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57. Robotics in Construction

Kamel S. Saidi, Thomas Bock, Christos Georgoulas

This chapter introduces various construction au-
tomation concepts that have been developed over
the past few decades and presents examples of
construction robots that are in current use (as of
2006) and/or in various stages of research and de-
velopment. Section 57.1 presents an overview of
the construction industry, which includes descrip-
tions of the industry, the types of construction,
and the typical construction project. The industry
overview also discusses the concept of automa-
tion versus robotics in construction and breaks
down the concept of robotics in construction into
several levels of autonomy as well as other cate-
gories. Section 57.2 discusses some of the offsite
applications of robotics in construction (such as
for prefabrication), while Sect. 57.3 discusses the
use of robots that perform a single task at the
construction site. Section 57.4 introduces the con-
cept of an integrated robotized construction site
in which multiple robots/machines collaborate to
build an entire structure. Section 57.5 discusses un-
solved technical problems in construction robotics,
which include interoperability, connection sys-
tems, tolerances, and power and communications.
Finally, Sect. 57.6 discusses future directions in
construction robotics and Sect. 57.7 gives some
conclusions and suggests resources for further
reading.
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Construction is a ubiquitous human activity that re-
lates to the creation or realization of physical artifacts
or custom-made capital goods. It is distinguished from

manufacturing in that the production activity normally
occurs in a field setting and is undertaken in the open
air, on natural terrain, and often with naturally oc-
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curring materials. Typically, building and construction
products are large in scale and unique in form. More-
over, the environment or field setting is typically unique
and requires a, rather ad hoc, factory to be synthesized
on site.
Over the centuries, various forms of machines and me-
chanical engineering systems have been introduced into
the construction engineering domain and into the build-
ing and construction industry to increase production
efficiency. In common with the fields of agriculture,
mining, and forestry, the long-term trend has been for
these fields to become increasingly mechanized [57.1].

In the last few decades, with the decrease in the rel-
ative cost of machinery to labor and with the globaliza-

tion of markets, the construction industry has become
significantly more capital intensive and large-scale ma-
chinery systems and pieces of construction plant –
such as tunnel-boring machines and very large tower
cranes – have become commonplace. This trend to
mechanization is likely to continue with the progres-
sive introduction of computer-controlled construction
machinery and flexible manufacturing concepts into the
industry.

With the relatively recent development of the micro-
processor and the availability of low-cost computer and
sensing technology, construction robots have become
a technical and economic possibility and this form of
technology is now gradually being used in the industry.

57.1 Overview

The application of robots in construction traditionally
falls under construction automation.As the term im-
plies, the field of construction automation is focused
on automating construction processes, and the use of
robots is but one aspect of automation. Construction
processes also fall within several categories best de-
scribed through a brief introduction to the construction
industry.

57.1.1 Industry Description

The construction industry typically accounts for 5%
of a country’s gross domestic product (GDP) or gross
value added (GVA) and employs a significant portion
of the country’s workforce. Table 57.1 presents some of
these statistics for the USA, the European Union (EU),
Japan and China [57.2–8]. Worldwide, construction in-
dustry spendingwas estimated at approximately 11% of
the world’s GDP at the end of the 20th century [57.9].

Construction is considered by many to be techno-
logically behind other industries, such as manufactur-

Table 57.1 Value of construction put in place and number
of construction workers for the USA, EU, Japan and China

Country USA EU Japan China
Data period (year) 2012 2009 2011 2011
Value of construction put
in place as percentage of
national GDP/GVA (%)

5 7 10 7

Number of construction
workers as percentage of the
total national workforce (%)

5 11 10 5

Total number of workers
in the national workforce
(million)

112 175 63 784

ing. In manufacturing, a product is designed for mass
production, whereas construction products (or projects)
are usually one-off and unique [57.10]. Thus the ef-
ficiencies achieved through mass production are not
easily achieved in construction.

Other often attributed reasons for the construction
industry’s technological lag are the industry’s fragmen-
tation and aversion to the risks associated with the
introduction of new technologies [57.10, 11]. For ex-
ample, in the US in 2010 firms with fewer than twenty
employees employed approximately 40% of all con-
struction workers, and 63% of all construction workers
worked for specialty trade contractors who accounted
for 64% of construction firms [57.10]. Specialty trade
contractors are usually subcontractors on a project and
are not responsible for the overall outcome of the
project.

In addition, unlike their manufacturing counter-
parts, construction sites are for the most part unstruc-
tured, cluttered, and congested, making them difficult
environments for robots to operate in. Furthermore,
human workers are also present in large numbers on
a construction project, making safety a paramount con-
cern.

Types of Construction
Construction projects are usually classified as resi-
dential, commercial, industrial, or civil. Residential
construction generally involves single-family homes
or large apartment buildings; commercial focuses on
building structures such as office and retail space, ware-
houses, and so on; industrial is involved in building
factories, power plants, and other similar structures; and
civil construction focuses on public infrastructure such
as highways, bridges, tunnels, and dams.
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The Typical Construction Project
A construction project typically goes through six major
phases, as shown in Fig. 57.1. Some projects may go
through different variations of the sequence shown, but
most projects include planning, design, construction,
and operation phases [57.4, 10]. Phase 1 begins when
a need for a project arises and the requirements are iden-
tified. Phase 2 involves developing alternative project
plans that could meet the identified needs and evaluat-
ing the technological and economic feasibility of each
alternative. Phase 3 develops detailed engineering de-
signs and specifications for the plan selected in phase 2.
The construction of the facility from ground-breaking
through to final inspection takes place in phase 4 of the
project. The facility is occupied and commences oper-
ation in phase 5 and continues operating until it is time
to shut down and dismantle the facility once it becomes
obsolete (phase 6).

The actual physical work (building, operating,
maintaining, and dismantling) on a construction project
takes place in the last three phases. Although these are
the only phases in which machines are used, construc-
tion automation can also take place during the other
phases of a project, as described in Sect. 57.1.2.

During the various phases of a construction project,
several stakeholders may be involved at any time. The
major stakeholders include the following: the owner
and operator, whose needs initiated the project; the ar-
chitect and engineer, who have the task of translating
the owner’s needs into an aesthetically pleasing and
structurally sound design; and the general contractor,
whose task is to translate the design into a physical
structure. In addition several other stakeholders may
be involved either independently from the above stake-
holders or as part of their organizations; for example,
the constructor may employ a project manager, a con-
structionmanager, a site superintendent, and others, and
he/she will typically subcontract major activities such
as excavation and concrete pouring. The subcontrac-
tors and sub-stakeholders are often the ones who use
a new technology and can either make or break its
implementation.

Although the builder is the most likely user of
robots on a construction project, the actual work on
site is often conducted by subcontractors who often are
reluctant or financially unable to use advanced tech-
nologies which have not been entirely adopted by in-
dustry. A constructor’s goal is often to meet the owner’s
requirements by the most efficient and least risky meth-
ods possible. Hence, traditional construction methods
that have stood the test of time are preferred. Nev-
ertheless, it has often been anecdotally reported that
the owner has the power to require the use of certain
technologies on a construction project, since that shifts

1. Requirements
identification

2. Project
planning

3. Design and
engineering

4. Construction
5. Operations

and
maintenance

6.
Decommissioning

Fig. 57.1 Phases of a typical construction project

part of the risk and cost associated with the use of
the technology to the owner. This phenomenon may be
partially responsible for the widespread penetration of
laser scanning technology into the construction industry
that is currently taking place [57.12].

Typical Construction Processes
From a purely physical-world and practical point of
view, construction may be viewed as being comprised
of a finite number of elementary processes [57.13–
16], which may be summarized by the following
list [57.11]:

� Attaching� Building� Coating� Concreting� Connecting� Covering� Cutting� Digging� Finishing� Inlaying� Inspecting� Jointing� Measuring� Placing� Planning� Positioning� Spraying� Spreading.

Most of these processes can also be grouped into
three predominant types of functional operators as fol-
lows:

� Materials handling (by bulk and unit load)� Materials shaping (cutting, breaking, compacting,
and machining)� Structural joining.

These functional operators are typically each ap-
plied to multiple operands. Common operands in build-
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ing and civil engineering are steel and other metals,
concrete, timber, earth and rock, masonry, plastic and
glass, cement, aggregate, epoxy resin, bitumen, and
other bulk and formed materials.

57.1.2 Automation in Construction

Construction automation describes the field of research
and development focused on automating construction
processes, and the use of robots is but one aspect of
that field. In short, construction automation deals with
applying the principles of industrial automation to the
construction sector, whether in building construction,
civil engineering (roadways, dams, bridges, etc.), or
in prefabrication of construction components [57.17].
This can be viewed as an extension to research in
field service robots generally designed to replace or as-
sist humans in a specific construction-related task or
function.

From a historical perspective, research in construc-
tion robotics and automation started in the 1980s with
the introduction of single-purpose robots (principally
remotely controlled, or teleoperated, machines). The
Japanese led this effort, driven primarily out of con-
cern for societal demographics, which showed a sig-
nificant future shortfall in personnel available for the
construction labor pool [57.18]. In the US the princi-
pal related work involved developing remote control
or teleoperated machinery for hazardous work that re-
quired modified construction equipment. Example ap-
plications include robots developed for rapid runway
repair and unexploded ordinance removal. In the EU,
research was focused on the development of large-size
masonry (brick laying, assembly) robots for residential
and industrial building construction.

During the next decade, as research on task-specific
construction robots continued, large Japanese construc-
tion firms introduced on-site factories for high-rise con-
struction. These construction systems included just-in-
time delivery of components, automated part tracking
and material handling, robotic connection and assem-
bly, and centralized control in an enclosed or semi-
enclosed environment. It is reported that the systems en-
able better working conditions (weather invariant) and
reduced project completion time [57.19]. Other benefits
include improved productivity and quality, though over-
all construction costs are not necessarily lower [57.20].

Advanced concepts in integrated residential con-
struction automation were developed as part of the EU
FutureHome project. In this construction concept, each
structure consists of several high-quality, prefabricated
three-dimensional (3-D) modules and two-dimensional
(2-D) panels which are assembled production-style on
site [57.21]. An analogue of this approach for auto-

mated residential construction has been commercial-
ized in Japan [57.22].

