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Abstract

Since robotics become more widespread in the construction industry, more construction phases and work steps must be covered
with one robot system. Current robot systems are used almost exclusively in precast construction. At the construction site, so far
only prototypes are in use, and only individual parts of the building shell construction and assembly can be covered. This paper
examines to what extent fastenings are necessary to increase the operating range of robots and which boundary conditions exist or
need to be addressed. Automated construction, and more precisely installation of fastenings, has so far been partially implemented,
which has shown increased productivity as well as installation quality, thus load-bearing safety. This knowledge must now be
extended to robots. The present work is based on an overview of current research and development and on the current research on
a cable robot for brickwork construction at the university Duisburg-Essen. It further demonstrates that fastenings pose an important
further application, especially in order to explore the extended phases towards the brickwork or contour crafting. It can be assumed
that robots will become increasingly important in the construction industry. Reasons include high quality, safety, speed and
economic aspects.
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1. Introduction

Robot systems in the construction industry have been researched since the early 1980s. Since then, the use of robots
has first been established in factories for precast structural elements. These systems are used here, as in other areas of
stationary production as well, for many consistent tasks. Contrary to this, robot systems have not been able to assert
on the construction site to this day as discussed in previous publications [1], [2], [3]. A possible reason for this is the
reliance of the construction industry on 2D model prints, as well as unique project/product specifications, which limits
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the mobility programming of robots. Another reason is the limited working envelope of machines, i.e. lack of free
movement systems for a robot along a wide part of the construction site.

However, these constraints seem to experience a period of transformation in the last years, while assembly of
construction elements may be largely facilitated [4], [S]. This paper describes the requirements and possible methods
in the construction industry as regards the installation of fixings and assembly of fitted elements by robots. On this
basis, the further research and applicability potential and necessity are inquired, and directions for further investigations
are established. In the following, the importance of fixations in the described area of application is introduced. Then,
some construction tasks and objectives with regards to fastenings are presented, with emphasis on those which a robot
system can perform better than humans under specific conditions. Also, other reasons for considering the
implementation of robots for these tasks are discussed, such as e.g. health and safety at work, quality, or avoidance of
defects due to human errors.

2. Presentation of robot systems in the building industry

Before going on to fixations, a brief outline of robotics in the construction industry is given. This is necessary to
understand the open questions.

In the 80’s of the previous century for the first time the topic of the automated construction of buildings was discussed
in a larger circle. At that time, the portal robot has been considered to be particularly suitable for the construction of
buildings. Until today, these types of robots are often used, because they can bridge high spans. Today many of the
earlier 2000 robot systems can be found in precast factories. Robot systems, which can be installed directly on the
construction site, were not followed up during the conception phase. Some concepts considered an automated approach
where the fixations are inserted from above and the covered with concrete. However, many do not address this topic
at all, or these activities are finally still manually carried out. Examples are the construction robots in Japan, where the
reinforcement is interlaced manually. These activities will also continue to be performed manually for the systems
presented in Table 1.

Table 1: Systems, basic platforms and manufacturing processes for (partially) autonomous building construction

Name Basis platform manufacturing method
Apis Cor Modified robot arm Contour Crafting
Hadrian Modified crawler excavator brickwork

Hadrian X Modified truck with cantilever arm brickwork

SAM Robot arm brickwork

Wirerobot for contruction Wire robot brickwork

Spiderbot Wire robot Contour Crafting
Kamermaker Portal robot Contour Crafting
Vulcan + Vulcan I Portal robot Contour Crafting

From a construction point of view, the manufacturing processes are particularly interesting. The above shown systems
can only be used to a limited extend of the building shell construction. Thus, the actual systems are limited to parts of
the building shell and cannot be used to other construction methods. As a result, many of the extended construction
activities like the insertion of windows or setting the roof truss cannot currently be automated using these systems.

When robot systems are to be used in the extended bodyshell and set fixings, new challenges arise:

o It is not possible to use the same mechanism for setting fastenings like e.g. building with concrete.
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o The usage of several robot types is a cost driver, which currently leads to a point of continuing with an existing
robot system, while modular approaches are not applicable.

o It must be decided whether first the fixings and then the component should be set or both at the same time.

o C(larification is needed as to if conventional or not conventional standardized fixing products can be used

e New fixing methods for usage in robot driven systems need to be standardised

e The construction process must remain continuous and undisturbed

3. Parameters that determine the use of fixtures by robot systems in the construction industry

In addition to the challenges just described, there are further parameters affecting the usage of robot systems. The
following list gives an overview:

Heaviness: The high weight of robot systems makes it difficult to use them on site. For installation, the subfloor must
be sufficiently load-bearing, installation on floor slabs is made more difficult or is not possible, and adequate stability
must be demonstrated.

