solution to produce decision-making between humans and robots
in construction. There is a need to define complexity of tasks in
construction, outline whether completion of this task is possible which
results in supervisory of human over robots. Moreover, if there is a
need for collaboration or supervisory what should be elements and
limits for such cooperation for supervisory.

2.To give more autonomy to robots to perform construction works, there
is a need to introduce sophisticated decision-making frameworks to
be able to delegate tasks to robots in construction sites. Also, task
planning and coordination as part of HRI/HRC research investigation
is necessary.

3.There is absence of uncertainty and risk analysis in using robots in
construction and managing related issues due to complexity of the
performance in such automotive construction. The gap in research of
uncertainty and risk analysis such as automation construction is clear.

4.Defining safety strategies should be one of the most important steps for
future studies.

5.There is a gap in finding the distinction between fixed and mobile robot
systems and interaction of each system with humans. Certainly, using
mobile robot system in construction could give us great flexibility
in performing contraction works, but lacking the framework in
positioning for accurate systems or precision self-positioning of
robots can cause a major problem in the interaction between humans
and mobile robots in construction. Defining positioning and action
in fixed orbits is easier than mobile robots therefore, in this field it
is important to consider from the action-reaction side positioning of
mobile robots. Human-robot collaboration requires a robotic system
to understand spatial referencing.

6.As robots are pioneers in using technologies, creative ideas of using robots

60



Human-Robot Interaction in Construction

in construction and human interaction should be expanded and the
future of these technologies and consideration complexities need to
have a fundamental platform to introduce the optimum solution for
building robot corporations in each construction task. As an example,
creative idea of flying robots should be one of the solutions.

7.There is barely any research in which the cooperation or interaction of a
group of humans and robots is considered therefore there is room to
consider teamwork construction with robots as a new field of human-
robot interaction. Indeed, construction is teamwork and group activity;
there are dynamic of different factors that could affect the interaction
between humans and robots.

8.By studying robot integration in construction, it is clear that the total trend
on the HRI is based on using the robot as a single based task performer
for the construction activities. Take for instance cutting, fabrication,
manipulation, and so forth. Although it should be considered as multi-
task performing operator (or decision-maker) in construction activities
and then consider the interaction of such robot with human.

9.The study of human-robot collaboration interaction is based on repetitive
tasks in construction and are dynamic in performing repetitive tasks
but are not considered in such study. Therefore, actions and reactions
of robots’ incorporation in dynamic test scenarios are still considered
as a gap, and it needs to be investigated.

10.Implementation of safety issues and incorporation as well as the
collaboration with robots in construction should be further analysed
by considering all mentioned different types of construction scenarios
for interaction between humans and robots.

11.The construction sector either needs to think out-of-the-box to implement
more functions for robot application in the construction process, as
stated by Helm et al (2012).

12.There is a great possibility of using augmented reality (AR) and virtual
reality (VR) as two functional bases for simulation of human-robot
interaction in construction.

13.In the area of interaction between humans and robots in construction
we can consider different levels of autonomy supervisory of human
cooperation or autonomy of robots. Therefore, in consideration of
autonomous robots in construction it has never been studied in this
field. Of course, such research should have critical challenges in terms
of safety technology and multidisciplinary for the research.
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14.Although there are multiple challenges facing this environment digital
human modelling, these tools promise robustness and adaptability in
HRI system and could be widely used in this domain (Parker 2015).

CONCLUSION

1049 scientific papers were analysed and the information is displayed
chronologically in Table 1. The mentioned table shows how the field of
research related to human-robot interaction has developed during the
years. This table shows the summary of the most critical reviewed paper
in human-robot interaction (HRI) and human-robot cooperation (HRC) in
construction which helped the authors to categorize the gaps that have not
been yet covered by scientific papers and recent research.

Chronological distribution of publications has shown that there is a
growing trend since 2000 and there is a high number of publications in the
last decade considering that last year had the highest number of publications
in the past decade.