New methods for collecting, processing, analyz-
ing, and communicating construction information are
a significant area of construction automation re-
search [57.23]. This research includes data interoper-
ability and exchange through the design, construction,
operations, maintenance, and decommission phases of
a capital project [57.24]; advanced sensors for assess-
ing the status of the construction process [57.25–27];
visualization systems for planning construction events,
verifying constructability, and maintaining site situ-
ational awareness [57.28–30]; and information mod-
els which extend traditional computer-aided design
(CAD) modeling to combine both the physical (geo-
metric) and functional characteristics of building com-
ponents [57.31].

Finally, three notable, large-scale, EU projects at-
tempted to integrate construction automation into the
way construction projects are executed: the ManuBuild
(open building manufacturing) project dealt with,
among other things, the development of mobile field
factories, including robots, for on-site modular con-
struction [57.32]; the I3CON (industrialized, integrated,
intelligent, construction) project dealt with the in-
door automation and robotization of buildings [57.33];
and the Tunconstruct project dealt with the robotiza-
tion of inspection and maintenance operations in tun-
nels [57.34].

57.1.3 Classification of Robotics
in Construction

Construction robotics is an advanced form of mecha-
nization (automation) in which an endeavour is made
to automate some industrially important operation and
thereby reduce the cost of this operation by either re-
moving a human operator from the control loop, or
enhance operational efficiency through machine control
systems. Due to the nature of construction work, most
robots which have been developed for the construction
industry are either mobile or relocatable systems. Some
platforms, such as floor-finishing robots and machine-
controlled earthmovers require mobility as a specific
function of the work process to be performed. Oth-
ers, such as wall and ceiling panel manipulators, re-
quire some level of mobility to extend their operating
workspace.

Robot terminology can vary depending upon the
research discipline. For this chapter two broad classi-
fications of construction robotics are onsite robots and
offsite robots. These are distinguished by whether they
are applied at the construction site or at a factory or pre-
fabrication facility. In addition, a further distinction can
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be made depending on whether a construction robot is
intended to be used for a single task (onsite or offsite)
or whether multiple robots are integrated into an auto-
mated construction site.

Single Task Construction Robots Versus
Integrated Robotized Construction Sites

After the initial experiments in large-scale industrial-
ized, automated and robotized pre-fabrication of system
houses were conducted successfully in Japan, and the
first products (e.g. SekisuiM1) also proved successful in
the market, in 1975 a Japanese construction contractor,
Shimizu Corporation in Tokyo, set up a research group
for construction robots. The goal was now no longer
the mere shifting of complexity into a structured envi-
ronment as in prefabrication, but the development and
deployment of systems that could be used on the con-
struction site to create structures and buildings. The fo-
cus initially was set on simple systems in the form of
so-called single task construction robots that can exe-
cute a single, specific construction task in a repetitive
manner.

Single-task construction robots are systems that
support workers in executing one specific construction
process or task (e.g. digging, concrete levelling, con-
crete finishing, painting) or completely supplement the
physical activity of the humanworkers necessary to per-
form this one process or task. Further, the processes and
tasks they support or supplement can be allocated to
a specific profession or craft. In addition, the processes
and tasks for which single task robots were developed
had in common that they entailed frequent, repetitive
activities. Common characteristics of single-task con-
struction robots are as follows:

� Highly specialized not only for a profession but
even for a task within a profession (e.g., concrete
pouring, levelling and finishing.� Enhanced productivity compared to conventional
labour. E.g., according to [57.17] the conventional
labour productivity rate for concrete floor finishing
is between 100m3=h and 120m3=h, whereas the
productivity using machines is between 300m3=h
and 800m3=h.� Improved quality through precise control of func-
tions and operations (e.g., uniform distribution of
paint) and by allowing real time monitoring (and
recording) of the operation.� Improved working conditions by removing work-
ers from dangerous environments and reducing the
amount of and heavy physical work.� Most robots allow various operation modes such as
autonomous or sensor guided, pre-programmed, or
tele-operated.

� Reduced material consumption through precise
control of material delivery and collection and reuse
of unused material.� Most robots have simple yet robust sensor technolo-
gies, such as gyroscopes, simple laser systems, or
touch/pressure sensors.� Most robots only require 1 or 2 persons to operate.

The evolution of industrialized and automated
building prefabrication during the 1970s along with
the development of single tasks robots, envisioned the
concept of integrated robotized construction sites. This
concept combined prefabrication technology (process-
ing of prefabricated components instead of parts in
order to reduce complexity on the site), single task
construction robotic systems, and moving or stationary
site factories that were able to assemble the building’s
main structure (e.g., steel frame or concrete structure)
almost automatically. As those site factories not only
automated parts of the construction process but also
integrated prefabricated component technology and sin-
gle task automation can thus be called as integrated
robotized construction sites.

A major reason for the transition into integrated
robotized construction sites was that the construc-
tion companies realized that single task construction
robots which were not networked or embedded within
a greater infrastructure, turned out to be incompatible
with the way buildings were designed and built. Sin-
gle task robots were designed to execute certain tasks
meanwhile construction workers were not allowed to
interfere significantly with the robots activity. However,
it turned out that under these premises, only a very
few number of robots could be used efficiently. The
constraints for the workers, the necessary safety regula-
tions, coupled with the unforeseen, unpredictable, and
dynamic processes at the construction site, led to the
implementation of individual robots working in paral-
lel. Although single task construction robots achieved
a high throughput, significant time had to be spent
on-site for transportation, preparation, programming,
configuration, etc. Besides the mentioned frictions sin-
gle task construction robots caused on (conventional)
construction sites, the emergence of concepts for inte-
grated sites was also nurtured by the new technological
possibilities. Important for the integration of such sys-
tems into larger and coordinated automated systems
was the development of systems that allowed control-
ling and monitoring an uninterrupted flow of informa-
tion and material on-site, between individual automated
entities that are involved in the final assembly of the
building.

The transition to integrated sites can also be ex-
plained from an evolutionary view. In many industries
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the evolution from more workshop like production with
individual and only loosely coupled production enti-
ties or stations, to flow-line like or production line like
systems with stable processes and continuous material
flow was part of the evolution of other well estab-
lished and known industries„ i. e., automotive, com-
puter industry.

Finally, three general categories of construction
robots are introduced. The first class is teleoperated
systems, which for simplicity includes remote control
systems. The general distinction between the two terms
is whether or not the equipment must be operated in line
of sight from the human controller [57.35]. The second
category, programmable construction machines (PCM),
includes most construction equipment that is outfitted
with sensors and mechanisms to augment operation by
an onboard human operator. The final category, intelli-
gent systems, relates to unmanned construction robots
which operate either in a semi- or fully autonomous
mode. In Sect. 57.3 this classification will be expanded
to include examples based on various generic activities,
materials handled (operand types), levels of onboard in-
telligence, levels of commercialization, and levels of
system integration and computer integration.

Teleoperated Systems in Construction
In established engineering terminology, the term tele-
operation refers to the remote control of machines and
systems. In teleoperation (loosely referred to as teler-
obotics) the control of the machine is accomplished by
the use of remote control means such an umbilical cord
or wireless control. Teleoperation ideas and methods
are used extensively in the space and nuclear industries
(Chaps. 55 and 58, respectively).

In telerobotics, the machine does not operate au-
tonomously but is under the control of a human. Data
sensing and interpretation and cognitive activities such
as task planning are done by the operator.

Recently, many telerobotic devices have appeared
in the construction and mining industries. These ma-
chines have evolved in response to industrial situations
where there is danger to the operator and where remote-
controlled machinery is necessary (e.g., teleoperated
small compactors). Situations of this kind occur in the
construction, demolition, and mining industries and in
other hazardous locations.

The technology for telerobotics in construction is
well established, with a number of excellent examples
of such activity available, for example, a sophisticated
model-based supervisory-control-type distributed tele-
operation system for the construction of a trench for

a diversion dam in a lava field in Japan using a fleet
of heavy earthmoving machines [57.36].

Programmable Construction Machines
A software-programmable construction machine is
what most people would consider to be a robot. The
operator of this type of machine is able to vary the
task to be accomplishedwithin certain constraints either
by choosing from a preprogrammed menu of functions
or by teaching the machine a new function. Variations
in the task to be accomplished could be as simple as
slight changes in the driving speed based on the cur-
rent load for an automated forklift, or as complex as
a change from being able to pick and place steel beams
and columns using an autonomous crane to being able
to deliver concrete autonomously using the same crane.

Generally, software-programmable construction
machines are identical to traditional construction ma-
chines (such as an excavator), but have been modified
to be controllable through a computer (similar to the
way in which traditional manufacturing machines –
such as mills and lathes – evolved into computer
numerically controlled (CNC) machines).

Software-programmable construction machines can
make use of an electronic representation of a portion
of the construction site where their work is to be con-
ducted in order to control all or part of the machine’s
operation. A commercialized example is stakeless grad-
ing, where data from a 3-D model is used in combina-
tion with global positioning systems (GPS) and/or laser
measurement systems to automate the blade control for
bulldozers and motor-graders.

Intelligent Systems in Construction
As opposed to a teleoperated or a software-pro-
grammable construction machine a fully autonomous
construction robot is expected to accomplish its task,
within a defined scope, without human intervention.
A semiautonomous construction robot would be ex-
pected to accomplish its task with some level of
planning interaction conducted with a human super-
visor [57.35]. In each case the construction robot is
expected to adapt to its sensed environment, formu-
late plans for the execution of its task, and replan as
necessary (with possibly some human assistance in the
semiautonomous mode). The intelligent construction
robot should also be able to determine when its task-
ing is not executable and request assistance.

Example research in intelligent construction sys-
tems includes autonomous excavation [57.37, 38] and
autonomous crane operations [57.30, 39–41].

http://dx.doi.org/10.1007/978-3-319-32552-1_55
http://dx.doi.org/10.1007/978-3-319-32552-1_58
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The infusion of technologies (such as computer aided
design (CAD), computer aided manufacturing (CAM))
into the construction industry from other industries
(such as the automotive, airplane and shipbuilding in-
dustries) are the clearest proof for a shift in building
strategy. Fully automated concrete fabrication is cur-
rently a reality that are implemented by factories with
customized product delivery in order to adapt to the
changing requirements of the market. There are two ma-
jor industrialized production methods for prefabricated
concrete: Production methods that (a) use stationary
single formwork and (b) that use mobile formwork.

57.2.1 Robotics in Component Production

Production methods using stationary single formwork
comprise mobile workflows such as cleaning, pour-
ing/casting and moving the final product to the storage,
while the formwork is stationary during the whole pro-
cess of prefabrication. In production methods using
mobile formwork, the work posts are stationary while
the formwork is mobile, moving into the various pre-
fabrication posts of the assembly line.

