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Abstract

Since robotics is becoming increasingly widespread in the construction industry, more phases and working steps should be investigated
for their applicability to automation. Ideally, only few robot systems would be needed and thus be multifunctional.

Current robot systems are used almost exclusively in precast construction. At the construction site, only prototypes are in use, and
only individual parts of the building shell construction and assembly can be handled.

This paper examines to what extent robots can be applied for the installation of fastenings and which boundary conditions exist
or need to be addressed. Automated construction, and more precise installation of fastenings, has been partially implemented,
which has been shown to increase productivity as well as installation quality, and therefore the components’ structural safety.
This knowledge must now be extended to robots. The present work is based on an overview of current research and development
and includes a discussion on the current research at the University Duisburg-Essen on a cable robot for brickwork construction. It
further demonstrates that fastenings pose an important additional application, especially to ensure the changeover to other building
materials. These can be built-in parts, but also brickwork connections or prefabricated parts.

It can be assumed that robots will become increasingly important in the construction industry for reasons that include high quality,
safety, speed and economic aspects.

This is an extended paper of the Creative Construction Conference in Budapest on “Examination of Advanced Fastening Systems for
the use of Robots in the Construction Industry” (Spyridis et al., 2019).
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1 Introduction

Robot systems in the construction industry have been inves-
tigated since the early 1980s. Since then, the use of robots
was first established in factories for precast structural ele-
ments. The systems are used, as in other areas of station-
ary production, mainly for repetitive tasks. However,
outside of this, robot systems have not yet been able to
access the construction site, as discussed in previous pub-
lications (Bruckmann et al., 2016; Bruckmann et al., 2018;
Cousineau and Miura, 1998).

Possible reasons for this are the reliance of the construc-
tion industry on 2D model prints, as well as unique proj-
ect/product specifications, which create additional chal-
lenges when programming robots. Another reason is the
limited working space of robots, i.e. lack of free move-
ment systems for a robot over a large part of the construc-
tion site. However, these constraints seem to have expe-
rienced a period of transformation in recent years, while
the assembly of printed construction elements was often
applied (Véha et al., 2013; Viscomi et al., 1994).
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This paper describes the requirements and possi-
ble methods in the construction industry for the installa-
tion of fixings and assembly of fitted elements by robots.
Firstly, a brief outline of robotics in the construction indus-
try is given. This is necessary to understand the open ques-
tions. On this basis, further research, potential and neces-
sity are examined, and directions for further investigations
are established. Following this, the importance of fixings 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.
Other reasons for considering the implementation of robots
for these tasks are discussed, such as health and safety at
work, quality, or avoidance of defects due to human error.

The use of robots in the construction industry and the
discussion and fulfilment of the related requirements is a
broad field. In this paper, robotic installations and assem-
blies are elaborated in the context of building components
and the use of post-installed fastenings. Considered mate-
rials are sand-lime bricks, precast concrete elements and
concrete poured on the construction site.

2 Presentation of robot systems in the building industry
In the 1980s, the topic of the automated construction of
buildings was first discussed in the broader circle. At that
time, the portal robot was considered to be particularly suit-
able for the construction of buildings. Today, these types of
robots are often used because they can bridge large spans.
Many of the earlier 2000 robot systems can be found in pre-
cast factories. Robot systems, which can be installed directly
on the construction site, were not followed up beyond the
conception phase. Some concepts considered an automated
approach where the fixations are inserted from above and
then covered with concrete. However, many do not address
this topic at all, or these activities are still manually carried
out. Successful examples are construction robots developed
in Japan, where the reinforcement is interlaced manually.
These activities will also continue to be performed manu-
ally for the systems presented in Table 1.

From a construction perspective, the manufacturing
processes are particularly attractive. The systems shown
in Table 1 can only be used to a limited extent in the build-
ing shell construction. Thus, the actual systems are lim-
ited to parts of the building shell and cannot be used for
other construction methods. Consequently, many of the
extended construction activities like the insertion of win-
dows or setting the roof truss cannot currently be auto-
mated using these systems.

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 brickwork
excavator

Hadrian X Modified truck with  brickwork
cantilever arm

SAM Robot arm brickwork

Wire robot for Wire robot brickwork

construction

Spiderbot Wire robot Contour Crafting

Kamermaker Portal robot Contour Crafting

Vulcan + Vulean IT  Portal robot Contour Crafting

When robot systems are to be used in the extended

building shell and set fixings, new challenges arise:

It is not possible to use the same mechanism for set-
ting fastenings, for example, when building with
concrete.

e The usage of multiple robot types is a cost driver.
Which currently leads to a point of continuing with
an existing robot system. Modular approaches can be
more applicable if fastenings are optimized for robot
use or robots are better able to set fastenings.