Chronological distribution of publications
25

20

15

10 ‘
il
0

mmmmm
Eeaof 2

e
2017 ——
2018 =——
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1992 =
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2000 =
2001 ==
2002 ==
2003 ==
2004 w—
2005 ==
2006 m—
2007  —
2008 —
2009 m==
2010  r—
2011 ==
2012 —
2013

2014  r—
2015 —
2016

the last decade

Figure 3. Chronological Distribution of Publications
(Source: Authors)

Based on the literature review, construction materials and installation
of the construction materials is most important in the human-robot
interaction with the most top proportion applications, and there is room
to investigate further the multi-function robots, multipurpose robots and
human-robot interaction in robotic fabrication.
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Types of construction robotics Types of construction robotics

robotic fabrication ™ construction automation

multipurpose feld robot construction industry

mobile robotic fabrication m construction materials
m heavy duty glass
intuitive manipulation device

minstalling construction materials
installing construction materials

[
——
—

MR —
—
r——— mintuitive manipulation device

MFR

mobile robotic fabrication

heavy duty glass

als

construction automation

= multipurpose field robot

o 1 2 3 4 5 6 7 8 9 W robotic fabrication

Figure 4. Types of Construction Robotics
(Source: Author)

The main purpose of automation is improving the corporation and
quality between humans and robots, and it is vital to confirm high-quality
construction more rapidly and decrease the level of a hazardous environment
for human, and impossible tasks for humans are the most important aspects
of HCR/HRI.

This review shows that the application of robots in construction is
widely used in the installation and application of materials in construction
projects. Robotic technologies are popular in construction publicly for
various forms of installations, 3D printers, and mobile robots. These are
involved with innovative construction of new material assembly. Besides,
rapid construction and prototyping are the recent trends of study in the
interaction of humans and robots in construction which can be proposed
to researchers to follow.

Table 2. Research Percentage in Robotic Domain

Robotic domain Research percentage
construction automation 6.3
construction industry 16.7
construction materials 14.6
heavy duty glass 4.2
installing construction materials 6.3
intuitive manipulation device 4.2
MFR 4.2
mobile robotic fabrication 21
multipurpose field robot 4.2
robotic fabrication 6.3

Source: Authors

63



Malaysian Journal of Sustainable Environment

ACKNOWLEDGMENT

The authors gratefully acknowledge the authors of the papers which
have been used in this article. The present article would not have
been written without the valuable information of these articles. The
authors of this article hope that this article will help further future
research in the field of automation.

REFERENCES

Abd Rahman, N. A., Latib, F. W. M., Jaafar, M. R., Muhamad, N. S., &
Bachok, M. F. (2020). Mobile Application For Individual Identification
As Social Relationship Sustainability Development In Community
And Society:‘Know You App’. Malaysian Journal of Sustainable
Environment, 7(1), 37-52.

Ardiny, H., Witwicki, S. and Mondada, F., 2015, October. Construction
automation with autonomous mobile robots: A review. In 2015 3rd RSI
International Conference on Robotics and Mechatronics ICROM) (pp.
418-424). IEEE..

Ariza, IN.E.S., Sutherland, T.S., Durham, J.B., Mueller, C.T,, Mcgee, W.
and CLIFFORD, B., 2017. ’Robotic Fabrication of Stone Assembly
Details’. Menges, A, Sheil, B, Glynn, R and Skavara, M (eds), pp.106-
113.

Asadi, E., Li, B. and Chen, .M., 2018. Pictobot: A cooperative painting
robot for interior finishing of industrial developments. /EEE Robotics
& Automation Magazine, 25(2), pp.82-94.

Balaguer, C. and Abderrahim, M. eds., 2008. Robotics and automation in
construction. BoD-Books on Demand.