Concrete Production
A plant for combined manufacture of 2-D and 3-D pre-
cast concrete elements includes overhead gantry cranes
and electric hoists, used to transport consumable mate-
rials (such as lattice girders, steel coils, and parts to be

a) b)

c) d) e)

Fig. 57.2 (a) Pallet in concreting station; (b) bridge crane; (c) pallets molding systems; (d) demolding-depalletizing
device; (e) cleaning, measuring and oiling (after [57.42])

inserted/installed) as well as to lift elements from the
concreting station into the storage facility or onto trans-
port pallets. Pallets start at the discharging station, from
where they proceed via the pallet cleaning station to the
first workstation. There, by means of a de-palletizing
device attached to a panel-stacking crane, the finished
flooring elements are lifted off the pallets and stacked
directly within the working range of the discharging ve-
hicle. A cleaning and plotting (magazining, cleaning,
plotting (MCP)) robot is used for a variety of tasks: pick-
ing up, insertion of latitudinal anchors, cleaning of pal-
lets, full scale plotting of elements, and installation of
latitudinal anchors (Fig. 57.2). Figure 57.3 shows fur-
ther examples of robotic concrete component manufac-
turing and handling.

Brickwork Component Production
Since the late 1970s, due to the lack of skilled workers
in construction and increasing costs of buildings, ratio-
nalization developmentswere started. They mainly took
place in the masonry and the formwork sector, where no
ready solutions from other countries were available. In
Germany and also in most parts of Europe an often used
and still loved building material is brickwork. Most of
the building projects are constructed with this material.
Due to the lack of brickwork in Japan (not resistant
to earthquakes if not reinforced), and missing develop-
ments in other countries, main efforts were made in this
field.
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a) b) Fig. 57.3 (a) Automated
concrete pipe manufacturing
machines (courtesy Hawkeye
Group USA); (b) precast
concrete handling robot
(courtesy Halo, Inc.)

In the last few decades activities to develop ma-
chines that support the laying of bricks and even
automated robots have been increasing, especially in
Germany. Brick laying is a very labor-intensive activity,
which can lead to significant health issues and early re-
tirement [57.43, 44]. Consequently a very small number
of skilled workers is available nowadays. This in turn
is reflected in ultimately high prices and wages, which
will make brick building in some time prohibitively ex-
pensive. Therefore it should just be a question of time
before only houses are put on the market that have not
been erected on site by a team of bricklayers, but by
a robot in the production shop.

Early Trials of Robotic Assembly
of Modular Blocks

One idea for Robot Oriented Design (ROD) [57.45–
47], in building construction is to change the conven-
tional construction works adaptable to robotics so that
construction system and advanced automation and/or
robotics are co-adapted. Thus a structural system for
the wall erection named SMAS (Solid Material As-
sembly System) [57.48] was proposed and developed
already in the 80s in Japan. SMAS is a of reinforced
masonry construction system. A standard building com-
ponent of this system, 30 cm� 30 cm� 18 cm in size
and 20 kg in weight, is made of pre-cast concrete and
includes cross-shaped steel bar inside each component
for the reinforced of structural wall. Components are
positioned automatically by the robot one by one with-
out arrangements of conventional bonding. Following
the positioning of each components, steel bars are con-
nected to those of adjacent components also by the
robot. The joint type of steel bar for vertical direction
is mechanical, and that for lateral direction is over-
lapping. Concrete is grouted from the top of the wall
which is erected one storey high (about 3m). The newly
developed operating hand is installed to the mother
robot (6-articulation-type robot) which was developed

for a wide variety of applications in factory use and a se-
ries of experiments for wall erection were carried out.

The rapid progress being achieved today in the
modernization and industrialization of building con-
struction technology has triggered a trend to reduce
the complicate works at construction site and increas-
ingly produce building components at factories. It is
obviously that the prefabrication has been successful in
up-grading the quality of the building and in shorten-
ing the construction period. The sizes of those building
components such as prefabricated structural members
are also becoming larger to simplify assembling work
at the construction site.

However, these movements are not necessarily ori-
ented toward the introduction of robots. The heavy and
large components are difficult to be operated by the
robots and the complicated assemble techniques are
sometimes too skilful for robots. Meanwhile, when one
looks at the prefabrication of compact and lightweight
structural components as a means of accomplishing
construction work more efficiently, robots can be used
for assembling these structural members efficiently.

From this point of view SMAS structural systemwas
developed and proposed as a robot-oriented construc-
tion system. A masonry structure has not been consid-
ered as a major structural system in Japan because of
earthquakes; however, it becomes to be recognized as
a flexible structural system applied to various building
designs when properly reinforced. In addition, it has ad-
vantages in the construction cost and in the construction
period. The SMAS system itself was designed as a mod-
ular system for the purpose that single components could
be developed further in the future. All system compo-
nents including stones are developed as complementary
parts according to the guidelines of Robot Oriented De-
sign (ROD) (Fig. 57.4). These robotic approaches were
meant to be applied on-site, but technologically they
were proven to be not effective. Thus, they becamebetter
suited for offsite assembly operations.
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a) b) c) Fig. 57.4 (a) Building
component developed by
guidelines of Robot Oriented
Design (ROD), (b) SMAS
total system, (c) robot end-
effector/gripper with optical
fiber sensor guiding screwing
mechanism

Automated Brickwork Plants
The adoption of CAD/CAM systems combined with
implementation of Enterprise Resource Planning (ERP)
Solutions has made the implementation of advanced
technically refined, fully automatic production plants
possible:

� High degree of information and communications
technology (ICT) integrated and automated/inter-
connected processes� Integration of as many devices as possible by ICT
(interoperability)� CAD/CAM Systems� Integration of processes by ERP Systems� Just in Time and Just in Sequence supporting cus-
tomization.

Brickwork Robot Plant SüBA
Crucial technical developments preceded the construc-
tion of a fully automatic brickwork machine. The pro-
totype of the automatic brickwork plant was developed
by the company SüBA in Hockenheim, and the com-
pany Windhoff AG in Rheine at the beginning of the
1990s. The production of brickwork panes is appro-
priate for a capacity of 300m2 net area of brickwork
panes – without windows and door recesses – in a shift
of eight hours. The employment of CAD in the archi-

a) b)

Fig. 57.5 (a) Automated
reinforcement (horizontal)
station; (b) mortar dispensing

tect’s offices made it possible to transfer the large data
set for the production of brickwork panes directly with-
out manual input over CAM to the brickwork robots.
Considering the large number of data for the automat,
which was necessary for the production of a brickwork
pane, this was one of the most important problems of
the automation of bricking at that time. Figures 57.5
and 57.6 give an overview over the most important
SüBA factory modules and automation processes.

Brickwork Robot Plant Winkelmann
(Horizontal Brickwork Panel Production)

Today’s fully automated and highly robotized brick-
work plants can be distinguished into two basic types:
horizontal and vertical brickwork panel production. The
brickwork robot plant Winkelmann is a characteristic
example for horizontal panel production. All single de-
vices are equipped with Microsystems, interconnected
and part of a systemic logistic network. CAD/CAM
guarantees efficient data processing between planning
section and production. After the delivery standard
palettes bricks are brought into processing order by an
automated palletizing system with a robot for distribu-
tion of bricks (Fig. 57.7a). After that the bricks are taken
up by automated de-palletizing system (Fig. 57.7b),
which supplies horizontal brickwork layering robot sta-
tion (Fig. 57.8a). Insertion of reinforcement and house
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a) c)b)

Fig. 57.6 (a) Brickwork positioning; (b) brickwork alignment; (c) automated reinforcement (vertical) station

a) b) Fig. 57.7 (a) Automated
palletizing system with robot
for distribution of bricks;
(b) automated de-palletizing
system

a) b) Fig. 57.8 (a) Automated
horizontal brickwork layering
robot station; (b) insertion
of reinforcement and house
infrastructure

infrastructure as well as plastering are done stationary
in the factory (Fig. 57.8b) until a finalized and dried-out
brickwork panel is delivered to the construction site.

Brickwork Robot Plant Leonhard Weiss
(Vertical Brickwork Panel Production)

The brickwork robot plant Leonhard Weiss is a char-
acteristic example for vertical brickwork panel produc-
tion. Many processes as for example the palletizing and
de-palletizing to bring the bricks into factory order are

similar to the horizontal type. Yet the central process of
positioning the bricks in given order is done vertically
layer by layer. High accuracy robots combined with lin-
ear axis are here in charge for the exact positioning. The
automated vertical brickwork layering has some advan-
tages in terms of efficient use of the factory area and
moreover the firmness of the wall could be improved
whereas the exact positioning of reinforcement, cables
and other elements of the house infrastructure is done
easier with the horizontal type. CAD/CAM combined
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a) b) c) d)

Fig. 57.9 (a) Sequencing station; (b) robotic assembly system for vertical brickwork layering; (c,d) final brickwork panel
product

a) b) Fig.57.10a,b 3-D adjustable auto-
mated assembly welding unit (Sekisui
Heim)

a) b) Fig. 57.11 (a) On the 400m
production-line, the steel frame
units (chassis) pass several worksta-
tions; (b) 10 Insertion of prepared
elements and by suppliers (e.g., Toto,
Inax) prefabricated bath modules into
the chassis unit

with variable production and ICT integrated produc-
tion allows individually fabricated brickwork panels
and necessary variations. Figure 57.9 shows the various
steps of the automated vertical brickwork panel con-
struction process.

Steel Component Production
Sekisui Heim introduced an automated steel frame pro-
duction. One of the basic features is the automated as-
sembling and welding station. Ceiling elements, floor-
ing elements and columns are fed into this station,
followed by automatic welding into a frame, which is

used as chassis and bearing structure during the further
completion process on the production line (Fig. 57.10).
After the automated welding process, the steel frame
chassis is streaming through the factory from work step
to work step, until all installations have been completed
(Fig. 57.11a). The factories of Sekisui and Toyota have
gates on both sides of the assembly lines in order to
receive material, parts, components and prefabricated
bath or kitchen modules, required for the customized
production of individual units. All of them arrive just-
in-time and just-in-sequence by cooperating suppliers
(Fig. 57.11b).
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57.3 Onsite Applications of Single Task Construction Robots

The construction of larger buildings that use steel as
the structural support system can involve a high to-
tal amount of welds. If the design of the columns and
beams can be adjusted in order to reduce the amount
and variety of welds, welding becomes a highly repeti-
tive operation suitable for being automated.