Speed: The speed of the overall system for moving components has a direct influence on the overall construction time.
This includes the procedure or moving of the base platform, as well as the speed of the end effector.

Complexity: The complexity is conditioned by properties such as: Operation, construction, programming and the pre-
processing.

Payload: A low payload means the displacement of smaller components and a shorter construction time. Some
components require a minimum payload.

Radius of action: A small radius of action requires frequent repositioning of the robot system. Moving the entire system
is at the expense of the construction speed.

Height limitation: The systems should be able to erect several storeys without having to dismantle and erect them at
great expense.

Sensitivity to environmental influences: In order to be used on the construction site, sufficient insensitivity to
environmental influences should be ensured. The systems should be insensitive to dust, heat, cold and water.
Mechanical shocks are to be expected.

Costs of use: The operational costs of the overall system have a direct influence on the economic efficiency and the
operational hurdle for companies.

In addition, simulations have shown that the usage of robots only in shell construction is not economically efficient.
The systems must be used in further construction phases. In these phases the setting of fixtures becomes of essential
importance. Work in the extended shell construction phase can include various fittings, such as the installation of
facade elements, balconies, windows, door frames, HVAC parts, or receptors for building expansion. For these
installations, advanced fastening systems potentially with adaptable or generic assembly features are important, and
robots can be used more efficiently, the more work breakdown structure (WBS) elements they can be involved with.
In the following, current conventional fixing types are described.

A large variety of construction products (post-installed or cast-in-place fasteners) together with adaptably designed
fixtures for various building configurations and uses represent modern fastening technology. Furthermore, a consistent
set of product performance documents [6] and structural design calculation standards [7] form the basis for specifying,
detailing, and installing fastenings. The large variety of products in the market (see an exemplary presentation in Fig.
1) aims to satisfy a variety of performance requirements with considerations on minimising costs and assembly speeds.
These requirements include available dimensional configurations, load-bearing capacities, and wider project
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specifications such as thermal and noise insulation, fire resistance, durability, environmental footprint, aesthetics, and
ease of removal. Post-installed anchors are mostly available for use in concrete and masonry, while some applications
of post-installed anchors for steel structures, wood, and other construction materials are also available in the market.
Although each anchor has individual installation procedures, the generic steps for anchor installation can be described
as follows:

e Marking of fastening point

¢ Dirilling of borehole (perpendicularly and using the appropriate drilling tools)
e Cleaning of borehole (removal of drill dust)

e Preparation/mixing of injection mortar (for bonded anchors)

¢ Insertion of anchor at appropriate depth

e Tightening of nut to the correct torque

e Optionally: load-testing of anchor

Furthermore, mostly depending on the nature of the fixture, and the construction plan, two different types of fixture
assembly can be used as seen in Fig. 2. The assembly with pre-positioned anchors requires that all the above steps up
to anchor installation occur prior to placing and securing the fixture. This requires that the drilled hole in the base
material is larger than the clearance hole in the fastened element. Simultaneously, this requires a very precise
positioning of the anchor in order to avoid clashes with the fixture holes. Post installation configurations use the
element to be fastened as a drilling and setting template for the anchors. In this case, the diameter of the hole in the
component to be fastened should be larger than or equal to the borehole diameter. In this case, it is also important to
provide for a safe temporary support of the fixture during the anchor setting procedure. A practical method — though
not always applicable — is mixing the above methods by temporarily supporting the fixture with one pre-positioned
anchor and subsequently installing the rest of the anchors. An issue with post-installation is the possible damage of the
fixture due to the through-drilling procedures, which compromises the appearance and the durability of the system.
According to the authors’ best knowledge, post-installation is still a preferred method for most applications in the field.

4. Requirements for advanced fastening systems

Prefabrication, automated erection, and modularisation procedures gain in relevance hand in hand with the increasing
implementation of digital construction technologies. Besides the parameters of robotised construction discussed above,
the use of automated procedures can generally minimise or eliminate typical health and safety risks related to the
installation of fixings. These include hand injuries, among other due to drill torque reaction, hand arm vibrations,
inhaling of dust, high noise levels, working with chemicals, electric shocks. Robotised construction can also facilitate
the installation of fixings where human presence is of unacceptable high health and safety risks or virtually impossible.
These cases include installations in very confined spaces, work at height, underwater installations, construction at
extreme environmental or space conditions, rehabilitation or decommission of industrial and nuclear facilities.