Balaguer, C., 2000. Open issues and future possibilities in the EU
construction automation. In Proceedings of the IAARC International
Symposium on Robotics and Automation, Taipei, Taiwan.

Balaguer, C., 2007, September. Towards robotic smart homes. In 24th

64



Human-Robot Interaction in Construction
International Symposium on Automation and Robotics in Construction.

Bechthold, M., 2010. The return of the future: a second go at robotic
construction. Architectural Design, 80(4), pp.116-121.

Bhattacharya, A.A., Hong, D., Culler, D., Ortiz, J., Whitehouse, K. and
Wu, E., 2015, November. Automated metadata construction to support
portable building applications. In Proceedings of the 2nd ACM
International Conference on Embedded Systems for Energy-Efficient
Built Environments (pp. 3-12).

Bock, T., 2015. Construction robotics enabling innovative disruption and
social supportability. In ISARC. Proceedings of the International
Symposium on Automation and Robotics in Construction (Vol. 32, p.
1). IAARC Publications.

Bock, T., 2015. The future of construction automation: Technological
disruption and the upcoming ubiquity of robotics. Automation in
Construction, 59, pp.113-121.

Bock, T., Linner, T. and Eibisch, N., 2011, June. Vertical Shipyard:
Technology Transfer for Automated Con-and Deconstruction. /n
Proceedings of 28th International Symposium on Automation and
Robotics in Construction (ISARC).

Borangiu, T., Ceccarelli, M., Anton, F., Anton, S., Carbone, G. and
Stocklosa, O., 2012. Open Robot Control for Services in Construction.
IFAC Proceedings Volumes, 45(6), pp.865-870.

Caldas, C.H. and Soibelman, L., 2003. Automating hierarchical document
classification for construction management information systems.
Automation in Construction, 12(4), pp.395-406.

Castro-Lacouture, D. and Skibniewski, M.J., 2003. Applicability of e-Work
models for the automation of construction materials management
systems. Production Planning & Control, 14(8), pp.789-797.

Cobb, D., 2001, April. Integrating automation into construction to achieve
performance enhancements. /n Proceedings of the CIB World Building
Congress (pp. 2-6).

Cousineau, L. and Miura, N., 1998. Construction robots: the search for new

65



Malaysian Journal of Sustainable Environment
building technology in Japan. ASCE Publications.

Czarnowski, J., Dabrowski, A., Macias, M., Gtéwka, J. and Wrona, J.,
2018. Technology gaps in Human-Machine Interfaces for autonomous
construction robots. Automation in Construction, 94, pp.179-190.

Dorfler, K., Hack, N., Sandy, T., Giftthaler, M., Lussi, M., Walzer,
A.N., Buchli, J., Gramazio, F. and Kohler, M., 2019. Mobile robotic
fabrication beyond factory conditions: case study Mesh Mould wall of
the DFAB HOUSE. Construction Robotics, pp.1-15.

Dorfler, K., Hack, N., Sandy, T., Giftthaler, M., Lussi, M., Walzer,
A.N., Buchli, J., Gramazio, F. and Kohler, M., 2019. Mobile robotic
fabrication beyond factory conditions: case study Mesh Mould wall of
the DFAB HOUSE. Construction Robotics, pp.1-15.

Dorfler, K., Sandy, T., Giftthaler, M., Gramazio, F., Kohler, M. and Buchli, J.,
2016. Mobile robotic brickwork. In Robotic Fabrication in Architecture,
Art and Design 2016 (pp. 204-217). Springer, Cham.

Duballet, R., Baverel, O. and Dirrenberger, J., 2018. Design of space
truss based insulating walls for robotic fabrication in concrete. In
Humanizing digital reality (pp. 453-461). Springer, Singapore.

Elattar, S.M.S., 2008. Automation and robotics in construction: opportunities
and challenges. Emirates journal for engineering research, 13(2),
pp.21-26.