57.3.1 Steel Welding

Automated welding is able to control and guarantee
the quality of the connection between the welded parts
to a level similar to (and sometimes better than) that
achieved by professional human welders. Manual weld-
ing of these and other types of connections requires
highly specialized skills that are currently in short
supply. Furthermore, conventional welding can have
damaging long-term effects on a worker’s vision. Si-
multaneous automated welding on a beam (e.g., from
two or three coordinated positions) is even able to en-
sure that the steel component is not distorted by the
welding operation itself and thus improves the quality
of the constructed structures. In Fig. 57.12a the Shimizu
steel-welding robot is depicted. The robot can automat-
ically weld a column including the corner portions. The
configuration of a joint is detected by a laser sensor, and
the welding is performed in an optimized way referring
to a database. In Fig. 57.12b, the Obayashi Corporation
Steel welding robot operates in a similar principle, us-

a) b)

Fig.57.12a,b Steel welding robots.
(a) Shimizu Corp.; (b) Obayashi Corp

a) b)

Fig. 57.13 (a) Automated reinforce-
ment production and (b) teleoperated
rebar placement (after [57.17])

ing a circular clamp-on type fastener to the column. The
welding process is computer-controlled, though work-
ers are still involved in overseeing operations at least
for the time being.

57.3.2 Reinforcement Manufacturing
and Positioning

Concrete reinforcement operations involve cutting and
bending of rebar (reinforcement bars), precise (relative
to each other) arrangement of those rebar, binding of re-
bar and final positioning of the rebar elements or mesh
on a floor or in a mold or formwork system. These
tasks are labor intensive and hard on a worker’s body
(e.g., back accidents and damage to a worker’s mus-
culoskeletal system occur about ten times more during
reinforcement work than during painting work [57.49]).
Automated systems mitigate the risks and impacts on
the health of workers and enhance the quality of the
reinforced concrete structures. Figure 57.13a shows
a reinforcement production robot and Fig. 57.13b shows
a teleoperated rebar placing robot.

57.3.3 Concrete Distribution

Concrete distribution systems are used to distribute
mixed concrete with uniform quality over large sur-
faces or over formwork systems. Concrete distribution
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a) b)

Fig. 57.14 (a) Takenaka Corp. Automatic Concrete Distributor DB Robo; (b) Tokyu Concrete Distribution Robots

covers the continuous supply with concrete (pumps,
hoses), a system which slides in a certain pattern over
the area where the concrete has to be distributed and
a concrete ejection system. Systems can be operated
manually, tele-operated and sometimes sensor-guided

a)

b)

Fig. 57.16 (a) Programmable, articulated-boom machine for the pumped delivery of fresh concrete (after [57.50]) and
(b) teleoperated concrete spraying robot (courtesy MEYCO Equipment)

Fig. 57.15 Concrete slipform road paving machine (cour-
tesy GOMACO Corp.) J

or fully automatic. Depending on the surface where
the concrete needs to be distributed, concrete distri-
bution systems can be truck mounted, stationary or
mobile. In Fig. 57.14a, a track mounted automatic
concrete distributor robot (DB Robo) can be seen. In
Fig. 57.14b a mobile concrete distributor system can be
seen, which due to its wheel-based platform, enables
an enhanced operating range. Figures 57.15 and 57.16
show other examples of automated concrete distribution
systems.

57.3.4 Robots for Customized Construction
On-Site

Several masonry-wall erecting robots have been devel-
oped to-date. Examples of these are the SMAS in Japan
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and the ROCCO robot at the University of Stuttgart.
Many of these systems are still in the prototype stage.
The basic concepts that these systems have in common
are as follows:

� Autonomous mobility on the construction site� Sensor systems determine the robot’s position and
orientation in its environment� Automatic pick up of the bricks from the pallets� Automatic application of mortar� Automatic positioning of the bricks.

ROCCO is a Robot Construction System [57.51,
52], for Computer Integrated Construction (CIC). Sev-
eral companies and institutes participated in this EU
funded project in an inter-disciplinary and international
approach with experts in the fields of construction
technology, mechanical and electrical engineering and
information technology from Germany, Spain and Bel-
gium. The goal of the project was the development of
a computer integrated robot system, which also contains
a continuous solution in the ICT (Information Commu-
nication Technology) for all steps from the architectural
design to the automated assembly of the components on
the construction site.

The main emphasis of the project lies on the real-
ization of a mobile robot system for construction site
operation as well as on the integration of a computer
based system for work preparation and quality control.
In the work preparation phase the necessary data is gen-
erated for the pre-fabrication and customization of the
masonry blocks, for the construction site layout and for
the automatic robot program generation.

Based on the CAD-representation of the building,
first the walls are divided automatically into the nec-
essary blocks. In the next step the optimal working

a) b)

Fig. 57.17 (a) Robot for residential buildings; (b) robot for indus-
trial use with long reach manipulator

positions of the mobile robot as well as the positions
of the pallets and the arrangement of the blocks on the
pallets are automatically calculated. With this informa-
tion the necessary non-standard and standard blocks can
be produced and palletized. Finally the robot programs
are generated automatically out of the calculated geom-
etry information. The user interface on the construction
site is graphically interactive and enables the user to
partially re-program the generated robot programs to
deal with the uncertainties of the construction process
without the need to learn a specific robot programming
language.

To test different approaches based on the construc-
tion application (residential buildings vs. industrial) and
the sensor integration (autonomous vehicle vs. long
reach), two systems were developed within the project.
The first one, for residential buildings, has a reach of
4:5m and it is able to handle up to 400 kg. This robot
is placed over an autonomous vehicle that allows the
movement on the construction site, Fig. 57.17a. Its main
task is the erection of walls in residential buildings.
The second one is able to handle up to 1000kg with
a reach of 8:5m. This robot, Fig. 57.17b, is placed over
a towable platform and its main task is the erection of
external walls in industrial buildings with typical height
of up to 8m and standardized layout.

57.3.5 Robotic Interior Finishing

Interior finishing work is work conducted inside a struc-
ture (e.g., an office building) to complete construction
of the space within the structure (e.g., painting and
false ceiling and gypsum board installation). Due to
the confined nature of interior finishing work traditional
material handling equipment (such as cranes) cannot be
used. The following four systems are examples of inte-
rior finishing robots:

� The Shimizu CFR 1 (Fig. 57.18a) could be manu-
ally and tele-operated and allowed the installation of
suspended ceiling panels to a height of up to 3:5m.
The robot’s compliant gripper mechanism was able
to finely adjust the positions of the panels.� The Tokyu ceiling panel installation robot (Fig.
57.18b) could position and adjust the panels and
also fire nails into the panels to fasten them to the
underlying ceiling system.� Two variants (Fig. 57.18c,d) of interior finishing
modular mobile robot, developed in Technical Uni-
versity of Munich.� The Komatsu Mighty Hand LH (Fig. 57.18e) could
position and adjust interior wall panels, glass pan-
els, door frames, window casings and the outside
walls (up to 350 kg) with high accuracy.
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a) b)

c) d) e)

Fig. 57.18 (a) Shimizu CFR 1 – Interior finishing robot; (b) the Tokyu ceiling panel installation robot; (c) BR2 TU
Munich – modular ceiling drilling robot system type 1; (d) BR2 TU Munich – modular ceiling drilling robot system
type 2; (e) Kajima interior wall setting – KOMATSU LH 150

Concrete Finishing
Floor finishing is one of the most critical construction
processes in which construction workers carry or guide
trowels over an unfinished, wet concrete floor for sev-
eral hours in a stooped posture. In order to reduce these
physical demands on the workers and to ensure a more
uniform finish quality, various companies developed
and employed concepts for robots that can perform
the concrete-leveling task: the Flat-Kun by Shimizu
(800m2=h), the Kote King by Kajima (500m2=h), the
Surfing Robo by Takenaka (300m2=h), the Obayashi
made by Mitsubishi (500m2=h) and the Floor Travel-
ing Robot MHE by Hazama (300m2=h). Each of these
single task construction robots was able to operate on
a floor where it was set up into any desired direction
(e.g., not only move backwards and forwards and turn-
ing but also able to rotate 360ı in place).

The finishing mechanism consisted, in most cases,
of automatically controlled and operated rotating trow-
els. The degree of autonomy ranged from systems with
human-machine interfaces for tele-operation to systems
that could generate motions themselves and to pre-

programming of paths for the robot to follow. In many
cases gyroscopes and rotating laser levels assisted nav-
igation and motion planning at a low level. After an
intensive research and development phase that lasted
until 1985, the first concrete finishing robots where de-
ployed commercially to finish concrete floors in office
buildings, factories, warehouses and shopping centers.
The use of the robot systems became efficient once
a floor plan allowed for a working area that could be
processed without interruption of more than 500 to
600m2. Examples of commercial systems are depicted
below in Fig. 57.19.

Tile Placement
The exterior of many buildings are sometimes finished
with weather-resistant tiles. In Japan single-family
buildings, factories, offices and high-rise buildings are
often finished with tiles. Tiles are relatively small build-
ing elements compared to the total surface area of
a building and thus a very large number of tiles have
to be installed using the same, repetitive process, which
involves applying mortar and positioning the tiles on
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a)

d)

b) c)

Fig. 57.19 (a) Hazama robot; (b) Kajima Kote King robot; (c) Tak-
enaka Surf Robo; (d) auto-leveling concrete screed machine (cour-
tesy Somero Enterprises, Inc.)

a) b)

Fig.57.20a,b Hazama tile setting robot; (a) robot upon operation;
(b) finished tile setting

top of the mortar. This and the fact that building fa-
cades are generally difficult to access make the use
of automated systems feasible. Hazama’s tile-setting
robot (Fig. 57.20) also showed that accuracy could be
enhanced and that the laying of patterns could be ac-

a) b) c)

Fig.57.23a–c Facade painting robots. (a) Shimizu; (b) Kajima; (c) Taisei

Fig.57.21a,b Shimizu fireproof coating robots

a) b)

Fig. 57.22 Concrete panel installation robot (courtesy of
Fujita Research)

complished without dramatically increasing construc-
tion time.