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

 Clarification is needed as to whether conventional or
unconventional standardised fixing products can be
used

* New fixing methods for use 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 described, further parameters
affect the use of robot systems. The following list provides
an overview:

e Weight: Robot systems can be heavy, which makes it
difficult to use them on site. For installation, the sub-
floor must be sufficiently load-bearing, installation
on floor slabs is made more difficult or is not pos-
sible, and adequate stability must be demonstrated.

e Speed: The speed of the overall system for moving
components has a direct influence on the overall con-
struction time. This includes the procedure of mov-
ing the base platform, as well as the speed of the end



effector (i.e. the tool carrier of the robot) and the tool
itself.

e Complexity: The complexity is conditioned by prop-
erties such as operation, construction, programming
and pre-processing.

e Payload: A low payload can be limiting. To achieve
shorter construction times, the transportation of
larger and thus heavier parts might be required.
Some components cannot be made smaller or lighter
and thus require a specific payload.

* Workspace: Not all working environment situations
can be processed with all systems. Examples are
working overhead or working in tight environments.

¢ Radius of action: A small radius of action (work-
space) requires frequent repositioning of the robot sys-
tem. Moving the entire system is at the expense of con-
struction speed and might cause issues for precision.

e 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 insensi-
tivity to environmental influences should be ensured.
The systems should be insensitive to dust, heat, cold
and water. Mechanical shocks are to be expected.

e Cost of use: The operational costs of the overall sys-
tem have a direct influence on the economic effi-
ciency and the operational hurdle for companies.
New business models might be required.

In addition, it is likely that the use of robots only in
shell construction is not economically efficient. The sys-
tems must be used in further construction phases. In these
phases, the setting of fixtures becomes of essential impor-
tance. 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; consequently,
robots can be used more efficiently by being involved with
more Work Breakdown Structure (WBS) elements.

In the following, current conventional fixing types
are described.

Modern fastening technology is characterised by a
large variety of construction products (post-installed or
cast-in-place fasteners), while the industry also supplies
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purpose-produced fixtures for various building applica-
tions. Furthermore, a consistent set of product perfor-
mance documents (EU Regulation No. 305/2011, 2011) and
structural design calculation standards (NSAI, 2018) form
the basis for specifying, detailing, and installing fasten-
ings. 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 min-
imising costs and assembly speeds. These requirements
include available dimensional configurations, load-bearing
capacities, and broader project specifications such as ther-
mal and noise insulation, fire resistance, durability, envi-
ronmental 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 specific installation procedures, the generic
steps for anchor installation can be described as follows:

* Locating the fastening point: This can be done digi-
tally in the CAD model of the project and can be geo-
detically verified onsite; automated location of the robot
onsite is still subject to ongoing research, especially
regarding costs (Viha et al., 2013). Conflict checks or
confirmation of the as-built reinforcement must also be

(a) (b) (©) (d)
an i)
— @V a
N .
k) /-4
277 a o ¥
L1 =
= .
PR

s B
B
Iy . e
FIIIAFITERT
s
4 e
8
LIS

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 (all pre-positioned systems)



4]

Spengler et al.
Period. Polytech. Arch., 51(1), pp. 1-8, 2020

performed in order to avoid rebar hits during the fur-
ther installation steps. To that end, the real positioning
of rebar and the conflict check can be performed based
on a rebar detection system. The equipment needed
in this step may include positioning system (and con-
nected BIM software), marking tool, electromagnetic/
penetrating rebar radar.

* Borehole drilling: This requires that the drilling

element is set perpendicularly (£ 3°) to the substrate
surface, and a drill hole is performed. This proce-
dure can typically use either a hammer drill or a dia-
mond core drill. In the latter case, the provision of
water as a cooling and lubricant agent is needed. In
both cases, the drilling procedure produces waste
(either dust or contaminated water), which needs to
be removed for health and environmental reasons.
Recently, hollow drill elements have been devel-
oped that can withdraw any drilling waste internally
through a vacuum suction tube. In case of post posi-
tioned anchors (see Fig. 2) a protective measure for
the existing holes on the fixture needs to be envis-
aged, to protect both the drill bit and the fixture from
friction with each other. The equipment needed in
this step may include a positioning and angle system
for the drill bit based on the system of the previous
step, drilling, resistance force (self-weight in verti-
cal applications), drill with hydraulic or compressor
circuit, collection system for drill waste, and depth
gauge. The dimensions of the drill bit must also be
consistently checked to ensure that wearing of the
drill bit has not exceeded the allowable limits.