El-Omari, S. and Moselhi, O., 2011. Integrating automated data acquisition
technologies for progress reporting of construction projects. Automation
in Construction, 20(6), pp.699-705.

Fadamiro, O.P. and Oke, A.E., 2019, September. The Level of awareness of
automation technology in the construction industry. /n IOP Conference
Series: Earth and Environmental Science, 331(1). IOP Publishing.

Faghihi, V., Nejat, A., Reinschmidt, K.F. and Kang, J.H., 2015. Automation
in construction scheduling: a review of the literature. The International
Journal of Advanced Manufacturing Technology, 81(9-12), pp.1845-
1856.

66



Human-Robot Interaction in Construction

Fong, T., Kunz, C., Hiatt, L.M. and Bugajska, M., 2006, March. The human-
robot interaction operating system. /n Proceedings of the 1st ACM
SIGCHI/SIGART conference on Human-robot interaction (pp. 41-48).

Foster, M.E., By, T., Rickert, M. and Knoll, A., 2006, November. Human-
robot dialogue for joint construction tasks. /n Proceedings of the Sth
international conference on Multimodal interfaces (pp. 68-71).

Fouladgar, M.M., Yazdani-Chamzini, A., Zavadskas, E.K., Yakhchali, S.H.
And Ghasempourabadi, M.H., 2012. Project Portfolio Selection Using
Fuzzy Ahp And Vikor Techniques. Transformations In Business &
Economics, 11(1).

Gambao, E. and Hernando, M., 2006, October. Control system for a semi-
automatic fagade cleaning Robot. In Proc. of the 23rd International
Symposium on Automation and Robotics in Construction (ISARC)
(pp. 406-411).

Gharbia, M., Chang-Richards, A.Y. and Zhong, R.Y., 2019. Robotic
Technologies in Concrete Building Construction: A Systematic Review.
In ISARC. Proceedings of the International Symposium on Automation
and Robotics in Construction, 36. pp.10-19. IAARC Publications.

Ghasempourabadi, M., 2017. Performance assessment and development of
a design support tool for innovative BIPV facade systems.

Giftthaler, M., Sandy, T., Dorfler, K., Brooks, 1., Buckingham, M., Rey,
G., Kohler, M., Gramazio, F. and Buchli, J., 2017. Mobile robotic
fabrication at 1: 1 scale: the in situ fabricator. Construction Robotics,
1(1-4), pp.3-14.

Gil, M.S., Kang, M.S., Lee, S., Lee, H.D., Shin, K.S., Lee, J.Y. and Han, C.S.,
2013. Installation of heavy duty glass using an intuitive manipulation
device. Automation in construction, 35, pp.579-586.

Goodrich, M.A. and Schultz, A.C., 2008. Human-robot interaction. a survey.
Now Publishers Inc.

Green, S.A., Billinghurst, M., Chen, X. and Chase, J.G., 2008. Human-robot
collaboration: A literature review and augmented reality approach in
design. International journal of advanced robotic systems, 5(1), p.1.

67



Malaysian Journal of Sustainable Environment

Gu, X.L., Xu, Y. and Zhang, W.P., 2004. Safety analysis of structural
members of existing buildings. Journal of Building Structures, 25(6),
pp-117-122.

Ha, Q., Santos, M., Nguyen, Q., Rye, D. and Durrant-Whyte, H., 2002.
Robotic excavation in construction automation. /EEE Robotics &
Automation Magazine, 9(1), pp.20-28.

Ha, Q.P.,, Yen, L. and Balaguer, C., 2018, January. Earthmoving construction
automation with military applications: past, present and future. /n ISARC
2018-35th International Symposium on Automation and Robotics in
Construction and International AEC/FM Hackathon: The Future of
Building Things.

Hasegawa, Y., 2006. Construction Automation and Robotics in the 21st

century. In International Symposium on Automation and Robotics in
Construction (ISARC) (pp. 565-568).

Helander, M., 2005. 4 guide to human factors and ergonomics. Crc Press.