Fireproof Coating
In many countries building regulations require that
steel structures be coated with fire proof materials
and/or a fire-retarding paint. The application of the
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a) b) c) Fig.57.24a–c Kajima facade
inspection robot (a,b);
Comatec Robosoft glass
cleaning robot (c)

a) b)

c)

e) f)

d)

Fig.57.25a–f Earthmoving:
(a) Teleoperated excavation
system (courtesy Fujita
Research); (b) computer
assisted road compacting
system (after [57.53]);
(c) automated grading
system (courtesy Caterpillar,
Inc.); (d) automated drag line
control system (after [57.54]);
(e) autonomous excavator
robot (after [57.55]); (f) auto-
nomous off-road dump truck
(after [57.56])

fire-roof coating and paint can only be done af-
ter the steel structure has been erected and joined
on site (e.g., by welding) in order not to inter-
fere with the joining process and in order to avoid
any damage to the fire-proof coating. Therefore, it
is not possible to shift the coating operations to
upstream production steps that can be performed

in structured factory environments where high effi-
ciency can be achieved. Due to seismic considera-
tions, most high-rise construction involves the use of
steel structures and thus, the development and em-
ployment of automated and robotic systems that are
able to apply the fire-proof coatings after the struc-
ture is erected took place in Japan. Robots devel-
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oped by Shimizu (Fig. 57.21) and others were mostly
autonomous.

57.3.6 Robotic Facade Operation

Facade operations involve the installation of windows,
complete facade elements or building exterior walls.
Facade elements are, in modern architecture and es-
pecially in high-rise construction, decoupled from the
main load-bearing concrete or steel structure and can
thus be considered as a type of add-ons. Facade instal-
lation operations are complex operations that involve
the accurate positioning of heavy parts or elements at
locations that are difficult to access (e.g., high eleva-
tions without scaffolding). This involves risk of injury
(and thus extensive safety measures must be taken)
and of damaging the building or the elements them-
selves. Furthermore, the positioning and alignment of
prefabricated facade elements requires precision and
low tolerances. A widespread trend (since the 1980s)
of designing large buildings as monolithic structures
that repeat the same or similar facade elements, has
been a major motivation for investment in automated
or robotic systems. Figure 57.22 shows an example of
a tele-operated façade installation robot.

Painting
Facade-painting robots were developed to simplify the
painting or re-painting of high-rise buildings during
construction and operation. Facade painting robots have
a particular advantage in that they can keep the paint fin-
ish quality constant. They usually have multiple spray
nozzles and the spray area is either encapsulated or
hermetically sealed in order to avoid streaking. A fur-
ther advantage of facade painting robots is the fact that
workers are not exposed to harmful paint fumes and
vapours. Single task, facade-painting robots use one of
the following three different strategies to move along
the facade:

� Cable-suspended cage/gondola systems� Rail guided systems� Vacuum or other adhesion technology.

The use of façade-painting robots was not con-
sidered efficient for facades with an area < 2000m2.
Facade-painting robots were thus used primarily to
paint large facades of warehouses and skyscrapers. Fa-
cades to be processed were required to have a low
curvature and wherever possible no corners or lugs
which can hinder the operation of the robot. Further,
the design of window frames as well as the num-
ber of windows and the area they cover impact the
feasibility and efficiency of facade-painting robots. Be-
tween 1984 and 1988 various companies introduced

facade-painting robots. Shimizu and Kajima Corpo-
rations of Japan both applied the principle of the
suspended cage or gondola (Fig. 57.23a,b, respec-
tively). The Taisei Corporation of Japan used a rail-
guided system and combined it with the gondola ap-
proach for their robot (Fig. 57.23c). The fastest of
the systems (Kajima’s robot) worked with a speed of
290m2=h during the application of the primer paint,
200m2=h for the base coat and 290m2=h for the top
coat.

a)

b)

c)

Fig.57.26a–c Road maintenance: (a) Teleoperated pothole
patching robot (courtesy Leeboy); (b) semi-autonomous
road crack sealing robot (after [57.57]); (c) semi-
autonomous road crack sealing robot (after [57.58])
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a) b) c)

Fig.57.27a–c Material handling: (a) six degree of freedom robotic crane (after [57.59]); (b) large scale pipe manipulator; (c) large
manipulator system (courtesy of Shimizu Corp.)

Robotized Inspection and Maintenance
Facades of high-rise buildings are in many cases
equipped with tiles or other surface panels that have to
be inspected regularly during the building’s life-cycle in
order to detect structural damage and in order to replace
tiles or panels that might fall from the facade. Typically,
workers access those tiles or panels via cages or gondo-
las suspended from the roof of the buildings. This work
process was considered by Japanese construction firms
as monotonous, inefficient and dangerous. Further,
since the method for identifying damaged tiles or pan-
els involves listening to the sound a tile or panel makes
when gently impacted by a handheld tool, the sounds
were difficult to classify at high elevations due to wind
noise. Therefore, with substantial financial commit-
ment, autonomous facade-inspection and maintenance
robots were developed. Between 1985 and 1988, six
different facade-inspection robots were developed in
Japan by the Kajima, Takenaka, Obayashi, Taisei, Tam-
agawa and Seki Corporations. For the inspection of the
facade of a 40m high building (3000m2 facade) an in-
spection robot needed in average 8 h including
1 h for
task as preparation, configuration, conversions, disman-
tling and cleaning of the robot (Fig. 57.24a,b).

Today robotic systems are not only developed for
the construction of buildings but also for the opera-
tion, maintenance and decommissioning of buildings
and other construction products. These types of ser-
vice robots were developed for the construction sector
for inspection of nuclear power plants, exterior walls of

high-rise buildings and cleaning of high-rise facades or
glass roofs (Fig. 57.24c).

57.3.7 Earthmoving

Earthmoving is a construction process for prepar-
ing project sites for construction by digging, grading,
trenching, scraping and other similar tasks. There have
been significant developments in many earthmoving ar-
eas and certain tasks (such as grading) can now be
completely automated. Figure 57.25 shows several ex-
amples of automated earthmoving equipment some of
which were still in the research and development phase
while other are already commercial products.

57.3.8 Road Maintenance

Figure 57.26 shows three examples of machines that
perform pothole repairs and crack sealing on road with
various degrees of automation. Figure 57.26a is a com-
mercial product while the other two machines were
research projects undertaken by departments of trans-
portation in the US.

57.3.9 Material Handling

The transport and handling of materials is a critical ac-
tivity at most construction sites. Figure 57.27 shows
examples of material handling robots developed under
different research efforts.

57.4 Integrated Robotized Construction Sites

The first prototypes for mainly automated high-rise
construction sites were put into operation in 1990 and
1991 by Shimizu (Fig. 57.28) after five years in devel-
opment and a financial outlay of almost sixteen million
Euros. Since then, twenty automated high-rise sites
have been implemented by different companies (Taisei,
Takenaka, Kajima, Maeda, and Kumagai) [57.60, 61].

57.4.1 Robotic Roof Field Factory Approach

An integrated robotized construction site involves the
use of semi- and fully-automated storage, transport
and assembly equipment and/or robots that are used to
erect a building almost completely automatically. It is
an attempt to improve the sequencing of construction
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a) b) Fig. 57.28 (a) Robotic trolleys for
transporting and positioning of beams,
columns, floor panels, building
services units and facades, in Shimizu
SMART system; (b) SMART roof
field factory view

a) b) c) Fig.57.29a–c Obayashi ABCS
(a) early construction phase; (b) inter-
mediate construction phase; (c) final
construction phase

processes and construction site management by using
real-time control. This includes an unbroken flow of in-
formation from the planning and design phase through
programming the on-site robots and controlling and
monitoring the construction operations.

The robotic roof field factory approach is typically
implemented once the building foundations have been
laid. The production equipment, on which the steel con-

a) b)

Fig.57.30a,b The AMURADConstruction Strategy: floor-wise up-
pushing of the whole building. Kajima, Japan (a) early construction
phase; (b) later construction phase

struction has been installed with assembly and transport
robots, is then covered completely with a roof made of
plastic film. Depending on the roof system used, this
process takes from three to six weeks after which the
robots go into production. Due to the lack of space
around building sites in Japan, steel and concrete plants
are also often installed to supply parts in 10min cycles
on a just-in-time basis.

Prefabricated parts are checked and then placed in
specific depots at the foot of the building or in the
building itself where they are readily accessible by the
robots. This is where the automated construction pro-
cess actually starts. As many as 22 robots equipped with
automatic crane winches deliver the columns, supports,
floors, ceilings, walls and other elements to the floor
of the steel skeleton under construction. These compo-
nents are then positioned and fixed into place almost
completely automatically. The steel columns and sup-
ports are joined together by welding robots after they
have been positioned. The position and quality of the
welding seams are monitored with lasers.

In the Obayashi ACBS (Automatic Constructions
Building System) (Fig. 57.29 and in VIDEO 272 ),
once a storey has been finished, the whole support struc-
ture, which rests on four columns, is pushed upwards
by hydraulic presses to the next storey over a 1:5 h pe-
riod. Fully extended, the support structure is 25m high;
retracted it measures 4:5m. Once everything has been

http://handbookofrobotics.org/view-chapter/57/videodetails/272
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moved up, work starts on the next storey. By construct-
ing the topmost storey of the high-rise building as the
roof at the beginning of the building process, the site
is closed off in all directions, considerably reducing the
effect of the weather and any damage it might cause.

57.4.2 Robotic Field Factory on-Ground
Approach

The Amurad-system (Fig. 57.30), developed by the Ka-
jima Corporation, is a way of construction based on the
idea of after the first floor is built (which is the top
floor), it is pushed up one floor at a time with the aid
of large hydraulic cylinders. The plumbing, electrical
and mechanical equipment and the interior fittings and
cladding of the facade then begin. This process is re-
peated until the building is completed, where the last
floor to be built becomes the ground floor. In order to
realize the AMURAD System three automated systems
were developed for pushing up the whole building, for
transporting and assembling and for material handling.