* Cleaning of borehole: After finalising the drilling

procedure, the drill dust must be removed for instal-
lation quality purposes. The means for this task are
an air pump and steel brush when it comes to man-
ual work. Hollow-core drill bits can also make up
for this task.

e Preparation/mixing of injection mortar (for

bonded anchors): This currently requires that the
installation technician onsite visually checks if the
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Fig. 2 Anchor installation configurations, dependent on logistic

mortar’s ingredients are uniformly mixed, based
on the colour and texture of the mortar extracted
from the injection nozzle. An alternative method for
chemically bonded anchors is the capsule system,
which can be mixed simultaneously with the injec-
tion of the anchor. The equipment needed for injec-
tion anchors may include an injection nozzle with an
integrated flow sensor, connected to a two-compo-
nent container with the bonding chemicals. For the
capsule system, only a rotational tool for the inser-
tion and drilling of an anchor-capsule system is nec-
essary. It is also notable that capsule anchors are less
sensitive to the quality of the borehole cleaning.
Collection/Selection and insertion of the anchor
at appropriate depth: To this end, either a pre-
defined feed of anchors should be in place, or the
robotic system must identify and pick the correct
anchoring insert. The anchors should be equipped by
a marker showing the type, dimensions, and orienta-
tion of the insert, while a visual identifier must col-
lect and insert the anchor. For an unstructured feed
of anchors to the installation robot, a generic visual
identifying software via a camera must be in place.
Alternatively, a cassette with predefined positions
of the fasteners must be available. An automated
collection grip or magnetic tip is necessary for the
selection and insertion of the anchor.

Tightening of fastener: When tightening the end of
the anchor, may this be a nut or screw end type, the
correct torque must be applied. Currently used rota-
tion tools are typically equipped with torque moni-
tor devices, set to immediately end the application of
torque once a specific torque level is reached. Such
equipment should also be provided in a robotic system.
Load-testing of anchor: Once an anchor is installed,
an installation check or even proof testing before
commissioning the project is often required, spe-
cifically for projects of high significance (tunnels or
nuclear plants). This can be done by applying a load
on the anchor (a multiple of the characteristic load)
and observing the anchor’s displacement behaviour.
In all cases, an optical check can also provide some
confidence for the appropriate installation of the
anchor. Additional equipment for this task can be a
photographic camera and a hydraulic or electric pull-
ing frame, which must again be linked automatically
to the anchor head or the installed fixture.



Furthermore, mostly depending on the nature of the fix-
ture, and the construction plan, two different types of fix-
ture 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 before placing and securing
the fixture. This requires that the drilled hole in the base
material is larger than the clearance hole in the fastened ele-
ment. Simultaneously, this requires exact 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 safe temporary
support of the fixture during the anchor setting procedure.
A practical method — though not always applicable — is mix-
ing 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-drill-
ing procedures, which compromises the appearance and the
durability of the system.

4 Requirements for advanced fastening systems
Prefabrication, automated erection, and modularisation
procedures gain in relevance hand in hand with the increas-
ing implementation of digital construction technologies.
Besides the parameters of robotised construction discussed
above, the use of automated procedures can generally min-
imise or eliminate typical health and safety risks related
to the installation of fixings. These include hand injuries
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 instal-
lation of fixings where human presence is of unacceptably
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 decom-
missioning of industrial and nuclear facilities.

Moreover, it has been 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, statis-
tics and industry reviews have shown that many construc-
tion professionals may not be aware of the exact installation
procedures for fixings (Cronin, 2015; Grosser et al., 2011).
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A faulty installation can not only lead to reduced struc-
tural safety at the beginning of the fastenings life-cycle,
but defects at installation can also propagate to faster deg-
radation of the fixing and possibly a failure without prior
warning (CIRIA, 2019). These facts undoubtedly lead to
very high technical risks, and this has already led to cata-
strophic collapses in the past. In order to ensure quality of
construction and a permanently high safety level, robotised
construction, where human quality control is assisted by
automated procedures, should be considered.

It should also be mentioned that current design codes
propose an additional design safety factor for fixings on the
load-bearing capacity to account for the installation quality
(fib, 2011). 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 pro-
portional increase as regards all aspects of fixings installa-
tion, 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; as such, the borehole is
cancelled, and a new one must be drilled, at a minimum dis-
tance 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, the as-built
drawings, and a ferromagnetic rebar scanner are employed.
Tolerances also play a vital role in fastening technology,
as they can be decisive for the success of the assembly.