Helm, V., Ercan, S., Gramazio, F. and Kohler, M., 2012, October. Mobile
robotic fabrication on construction sites: DimRob. In 2012 IEEE/RSJ
International Conference on Intelligent Robots and Systems (pp. 4335-
4341). IEEE.

Huang, Y., Zhang, J., Hu, X., Song, G., Liu, Z., Yu, L. and Liu, L., 2016.
Framefab: Robotic fabrication of frame shapes. ACM Transactions on
Graphics (TOG), 35(6), pp.1-11.

Jeon, K.H., Park, M.B., Kang, M.K. and Kim, J.H., 2013. Development
of an automated freeform construction system and its construction
materials. In ISARC. Proceedings of the International Symposium on
Automation and Robotics in Construction, 30(1). TAARC Publications.

Jung, K., Chu, B. and Hong, D., 2013. Robot-based construction automation:
An application to steel beam assembly (Part II). Automation in
Construction, 32, pp.62-79.

Jung, M.F., DiFranzo, D., Stoll, B., Shen, S., Lawrence, A. and Claure, H.,
2018. Robot Assisted Tower Construction-A Resource Distribution Task

68



Human-Robot Interaction in Construction

to Study Human-Robot Collaboration and Interaction with Groups of
People. arXiv preprint arXiv:1812.09548.

Kahane, B. and Rosenfeld, Y., 2004. Balancing Human-and-Robot
Integration in Building Tasks. Computer-Aided Civil and Infrastructure
Engineering, 19(6), pp.393-410.

Kangari, R. and Yoshida, T., 1990. Automation in construction. Robotics
and autonomous systems, 6(4), pp.327-335.

Khoshnevis, B., 2004. Automated construction by contour crafting—related
robotics and information technologies. Automation in construction,

13(1), pp.5-19.

Khoshnevis, B., Hwang, D., Yao, K.T. and Yeh, Z., 2006. Mega-scale
fabrication by contour crafting. International Journal of Industrial and
Systems Engineering, 1(3), pp.301-320.

Kim, C., Son, H. and Kim, C., 2013. Automated construction progress
measurement using a 4D building information model and 3D data.
Automation in Construction, 31, pp.75-82.

Koskela, L., 1992. Process improvement and automation in construction:
Opposing or complementing approaches.

Krieg, O.D., Schwinn, T., Menges, A., Li, J.M., Knippers, J., Schmitt, A.
and Schwieger, V., 2015. Biomimetic lightweight timber plate shells:
computational integration of robotic fabrication, architectural geometry
and structural design. In Advances in architectural geometry 2014 (pp.
109-125). Springer, Cham.

Kumar, A.N., 2001, October. Using robots in an undergraduate artificial
intelligence course: an experience report. In 31st Annual Frontiers in
Education Conference. Impact on Engineering and Science Education.
Conference Proceedings (Cat. No. 01CH37193) (Vol. 2, pp. T4D-10).
IEEE.

Lee, S. and Moon, J.I., 2014. Introduction of human-robot cooperation
technology at construction sites. In ISARC. Proceedings of the
International Symposium on Automation and Robotics in Construction
(Vol. 31, p. 1). IAARC Publications.

69



Malaysian Journal of Sustainable Environment

Lee, S., Yu, S., Yu, S. and Han, C., 2010. An improved multipurpose field
robot for installing construction materials. Robotica, 28(7), p.945.

Lee, S.Y., Lee, K.Y., Lee, S.H., Kim, J.W. and Han, C.S., 2007. Human-
robot cooperation control for installing heavy construction materials.
Autonomous Robots, 22(3), p.305.

Lee, S.Y., Lee, Y.S., Park, B.S., Lee, S.H. and Han, C.S., 2007. MFR
(Multipurpose Field Robot) for installing construction materials.
Autonomous Robots, 22(3), pp.265-280.