57.4.3 Robotic Deconstruction and Robotic
Recycling

Controlled deconstruction supported by robotic sys-
tems can be combined with component reuse systems
since some elements such as structural steel have long
life spans, and total recycling (i. e., scrapping, melt-
ing and recasting) consumes large amounts of energy.
In a component reuse system all structural building
components are accepted as trade-ins. Therefore, the
deconstruction process comprises a reversed version of
the construction process, which if it is based on industri-
alized fabrication, all deconstructed parts and elements
could be directly reintroduced into the fabrication sys-
tems. The DARUMA system by Kajima Corporation
(Fig. 57.31) enables such a controlled deconstruction
process. Deconstructed structural steel elements are
transported to special dismantling factories just-in-time

a) b)

Fig. 57.32 (a) Teleoperated
demolition robot (courtesy
Brokk AB); (b) water-jet
demolition robot (courtesy
Conjet AB)

a) b)

Fig.57.31a,b Systemic and automated floor-by-floor building de-
construction, Kajima, DARUMA System, Japan (a) early decon-
struction phase; (b) later deconstruction phase

and just-in-sequence, where the old joints and finishes
can be dismantled under factory conditions and fed
into advanced reuse cycles. Modularized and standard-
ized structural units can be inspected and renewed and
then equipped with new finishes according to each
customer’s needs. Component Reuse systems could be
connected to Advanced Construction ERP Systems and
companies could match customers who want to sell
their modular building for reuse and customers willing
to buy reused building modules for further customiza-
tion. Renewed building components are reorganized
and customized in the factory and transported to other
building sites. A combined system of controlled decon-
struction and component reuse saves large amounts of
materials and energy.

By adopting integrated industrialization processes
the construction industry would have the chance to
address all parameters relevant for sustainable eco-
nomic, environmental and social development. In-
novative industrialization-oriented architectural design
structures, appropriate modularization and standardiza-
tion of building structures, logistics, equipment and



Part
F
|57.5

1514 Part F Robots at Work

processes, could serve as a fundamental integration
framework. Customized prefabrication could further be
able to supply construction sites with individualized el-
ements. Hyper-flexible robotic systems could support
a limited amount of trained workers to perform posi-
tioning, joining and finishing operations. Construction
ERP systems could support organization as well as
a lean and demand oriented construction based on just-
in-time and just-in-sequence resource supply mean-

while locally based factories grant identity and reduced
logistic effort. Moreover integrated industrialization
would not only be limited to the fabrication but also link
systems of controlled deconstruction and component
reuse to a network for continuous resource circulation.

In addition to fully automated deconstruction sys-
tems, a number of teleoperated demolition robots have
been widely adopted in the construction industry. Two
examples of these are shown in Fig. 57.32.

57.5 Currently Unsolved Technical Problems

A recent study found that the US construction in-
dustry does not realize approximately 15 billion US
dollars per year in potential savings due to inadequate
interoperability related to information exchange and
management practices [57.62].

57.5.1 Interoperability

Although the lack of interoperability between the vari-
ous information systems used in construction is a sig-
nificant source of inefficiency for the industry, it is
also a roadblock to the use of automated systems in
construction. Automated systems need electronic infor-
mation on past, current, and/or projected future states
of a construction project to function efficiently.

For example, in order for a robotic crane to pick
a steel beam from the site and deliver it to its target loca-
tion, the robot must be able to know that the steel beam
has been delivered to the site, as well as its current po-
sition and orientation. While information on the current
inventory of parts on a site may be available on paper,
it is rarely available electronically unless someone en-
ters it manually into some computer system, which in
turn may not be compatible with other systems used
in that project. In many of the examples of automated
construction technologies presented in this chapter, cus-
tom electronic databases and/or data formats have to be
devised to demonstrate the robot’s operation. In some
cases, the electronic information had to be entered man-
ually from paper into a computer for the robot to work
correctly.

In addition to information exchange and manage-
ment, many of the measurement instruments and sen-
sors used in construction are not interoperable. This
problem is not limited to the construction sector but
is a relatively large problem in many robotic appli-
cations where different types of sensors are used.
Several efforts are underway to make sensors inter-
operable [57.63] and construction equipment in gen-
eral [57.64], but the issues have yet to be resolved.

57.5.2 Structural Connection Systems

Traditionally, structural member connections in con-
struction have been designed for human installation.
Whether using bolted, welded, or other types of con-
nections, manual labor is usually involved in guiding
the mating parts together and in establishing the con-
nection.

For example, in structural steel erection, workers
perched on the structure typically guide a crane opera-
tor through visual or auditory cues in order to maneuver
a steel beam (or column) into place. The workers must
then physically manipulate the beam in order to align
corresponding surfaces for bolting or welding. Once the
correct beam pose has been achieved, it must be main-
tained while the workers temporarily fasten the beam to
the structure. The workers then release the beam from
the crane and permanently fasten the beam to the struc-
ture at a later stage.

For automated (or robotic) construction to work,
new connections that are more amenable to automation

Fig. 57.33 A drop-in, shear-load-only, steel connection
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a) b) Fig.57.34a,b A piping and electrical
drop-in connector shown (a) disas-
sembled and (b) assembled

must be designed. These connections need not mimic
traditional, human-installed connections, but should
be optimized for use with robots instead. For exam-
ple, the Lehigh University Advanced Technology for
Large Structural Systems (ATLSS) Center designed
a gravity-load-only shear steel connector [57.65] back
in the early 1990s that is more suitable for automated
construction (Fig. 57.33). This type of male–female
connector for automatic assembly of building mod-
ules allows, together with an adequate control strategy,
small tolerances, which permit assembly by automatic
cranes [57.66].

An example of a nonstructural connector that is
more amenable to automation is the piping and elec-
trical connector developed for the FutureHome project,
shown in Fig. 57.34 [57.21, 67].

Although automated welding has been applied in
some limited form in construction, it is generally used
to replace manual welding without changing the design
of the parts being welded. In other words, no significant
change in the way in which construction components
are designed has occurred as a result of automated
welding. Moreover, apart from a few examples of au-
tomated welding applied at the construction site, most
of the other limited applications are done at the compo-
nent fabrication facility.

57.5.3 Tolerances

Specifications for tolerances in the construction sector
exist for most types of construction, however, they are
not always achieved in practice [57.68]. For example,
it has been stated that one of the biggest sources of
problems in structural steel erection in the US is that
fabricated pieces are often out of tolerance, and that this
is only discovered during installation at the construc-
tion site [57.69]. However, since the finished facility
must meet the design tolerances before it is accepted,
this shifts the burden to workers and supervisors during
construction. The workers are expected to handle prob-
lems as they come up rather than expect all fabricated
construction components to be within tolerance. Since
most construction projects are under tight schedules, it
is often preferable to fix these kinds of problems on site

rather than wait for replacement components to be fab-
ricated and delivered.

However, tolerance problems are not all due to
fabrication errors. Installation problems are also re-
sponsible for out-of-tolerance problems, for example,
anchor rod installation has been an area of concern for
structural steel erection. (Anchor rods (or bolts) are the
connection interface between the concrete foundation
and the structural steel columns. The rods are usually
installed by the concrete foundation crew before the
concrete is dry.) The situation of anchor rod patterns
that do not match the hole patterns in a mating column
is an identified problem in construction [57.26, 70].

Given the relatively loose achievable tolerances in
construction, the application of robotics in construc-
tion faces an uphill battle. This, in addition to the
unstructured nature of the construction site environ-
ment, requires that robots either be highly intelligent in
order to correctly interpret and react to their surround-
ings or to be human assisted. However, site structure
and tolerances are expected to improve as pressures to
reduce costs and improve productivity continue to rise.
Improvements in site organization and construction tol-
erances have already been proved to be achievable in
a few cases, as has been demonstrated in Japan [57.71].
However, the economic case for these demonstration
projects has yet to be made.

57.5.4 Power and Communications
in the Field

Unlike manufacturing environments, in which spe-
cially designed factories are outfitted with the necessary
power and communications installations, a construction
project often begins before such resources have been in-
stalled at the site. Therefore, robots with large power
requirements that need to communicate with supervi-
sory systems located off site would be challenging to
implement without significant added cost.

Although communications technologies have ad-
vanced significantly in the last few decades, it is still
considered difficult to maintain a reliable local-area
network at a construction site and to connect that net-
work to the Internet. The use of cellular telephones
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with a press-to-talk (the digital version of the tradi-
tional two-way radio communication method) feature
has largely replaced the traditional two-way radios
that also revolutionized on-site construction commu-
nications. However, in order for construction sites
to become more automated, reliable interference-free
high-bandwidth networks must be able to carry data
transmission between sensors, machines, and supervi-
sory systems.

57.5.5 Sensing

Field measurements are an integral part of the construc-
tion process. The tape measure and the transit have
been used in construction for decades for measuring
distances and angles, respectively. However, construc-
tion measurements are not limited to distances and
angles, but can also include measurements of installed
quantities, percentages of completion of activities, and
so on. All of these measurements are necessary to be
able to lay out the site where a facility is to be built,

to measure the conformance of the as-built facility to
the intended design, and to monitor safety, productivity,
and progress.

In the past few decades, more advanced means
of making measurements on construction sites have
come into play. These include (but are not limited
to) total stations, GPS, indoor GPS, ultra-wide band,
laser scanners, ground-penetrating radar, equipment
and structural health monitoring sensors, concrete ma-
turity meters and radio frequency identification [57.72–
84]. These technologies, as well as others that have
not yet been adopted in the construction industry, are
crucial for enabling more automation and robotics in
construction. Nevertheless, despite all of these advances
in technology, one of the biggest challenges for im-
plementing robotics at the construction site is to be
able to provide accurate and up-to-date information to
the robots about where everything is and what other
equipment are doing. This challenge will eventually be
solved by the introduction of more sophisticated sens-
ing and perception systems.

57.6 Future Directions
As previously discussed, developing new methods for
collecting, processing, analyzing, and communicating
construction information is a significant area of con-
struction automation research, and will dominate near-
term efforts. As this construction information becomes
more readily accessible, automation of processes can be
enabled directly from the combination of design infor-
mation and current site status that is accurately captured
and shared. Resource tracking will become ubiquitous
and just-in-time delivery of needed materials and equip-
ment will happen throughout the site.

Advances in mobility (humanoid robotics, smart
cars, legged locomotion, etc.) will enable ever more

automated material handling on the job site. These
advances will require better control systems for the con-
struction robots that can provide high payload and good
positioning accuracy. The increased use of robots at
the construction site will also drive research into safety
systems for construction robots working around human
workers and other machines.

Perhaps most important, more extensive automatic
design systems will enable more prefabrication of
building components and new methods of assembling
those components on site, which in turn will provide
the promise of faster, better, and cheaper construction
robotics first envisioned in the 1980s.