Furthermore, tolerances can strongly influence the dis-
tribution of loads from the fixture to the individual anchors,
such as in a group, and consequently, lead to excessive load
on a single anchor. In the absence of redundancy measures,
failure of a single anchor can even lead to the collapse of the
entire fixture (Spyridis and Bergmeister, 2012). The require-
ments for the fixing system used for an automated assembly
are derived from the above descriptions. In summary, spe-
cific rules and methods need to be set as regards the inter-
faces 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 vari-
abilities 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 pro-
vide 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 sys-
tem (i.e. fixing and fixed component) into the building.
This requires a fixing method that accommodates it 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, by onsite testing and evaluation.

It is noteworthy that the application of robot systems
might require the use of marked construction elements, each
having a unique identity (ID) such as a QR code or NFC tag.
This creates significant potential for pre-installation of ele-
ments like anchors. This concept needs further investigation.

5 Effects on the robot system

The task of setting fixings on the construction site is difficult
to implement for robot systems generally. Fig. 3 shows theo-
retically reachable positions for a robot arm and a wire robot.

It shows that the robot arm covers more positions of a
building already erected with the disadvantage that the
robot must be moved to be able to cover a larger area.
Additionally, its range is limited by its radius and the fact
that the mobile platform can only move on solid ground.
After any movement, the platform needs to be localised in
space. The wire robot can only work at the height of the cur-
rent construction level, but the workspace is much larger. For
setting fixations, this means that both systems can be used
differently. Advantages of individual systems, such as the
large working area, can be disadvantageous in other tasks.
For example, working in confined spaces, closed rooms, or
when the ground is not sufficiently load-bearing.

The procedures for setting fixations have a significant
influence on practical usability. All work steps require dif-
ferent manipulation devices, so process steps must be opti-
mized. At this time, it is not possible to recommend an
optimal process design; this will be investigated in fur-
ther studies. However, it can be assumed that every robot
system has its own optimal workflow. Table 2 gives a pro

Robot arm Wire robot

DU

Fig. 3 Theoretically reachable positions using a robot

arm and wire robot, respectively. The wire robot an
only act at the current height level of the building.

and contra overview of the exemplary drilling process step.

It has been shown that the robot arm covers more posi-
tions of an already erected building with the disadvan-
tage that the robot must be moved to be able to cover a
larger area. Additionally, its range is limited by its radius
and that the mobile platform can only move on solid
ground. After any movement, the platform needs to be
localised in space. The wire robot can only work at the
height of the current construction level, although, the
workspace is much larger. For setting fixations, this means
that both systems can be used differently. Advantages of
individual systems, such as the large working area, can be

Table 2 Pro and contra overview of the exemplary process step drilling

Robot arms on a
mobile platform

Robot arms Wire robot systems

pro: Robot arms
can reach hard-to-
reach positions and

pro: Advantages
of the single robot
arm combined
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workspace in the plane without

o horizontal plane repositioning

g of the support

E structure.

g contra: The contra: High contra: Drilling

& workspace is effort when force is limited.

E comparatively using the rails; For high precision,
small. The high demands pose measurement
robot must be on the planeness is required.
repositioned to of the rails.
reach poses [a pose  Mobile platforms
is the combination  on wheels or
of position and caterpillar drives
orientation in need advanced
space] outside its navigation and
current workspace.  localization
pro: Overhead pro: Advantages pro: in the area
drilling possible of the single robot in which the

arm combined manipulator can

with a larger work, all drilling

reachable area. operations in the
current height
level can be
carried out without
repositioning

%D of the support

E structure.

E contra: Robot contra: High contra: Work can

“q":) arms can only effort when laying  only be carried

>

manipulate their the rails. High out to a limited

direct periphery. demands on the extent within the
If they are fixed, planeness of the enclosing area of a
then they can rails. building structure.
apply pressure.

The robot must
be repositioned
to reach poses
outside its current
workspace.




disadvantageous in other tasks. An example of this would
be working in confined spaces, closed rooms, or when the
ground is not sufficiently load-bearing.

The procedures for setting fixations have a significant
influence on the practical usability. All work steps require
different manipulation devices; consequently, the pro-
cess steps must be optimised. At this time, it is not possi-
ble to recommend an optimal process design; this should
be investigated in further studies where even paradigm
changes might be necessary (e.g. Robot-Oriented Design)
(Bock, 1988). However, it can be assumed that every robot
system has its own optimal workflow. Table 2 gives a pro
and contra overview of the exemplary drilling process step.

In order to minimize tool changes on the robot, holes
can be pre-drilled at the factory. This procedure is only
possible for prefabricated parts and bricks and requires a
unique identification (ID) of the parts to be installed.

6 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 fas-
tenings and assemblies of fitted components in construction.
This further potential of robotised construction applications
is discussed based on particularities and benefits of robotic
construction, current obstacles and risks in manual fasten-
ing installations, and how these two aspects of construction
can be integrated toward a safe and efficient practice.
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