Mahdavinejad, M., Ghasempourabadi, M., Nikhoosh, N. and Ghaedi, H.,
The Usage of Nanomaterial in Building Constructions in Hot and Dry
Climate (Case Study: IRAN, South East). In International Conference
on Nanotechnology and Biosensors (pp. 75-79).

Mahdavinejad, M.J., Ahmadzadeh Siyahrood, S., Ghasempourabadi, M.
and Poulad, M., 2012. Development of intelligent pattern for modeling
a parametric program for public space (case study: Isfahan, Mosalla,
Iran). In Applied Mechanics and Materials, 220. pp. 2930-2935. Trans
Tech Publications Ltd.

Memarzadeh, M., Golparvar-Fard, M. and Niebles, J.C., 2013. Automated
2D detection of construction equipment and workers from site video
streams using histograms of oriented gradients and colors. Automation
in Construction, 32, pp.24-37.

Murphy, R.R. and Schreckenghost, D., 2013, March. Survey of metrics for
human-robot interaction. 8th ACM/IEEE International Conference on
Human-Robot Interaction (HRI) (pp. 197-198). IEEE.

Nahmad Vazquez, A. and Jabi, W., 2019. Robotic assisted design workflows:
a study of key human factors influencing team fluency in human-robot
collaborative design processes. Architectural Science Review, 62(5),
pp.409-423.

Neelamkavil, J., 2009, June. Automation in the prefab and modular
construction industry. In 26th symposium on construction robotics
ISARC.

Oesterreich, T.D. and Teuteberg, F., 2016. Understanding the implications

70



Human-Robot Interaction in Construction

of digitisation and automation in the context of Industry 4.0: A
triangulation approach and elements of a research agenda for the
construction industry. Computers in industry, 83, pp.121-139.

Pan, M., Linner, T., Cheng, H.M., Pan, W. and Bock, T., 2018. A Framework
for Utilizing Automated and Robotic Construction for Sustainable
Building. In Proceedings of the 21st International Symposium on
Advancement of Construction Management and Real Estate (pp. 79-
88). Springer, Singapore.

Parascho, S., Gandia, A., Mirjan, A., Gramazio, F. and Kohler, M., 2017.
Cooperative fabrication of spatial metal structures. Fabricate, pp.24-29.

Park, K.H., Bien, Z., Lee, J.J., Kim, B.K., Lim, J.T., Kim, J.O., Lee, H.,
Stefanov, D.H., Kim, D.J., Jung, J.W. and Do, J.H., 2007. Robotic
smart house to assist people with movement disabilities. Autonomous
Robots, 22(2), pp.183-198.

Parker, L., 2015. Collective manipulation and construction. In Springer
Handbook of Computational Intelligence (pp. 1395-1406). Springer,
Berlin, Heidelberg.

Pyo, K., Lee, D., Lee, D., Lim, H., Cho, H. and Kang, K.I., 2018. Research
Trend Analysis for Construction Automation. In ISARC. Proceedings
of the International Symposium on Automation and Robotics in
Construction, Vol. 35, pp. 1-6. IAARC Publications.

Richard, R.B., 2005. Industrialised building systems: reproduction before
automation and robotics. Automation in construction, 14(4), pp.442-451.

Saidi, K.S., Bock, T. and Georgoulas, C., 2016. Robotics in construction.
In Springer handbook of robotics (pp. 1493-1520). Springer, Cham.

Scheutz, M., Eberhard, K. and Andronache, V., 2004. A real-time robotic
model of human reference resolution using visual constraints..
Connection Science, 16(3), pp.145-167.

Schulz, R., Kratzer, P. and Toussaint, M., 2017, October. Building a bridge
with a robot: a system for collaborative on-table task execution. /n

Proceedings of the 5th International Conference on Human Agent
Interaction (pp. 399-403).