57.7 Conclusions and Further Reading

The application of robotics to construction has yet to
catch up with other industries such as automobile man-
ufacturing. Construction presents a unique challenge
for robotic applications. The construction environment
is cluttered, unstructured, and teaming with human
workers. In addition, construction processes are usually
labor intensive and have to accommodate wide mar-
gins of error in the constructed facility. The application
of robotics in construction to date has been limited
to commercial teleoperated and programmable ma-
chines. Autonomous or semiautonomous machines are
currently mostly limited to research projects within var-

ious nonconstruction organizations. With the increase
in competition throughout the global construction mar-
ket, construction companies are on the lookout for ways
to improve productivity, quality, and safety. The use of
automation and robotics is one answer that the industry
is slowly turning toward. However, before these poten-
tial solutions can be successfully applied, much work
is needed to improve construction tolerances, develop
standards, and achieve real-time site status monitoring.

The International Association for Automation and
Robotics in Construction holds an annual confer-
ence (the International Symposium on Automation and
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Robotics in Construction) at which researchers can
present the latest developments in the field. The pro-
ceedings from this conference hold a wealth of informa-
tion on the state of the art of the field and are accessible
to the general public through IAARC’s website (www.
iaarc.org).

There are several journals that publish articles
on various aspects of automation in construction.

Most notable of these are Automation in Construction,
Computer-Aided Civil and Infrastructure Engineering,
the Journal of Computing in Civil Engineering, and
the Journal of Construction Engineering and Man-
agement. In addition, some journals publish special
editions on robotics in construction. Some examples
are Autonomous Robots and the Journal of Advanced
Robotic Systems.

Video-References

VIDEO 272 Obayashi ACBS (Automatic Constructions Building System)
available from http://handbookofrobotics.org/view-chapter/57/videodetails/272

References

57.1 E. Ginzberg: The mechanization of work, Sci. Am.
247(3), 66–75 (1982)

57.2 US Census Bureau: Value of Construction Put in
Place – Seasonally Adjusted Annual Rate (U.S.
Census Bureau, Washington DC 2012), http://www.
census.gov/

57.3 Bureau of Labor Statistics: Industries at a Glance:
Construction: NAICS 23 (US Department of La-
bor, Washington DC 2012), http://www.bls.
gov/iag/tgs/iag23.htm

57.4 US Census Bureau: Statistics of U.S. Businesses (U.S.
Census Bureau, Washington DC 2012), http://www.
census.gov/csd/susb/

57.5 European Commission: Eurostat Regional Yearbook
2012 (Publications Office of the European Union,
Luxembourg 2012), http://ec.europa.eu/eurostat/
web/products-statistical-books/-/KS-HA-12-001

57.6 Statistics Bureau, Ministry of Internal Affairs and
Communications: Statistical Handbook of Japan
(Statistics Bureau, Tokyo 2012), http://www.stat.go.
jp/english/data/handbook/index.htm

57.7 National Bureau of Statistics of China: The Re-
sults of Preliminary Verified GDP for the First
Three Quarters in 2012 (National Bureau of Statis-
tics of China, Beijing 2012) http://www.stats.gov.cn/
english/pressrelease/201211/t20121102_72217.html

57.8 National Bureau of Statistics of China: China
Statistical Yearbook (China Statistics Press, Bei-
jing 2012), http://www.stats.gov.cn/tjsj/ndsj/2012/
indexeh.htm

57.9 D. Crosthwaite: The global construction market:
A cross-sectional analysis, Constr. Manag. Econ.
18(5), 619–627 (2000)

57.10 D.W. Halpin, R.W. Woodhead: Construction Man-
agement, 2nd edn. (Wiley, New York 1998)

57.11 K.S. Saidi: Possible Applications of Handheld Com-
puters to Quantity Surveying, Dissertation (Univ.
Texas, Austin 2002)

57.12 T. Greaves, B. Jenkins: Capturing Existing Con-
ditions with Terrestrial Laser Scanning: A Report
on Opportunities, Challenges and Best Practices

for Owners, Operators, Engineering/Construction
Contractors and Surveyors of Built Assets and
Civil Infrastructure (Spar Point Research, Danvers
2004)

57.13 J.G. Everett, A.H. Slocum: Automation and robotics
opportunities – Construction versus manufactur-
ing, J. Constr. Eng. Manag. ASCE 120(2), 443–451
(1994)

57.14 L.A. Demsetz: Task identification for construction
automation, 6th Int. Symp. Autom. Robotics Constr.
(1989) pp. 95–102

57.15 R. Kangari, D.W. Halpin: Potential robotics utiliza-
tion in construction, J. Constr. Eng. Manag. 115(1),
126–143 (1989)

57.16 R.L. Tucker: High payoff areas for automation ap-
plications, 6th Int. Symp. Autom. Robotics Constr.
(1988) pp. 9–16

57.17 L. Cousineau, N. Miura: Construction Robots: The
Search for New Building Technology in Japan (ASCE,
Reston 1998)

57.18 J.G. Everett, H. Saito: Construction automation:
Demands and satisfiers in the United States and
Japan, J. Constr. Eng. Manag. ASCE 122(2), 147–151
(1996)

57.19 M. Taylor, S. Wamuziri, I. Smith: Automated con-
struction in Japan, Proc. ICE Civil Eng. 156(1), 34–41
(2003)

57.20 J. Maeda: Current research and development and
approach to future automated construction in
Japan, Proc. Constr. Res. Congr. (2005) p. 2403

57.21 C. Balaguer, M. Abderrahim, J.M. Navarro, S. Boud-
jabeur, P. Aromaa, K. Kahkonen, S. Slavenburg,
D. Seward, T. Bock, R. Wing, B. Atkin: FutureHome:
An integrated construction automation approach,
IEEE Robotics Autom. Mag. 9(1), 55–66 (2002)

57.22 Y. Maruyama, Y. Iwase, K. Koga, J. Yagi, H. Takada,
N. Sunaga, S. Nishigaki, T. Ito, K. Tamaki: De-
velopment of virtual and real-field construc-
tion management systems in innovative, intelli-
gent field factory, Autom. Constr. 9(5/6), 503–514
(2000)

www.iaarc.org
www.iaarc.org
http://handbookofrobotics.org/view-chapter/57/videodetails/272
http://handbookofrobotics.org/view-chapter/57/videodetails/272
http://www.census.gov/
http://www.census.gov/
http://www.bls
http://www.census.gov/csd/susb/
http://www.census.gov/csd/susb/
http://ec.europa.eu/eurostat/web/products-statistical-books/-/KS-HA-12-001
http://ec.europa.eu/eurostat/web/products-statistical-books/-/KS-HA-12-001
http://www.stat.go.jp/english/data/handbook/index.htm
http://www.stat.go.jp/english/data/handbook/index.htm
http://www.stats.gov.cn/english/pressrelease/201211/t20121102_72217.html
http://www.stats.gov.cn/english/pressrelease/201211/t20121102_72217.html
http://www.stats.gov.cn/tjsj/ndsj/2012/indexeh.htm
http://www.stats.gov.cn/tjsj/ndsj/2012/indexeh.htm


Part
F
|57

1518 Part F Robots at Work

57.23 C. Balaguer: Soft robotics concept in construction
industry, World Autom. Congr. (2004) pp. 517–522

57.24 K.A. Reed: The role of the CIMSteel integration
standards in automating the erection and survey-
ing of structural steelwork, 19th Int. Symp. Autom.
Robotics Constr. SP989 (NIST, Gaithersburg 2002)

57.25 N.J. Shih: The application of a 3-D scanner in the
representation of building construction site, ISARC
2002: 19th Int. Symp. Autom. Robotics Constr. (2002)
pp. 337–342

57.26 B. Akinci, F. Boukamp, C. Gordon, D. Huber, C. Lyons,
K. Park: A formalism for utilization of sensor sys-
tems and integrated project models for active con-
struction quality control, Autom. Constr. 15(2), 124–
138 (2006)

57.27 G.S. Cheok, W.C. Stone: Non-intrusive scan-
ning technology for construction assessment,
IAARC/IFAC/IEEE. Int. Symp. (1999) pp. 645–650

57.28 K. McKinney, M. Fischer: Generating, evaluating
and visualizing construction schedules with CAD
tools, Autom. Constr. 7(6), 433–447 (1998)

57.29 B. Akinci, M. Fischer, J. Kunz: Automated gen-
eration of work spaces required by construction
activities, J. Constr. Eng. Manag. ASCE 128(4), 306–
315 (2002)

57.30 V. Kamat, R. Lipman: Evaluation of standard prod-
uct models for supporting automated erection of
structural steelwork, Autom. Constr. 16(2), 232–241
(2006)

57.31 C.M. Eastman: Building Product Models (CRC, Boca
Raton 1999)

57.32 T. Bock, A. Malone: The Integrated Project
ManuBuild of the EU, ISARC 2006 23rd Int. Symp.
Autom. Robotics Constr. (2006) pp. 361–364

57.33 G. Aouad, J. Kirkham, P. Brandon, F. Brown,
G. Cooper, S. Ford, R. Oxman, M. Sarshar, B. Young:
Information modeling in the construction indus-
try – The information engineering approach, Con-
str. Manag. Econ. 11(5), 384–397 (1993)

57.34 G. Beer: Tunconstruct: A new european initiative,
T&T Int. FEV (2006) pp. 21–23

57.35 H.M. Huang: Autonomy Levels for Unmanned Sys-
tems (ALFUS) Framework Volume I: Terminology
Version 2.0, NIST Special Publication 1011-I-2.0
(NIST, Gaithersburg 2008), http://www.nist.gov/el/
isd/ks/upload/NISTSP_1011-I-2-0.pdf

57.36 Y.F. Ho, H. Masuda, H. Oda, L.W. Stark: Dis-
tributed control for tele-operations, IEEE/ASME
Trans. Mechatron. 5(2), 100–109 (2000)

57.37 S. Singh: State of the art in automation of earth-
moving, ASCE J. Aerosp. Eng. 10(4), 179–188 (2002)

57.38 H. Quang, M. Santos, N. Quang, D. Rye, H. Durrant-
Whyte: Robotic excavation in construction automa-
tion, IEEE Robotics Autom. Mag. 9(1), 20–28 (2002)

57.39 J. Albus, R. Bostelman, N. Dagalakis: The NIST
RoboCrane, J. Robotic Syst. 10(5), 709–724 (1993)

57.40 K.S. Saidi, A.M. Lytle, W.C. Stone, N.A. Scott: De-
velopments toward automated construction, NIST
Interagency Rep. 7264 (NIST, Gaithersburg 2005)