Besides, it is widely proven that human errors in the installation of fixings can substantially decrease the load bearing
capacity of the anchor, occasionally even down to 20% of the expected resistance. Simultaneously, statistics and
industry reviews have shown that perhaps the majority of construction professionals are unaware of the exact
installation procedures for fixings [8], [9]. A faulty installation can lead to reduced structural safety already at the
beginning of the fastenings life-cycle but defects at installation can also propagate to a faster degradation of the fixing
and possibly a failure without prior warning [10]. These facts obviously lead to very high technical risks, and this has
already led to catastrophic collapses in the past. In order to ensure quality of construction and a permanently high
safety level, robotized construction, where human quality control is replaced by automated procedures.
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Fig.1. Different anchor types, depending on the installation procedure: (a) concrete screw, (b) undercut anchor, (c) expansion anchor - sleeve type,
(d) expansion anchor — bolt type, (e) cast-in-place ribbed and deformed bar, (f) cast-in-place headed stud, (g) bonded anchor with threaded rod, (h)
special bonded anchor.
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Fig. 2. Anchor installation configurations, dependent on logistic

It should also be mentioned that current design codes propose an additional design safety factor for fixings to account
for the installation quality on the load bearing capacity as discussed in the previous paragraph [11]. This safety factor
increases the design demand by 40% for less than normal installation safety (e.g. untrained or inexperienced personnel).
This also shows a directly proportional increase as regards all aspects of fixings installation such as procurement cost,
time, and material resources.

As regards positioning of the anchor, an often-recurring problem is drilling onto or through rebar in concrete. In this
case, both the function of the anchor and the efficiency of the reinforcement can be compromised, and as such the
borehole is cancelled and a new one must be drilled, at a minimum distance of a few centimetres. This means that the
fixing point must also be redesigned. In some cases, this is also due to over- or under-drilling. In order to avoid this
effect, the as built drawings, and a ferromagnetic rebar scanner are employed. Tolerances also play a very important
role in fastening technology, as they can be decisive for the success of the assembly. Furthermore, tolerances can
strongly influence the distribution of loads from the fixture to the individual anchors, e.g. in a group, and consequently
lead to excessive load on a single anchor [12]. In absence of redundancy measures, failure of a single anchor can then
even lead to collapse of the entire fixture.

The requirements for the fixing system used for an automated assembly are derived from the above descriptions. In
summary, specific rules and methods need to be set as regards the interfaces and integration of fastening products with
existing robot systems. Also, the generic steps for anchor installation must be reproducible, and insensitive to the
location, or variabilities as regards the base material, fixture, or intended use. The fixing product should comply with
existing standards, while it should be noted that these standards (typically the certified manufacturer’s declaration of
performance) dictate the construction/installation method. Finally, it should obviously provide the logistical benefits
in order to not negatively affect the speed and construction sequence of the system.
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An ideal application would allow the robot system to immediately integrate the complete fastened system (i.e. fixing
and fixed component) into the building. This requires a fixation method that accommodates this from a load-bearing
and a logistic viewpoint. If the fixing installation is nonetheless performed manually, a robot system should be able to
control whether they have been made correctly, e.g. by on site testing and evaluation.

5. Conclusion

This study addresses the use of robots in construction. It departs from extended phases of brickwork or contour crafting,
toward the potential and efficiency that can be achieved when robotic installations are developed for fastenings and
assemblies of fitted components in construction. This further potential of robotized construction applications is
discussed on the basis of particularities and benefits of robotic construction, current obstacles and risks in manual
fastening installations, and how these two aspect of construction can be integrated toward a safe and efficient practice.

Based on this exercise, the efficiency of automated fastening assemblies is discerned, while significant new research
questions arise. These questions also pose the challenges for research investigations and development of efficient
technologies. As regards first applications of robotic systems, the University of Duisburg-Essen is currently developing
a cable robot and performs investigations for brickwork construction [13]. The involved scientific teams envisages
using this robot system to address the particularities of fastening applications for specific building systems, with
appropriate adjustments and extensions of the present system. In order to provide suitable systems to this end, further
research is necessary, along the axes of the open questions briefly listed below:

e Which robot types and end effector types are potentially usable for the installation of fastenings and fitted
components?

o In which construction phases can automated fixation solutions be used?

e Why current robot systems do not set fixations in the construction industry?

e How do other industries install automated fastenings?

e Which design and construction standards are involved and how should these be adapted?

Once these research questions are addressed, a knowledge basis will become available in order to translate the
integrated automated fastening assembly into a real construction system.
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