71



Malaysian Journal of Sustainable Environment

Son, H., Kim, C., Kim, H., Han, S.H. and Kim, M.K., 2010. Trend analysis
of research and development on automation and robotics technology in
the construction industry. KSCE Journal of Civil Engineering, 14(2),
pp-131-139.

Sendergaard, A., Amir, O., Eversmann, P., Piskorec, L., Stan, F., Gramazio,
F. and Kohler, M., 2016. Topology optimization and robotic fabrication
of advanced timber space-frame structures. In Robotic Fabrication in
Architecture, Art and Design 2016 (pp. 190-203). Springer, Cham.

Sendergaard, A., Feringa, J., Nerbjerg, T., Steenstrup, K., Brander, D.,
Graversen, J., Markvorsen, S., Baerentzen, A., Petkov, K., Hattel, J. and
Clausen, K., 2016. Robotic hot-blade cutting. In Robotic Fabrication
in Architecture, Art and Design 2016 (pp. 150-164). Springer, Cham.

Taraz, M., Haghi, F., Mansouri, Z. and hossein Ghasempourabadi, M.,
2020. Recycled-Bottle Arch As A Prototype To Practice Sustainability
Through Pbl. Malaysian Journal of Sustainable Environment, 7(1),
133-150.

Tibaut, A., Rebolj, D. and Perc, M.N., 2016. Interoperability requirements
for automated manufacturing systems in construction. Journal of
intelligent manufacturing, 27(1), 251-262.

Tibaut, Andrej, Danijel Rebolj, and Matjaz Nekrep Perc (2016).
"Interoperability requirements for automated manufacturing systems
in construction." Journal of intelligent manufacturing 27(1), 251-262.

Turek, W., Cetnarowicz, K. and Borkowski, A., 2017. On human-centric
and robot-centric perspective of a building model. Automation in
Construction, 81, pp.2-16.

Urhal, P., Weightman, A., Diver, C. and Bartolo, P., 2019. Robot assisted
additive manufacturing: A review. Robotics and Computer-Integrated
Manufacturing, 59, pp.335-345.

Vihi, P., Heikkild, T., Kilpeldinen, P., Jarviluoma, M. and Gambao, E.,
2013. Extending automation of building construction—Survey on
potential sensor technologies and robotic applications. Automation in
Construction, 36, pp.168-178.

72



Human-Robot Interaction in Construction

Vasey, L., Grossman, T., Kerrick, H. and Nagy, D., 2016. The hive: a human
and robot collaborative building process. In ACM SIGGRAPH 2016
Talks (pp. 1-2).

Wang, C., Cho, Y.K. and Kim, C., 2015. Automatic BIM component
extraction from point clouds of existing buildings for sustainability
applications. Automation in Construction, 56, 1-13.

Wang, S., 2009. Intelligent buildings and building automation. Routledge.

Webster, A., Feiner, S., Maclntyre, B., Massie, W. and Krueger, T., 1996,
June. Augmented reality in architectural construction, inspection and
renovation. In Proc. ASCE Third Congress on Computing in Civil
Engineering, 1, 996.

Werfel, J., Petersen, K. and Nagpal, R., 2014. Designing collective behavior
in a termite-inspired robot construction team. Science, 343(6172),
754-758.

Willmann, J., Augugliaro, F., Cadalbert, T., D'Andrea, R., Gramazio, F. and
Kohler, M., 2012. Aerial robotic construction towards a new field of
architectural research. International journal of architectural computing,
10(3), pp.439-459.

Wu, P., Wang, J. and Wang, X., 2016. A critical review of the use of 3-D
printing in the construction industry. Automation in Construction, 68,
21-31.

You, S., Kim, J.H., Lee, S., Kamat, V. and Robert Jr, L.P., 2018. Enhancing
perceived safety in human-—robot collaborative construction using
immersive virtual environments. Automation in Construction, 96,
161-170.

73



Malaysian Journal of Sustainable Environment

74