57.41 S.C. Kang, E. Miranda: Physics basedmodel for sim-
ulating the dynamics of tower cranes, 10th Int.
Conf. Comput. Civil Build. Eng. (ICCCBE) (2004)

57.42 Weckenmann LLC: Machinery and plant systems
for the production of precast concrete elements,
http://www.weckenmann.com/en

57.43 M. Damlund, S. Goth, P. Hasle, K. Munk: Low back
pain and early retirement among Danish semi-
skilled construction workers, Scand. J. Work, En-
viron. Health 8(1982), 100–104 (1982)

57.44 S. Schneider, P. Susi: Ergonomics and construction:
A review of potential hazards in new construction,
Am. Ind. Hyg. Assoc. J. 55, 635–649 (1994)

57.45 T. Bock: Robot Oriented Design (Shokokusha Pub-
lishing, Tokyo 1988)

57.46 T. Bock: A study on Robot-Oriented Construction
and Building System, Thesis for Doctorate of En-
gineering, Report Number 108066 (University of
Tokyo, Tokyo 1989)

57.47 T. Bock, T. Linner: Robot-Oriented Design and
Management (Cambridge Univ. Press, Cambridge
2014)

57.48 T. Bock: The Japanese approach of SMAS-solid ma-
terial assembly system and the European approach
of ROCCO-robotic assembly system for computer
integrated construction, EC-Japan Conf. (Reading
University, Reading 1995)

57.49 G. Wickström, T. Niskanen, H. Riihimäki: Strain on
the back in concrete reinforcement work, Br. J. Ind.
Med. 42(4), 233–239 (1985)

57.50 H. Benckert: Mechydronic for boom control on
truck-mounted concrete pumps, Tech. Symp. Con-
str. Equip. Technol. 2003 (2003)

57.51 F. Gebhart, G. Mayer, F. Ott, A. Barren, B. Heid,
W. Schencking, E. Andres Puente, T. Bock,
A. Delchambre: Final report of the ROCCO project,
ESPRIT III program of the European Union (1998)

57.52 T. Bock: Plenary paper: State of the art of au-
tomation and robotics in construction in Germany
ROCCO: Robotic assembly system for computer in-
tegrated construction, 13th ISARC, Int. Conf. Autom.
Robotics Constr., Tokio (1996)

57.53 F. Peyret: The Achievements of the computer in-
tegrated road construction project, 17th IAARC/CIB/
IEEE/IFAC/IFR Int. Symp. Autom. Robotics Constr. (IS-
ARC) (2000)

57.54 Commonwealth Scientific, Industrial Research Or-
ganisation: Mining Robotics Project (CSIRO, Clay-
ton South 2006), https://wiki.csiro.au/display/ASL/
Dragline+Automation

57.55 D.A. Bradley, D.W. Seward: The development, con-
trol and operation of an autonomous robotic exca-
vator, J. Intell. Robotic Syst. 21(1), 73–97 (1998)

57.56 P. Coal, C. Hughes: Project C8001: Introduction of
Autonomous Haul Trucks. Final Report (Australian
Coal Research, Brisbane 1997)

57.57 C. Haas, K. Saidi, Y. Cho, W. Fagerlund, H. Kim,
Y. Kim: Implementation of an Automated Road
Maintenance Machine (ARMM), Center for Trans-
portation Research, Project Summary Report (NIST
Interagency Rep., 7264 2005)

57.58 D.A. Bennett, X. Feng, S.A. Velinsky: AHMCT auto-
mated crack sealing program and the operator con-
trolled crack sealing machine, Transp. Res. Board
Annu. Meet. (2003)

http://www.nist.gov/el/isd/ks/upload/NISTSP_1011-I-2-0.pdf
http://www.nist.gov/el/isd/ks/upload/NISTSP_1011-I-2-0.pdf
http://www.weckenmann.com/en
https://wiki.csiro.au/display/ASL/Dragline+Automation
https://wiki.csiro.au/display/ASL/Dragline+Automation


Robotics in Construction References 1519
Part

F
|57

57.59 A.M. Lytle, K.S. Saidi: NIST research in autonomous
construction, Auton. Robots 22(3), 211–221 (2007)

57.60 T. Linner: Automated and Robotic Construction: In-
tegrated Automated Construction Sites, Dissertation
(Universität München, München 2013)

57.61 T. Bock, T. Linner: Logistics, Site Automation
and Robotics: Automated/Robotic On-site Factories
(Cambridge Univ. Press, Cambridge 2014)

57.62 M.P. Gallaher, R.E. Chapman: Cost Analysis of Inad-
equate Interoperability in the US Capital Facilities
Industry (National Institute of Standards and Tech-
nology, Gaithersburg 2004), US Dept. of Commerce,
Technology Administration

57.63 K.B. Lee, M.E. Reichardt: Open standards for home-
land security sensor networks, Instrum. Meas. Mag.
IEEE 8(5), 14–21 (2005)

57.64 E.F. Begley, M.E. Palmer, K.A. Reed: Semantic Map-
ping Between IAI ifcXML and FIATECH AEX Models for
Centrifugal Pumps (National Institute of Standards
and Technology, Gaithersburg 2005)

57.65 R. Fleischman, B.V. Viscomi, L.W. Lu: Development,
analysis and experimentation of ATLSS connections
for automated construction, Proc. 1st World Conf.
Steel Struct. (1992)

57.66 S. Garrido, M. Abderrahim, A. Gimenez, C. Balaguer:
Anti-swinging input shaping control of an auto-
matic construction crane, IEEE Trans. Autom. Sci.
Eng. 5(3), 549–557 (2007)

57.67 T. Bock: Montage und Demontage im Holzbau
mittels Schnellverschlüssen, BMBF Projektnummer:
0339835/5

57.68 J.K. Latta: Inaccuracies in Construction, Canadian
Building Digest 171 (Institute for Construction,
National Research Council Canada, Ottawa
1975), http://web.mit.edu/parmstr/Public/NRCan/
CanBldgDigests/cbd171_e.html

57.69 A.M. Lytle, K.S. Saidi (Eds.): Proceedings of the
23rd ISARC (International Association for Automa-
tion and Robotics in Construction, Tokyo 2006)

57.70 A.M. Lytle, K.S. Saidi (Eds.): Automated Steel Con-
struction Workshop 2002 (National Institute of
Standards and Technology, Gaithersburg 2004)

57.71 Y. Miyatake: SMART system: A full-scale implemen-
tation of computer integrated construction, 10th
Int. Symp. Autom. Robotics Constr. (1993)

57.72 C. Lindfors, P. Chang, W. Stone: Survey of construc-
tion metrology options for AEC industry, J. Aerosp.
Eng. 12, 58 (1999)

57.73 S. Kang, D. Tesar: A novel 6-DoF measurement tool
with indoor GPS for metrology and calibration of
modular reconfigurable robots, IEEE ICM Int. Conf.
Mechatron., Istanbul (2004)

57.74 L.E. Bernold, L. Venkatesan, S. Suvarna: Equipment
mounted multi-sensory system to locate pipes,
Pipelines 130, 112 (2004)

57.75 D.A. Willett, K.C. Mahboub, B. Rister: Accuracy
of ground-penetrating radar for pavement-layer
thickness analysis, J. Transp. Eng. 132, 96–103
(2006)

57.76 C.L. Barnes, J.F. Trottier: Effectiveness of ground
penetrating radar in predicting deck repair quan-
tities, J. Infrastruct. Syst. 10, 69 (2004)

57.77 J.A. Huisman, S.S. Hubbard, J.D. Redman, A.P. An-
nan: Measuring soil water content with ground
penetrating radar – A review, Vadose Zone J. 2(4),
476–491 (2003)

57.78 G.W. Housner, L.A. Bergman, T.K. Caughey,
A.G. Chassiakos, R.O. Claus, S.F. Masri, R.E. Skelton,
T.T. Soong, B.F. Spencer, J.T.P. Yao: Structural
control: Past, present, and future, J. Eng. Mech.
123(9), 897–971 (1997)

57.79 US Department of Transportation: Maturity Meters:
A Concrete Success, ed. by L. Pope (Federal Highway
Administration (FHWA), Washington 2002)

57.80 S.V. Ramaiah, B.F. McCullough, T. Dossey: Estimat-
ing in situ Strength of Concrete Pavements Under
Various Field Conditions (Univ. of Texas, Austin
2001), Center Transport. Res.

57.81 J. Song, C. Haas, C. Caldas, E. Ergen, B. Akinci,
C.R. Wood, J. Wadephul: Field Trials of RFID Tech-
nology for Tracking Fabricated Pipe – Phase II
(FIATECH, Austin 2003), http://www.fiatech.org/
images/stories/techprojects/project_deliverables
/SC_FieldTrialsofRFIDTechnologyfor
TrackingFabricatedPipe_PhaseII.pdf

57.82 J. Song, C.T. Haas, C. Caldas, E. Ergen, B. Ak-
inci: Automating the task of tracking the delivery
and receipt of fabricated pipe spools in industrial
projects, Autom. Constr. 15(2), 166–177 (2006)

57.83 J. Aksoy, I. Chan, K. Guidry, J. Jones, C. R. Wood:
Materials and Asset Tracking Using RFID: A Prepara-
tory Field Pilot Study (FIATECH, Austin 2004), http://
www.fiatech.org

57.84 J. Kang, P. Woods, J. Nam, C.R. Wood: Field Tests of
RFID Technology for Construction Tool Management
(FIATECH, Austin 2005), http://www.fiatech.org

http://web.mit.edu/parmstr/Public/NRCan/CanBldgDigests/cbd171_e.html
http://web.mit.edu/parmstr/Public/NRCan/CanBldgDigests/cbd171_e.html
http://www.fiatech.org/images/stories/techprojects/project_deliverables/SC_FieldTrialsofRFIDTechnologyforTrackingFabricatedPipe_PhaseII.pdf
http://www.fiatech.org
http://www.fiatech.org
http://www.fiatech.org

	57 Robotics in Construction
	57.1 Overview
	57.2 Offsite Applications of Robotics in Construction
	57.3 Onsite Applications of Single Task Construction Robots
	57.4 Integrated Robotized Construction Sites
	57.5 Currently Unsolved Technical Problems
	57.6 Future Directions
	57.7 Conclusions and Further Reading
	Video-References
	References


