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Automation of Large Low-Volume Products
A feasibility and concept study on automated welding of hauler body wear plates
OSKAR VERTETICS
THEODOR WINGÅRDH
Department of Industry and Materials Science
Chalmers University of Technology

Abstract

This master’s thesis deals with the conceptual development of a production concept for
automated welding of hauler body wear plates at Volvo Construction Equipment in Braås.
There is a need to investigate and emphasize the potential for possible future adoptions of
automated and flexible welding systems, for improved production efficiency and a better
work environment. Interviews, observations, and literature studies were carried out to
map the current state and identify the needs and scope. The needs and scope formed the
foundation of the concept development process, which included rigorous concept gen-
eration, evaluation, and selection processes. Relevant areas and problems were further
analysed and investigated to assess the technical base, test the validity of alternatives,
and quantify unknowns and weaknesses. A final and indicative production concept was
compiled concerning robotics and a workpiece positioner. Mainly, the production concept
enables efficient, flexible, and autonomous robot welding of hauler body wear plates, sig-
nificantly reducing the manual labour of welding wear plates. Furthermore, the presented
production concept also provides a better and safer working environment, increased pro-
duction capacity, reduced TTM, reduced risk of MSDs, increased production system flex-
ibility, and minimisation of material handling losses.

Keywords: welding, GMAW, autonomous, positioner, robot cell, system design, manu-
facturing, flexible.
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1
Introduction

1.1 Background

The articulated hauler was �rst introduced to the market in 1966 and has been manufac-
tured in Braås, Sweden, ever since then. Volvo Construction Equipment (VCE) manu-
factures its complete range of articulated haulers in Braås, a product which is depicted in
Figure 1.1. More than 850 employees work together to develop, design, test, manufacture,
assemble, sell, and market articulated haulers in Braås.

Figure 1.1: Articulated hauler with the hauler body highlighted (Volvo AB, 2022).

VCE also offer a wide range of other equipment for construction, such as wheel loaders,
excavators, and asphalt pavers. Most products can be customized by customers, and the
articulated hauler body can for instance be equipped with wear plate kits, as illustrated in
Figure 1.2. Wear plates add extra protection against abrasive wear and increase the hauler
body's life expectancy.
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1. Introduction

(a) (b)

Figure 1.2: Standard body with highlighted wear plates lining the body inside.

Throughout this report, the different models of hauler bodies which have been studied are
referred to as Product AH1, AH2, AH3, AH4, AH5, and AH6, in a non-chronological
order. Unreleased products are only referred to as future products, as to not expose any
sensitive information.

The wear plate options are welded manually in a time-consuming work process with bad
ergonomics. There are about 90 variants of the hauler body, including all options for the
different sizes. The variants give signi�cant variations in the production �ow regarding
workload, cycle times, and ergonomics. The variations induce the need for �exibility
and automation of the welding of time-consuming options in a separate after-�ow to allo-
cate all resources in the standard production �ow to produce more standardised products.
Furthermore, ef�ciently commissioning future low-volume products will require �exible
welding of bodies and chassis in a separate �ow to cope with varying initial demands.

The current hauler bodies also have a standard interface for suspension in workpiece
positioners. Future products planned for production currently have no interface due to an
entirely new hauler body design. It is not evident that the current interface will suf�ce to
handle the new hauler bodies in production. VCE must consider changes to the interface
and the hauler body design of the latest products.

1.2 Purpose

In the future, Volvo wants to weld options like wear plates in a �exible robot cell in a
separate automated after-�ow for improved production ef�ciency and work environment.
The welds should be of such good quality that no manual welding is required after the
process and enable direct delivery to the paint shop.

The robot cell should also be �exible enough to weld newly implemented hauler bodies
and chassis to allow for �exible production while ramping up the volumes of new prod-
ucts. The robot cell will be a key enabler for VCEs future vision of �exible production.
The increased �exibility will help handle varying demands and product customisation and
lower the threshold of implementing new products in production.
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1. Introduction

The project aims to provide Volvo with a basic but complete production concept for
welded options in a separate and �exible after-�ow, focusing on an adjustable workpiece
positioner and conceptual design of robotics. The expectation is that the �nished project
and concept study will serve as a part of the engineering feasibility study needed before
initiating the planned re-organization of the manufacturing.

1.3 Limitations

The project focuses on presenting a digital concept with no physical prototypes or similar
to be produced. The report will not cover the procurement and implementation phase in
this report. Furthermore, the project should conduct no electric, pneumatic, or software
design and no PLC or logic programming. The production concept should use standard-
ised components and solutions to the maximum extent to keep the production solution
cost-effective. The project also assumes that the normal operating conditions of the �nal
concept will not be extreme in any way concerning temperature, humidity, and other fac-
tors.

The report will not cover cell calibration during commissioning. Instead, only workpiece
calibration in the continuous production cycle will be considered. Furthermore, the report
does not aim to present or evaluate speci�c models or brands of equipment that can be
used to build a solution but rather to generate, evaluate and select potential subconcepts
and technologies.

The project is very broad and performed under a strict timeline. There is therefore no
time to go into detail in all areas discussed in the report. The project is performed at a
concept stage and is therefore held at a high level of abstraction.

1.4 Problem Formulation

The thesis and project's goal is to answer the following problem formulations.

• How should the robotics in a cost-effective and �exible robot cell for welding large
low-volume products be conceptually designed?

• How should a �exible workpiece positioner holding the (up to) 20-ton hauler body
be conceptually designed to facilitate automated welding of large low-volume prod-
ucts?

Beyond that, the thesis should provide enough support and information to enable VCE
to expand the engineering feasibility and concept study to cover more products, product
variants, and areas.
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1.5 Societal, Ethical and Ecological Aspects

Relevant aspects to consider in this project are the General Data Protection Regulation
(GDPR) and the storage of personal information, mostly related to the interviews con-
ducted in the mapping of the current state. We aim not to store or publish any personal
information or images revealing identities or anything else that could harm a person or
organisation. Furthermore, the project will conduct a feasibility study on a production
solution that will partly replace work tasks performed by human labour, which is an-
other relevant aspect. However, the intention is not to replace human labour with superior
technology but rather to support humans and provide a better working environment. In-
dustrial robots and technology will carry out the hard work that is unsuitable for humans
concerning health and ergonomics. The human workers can then instead focus on more
mentally challenging work tasks by operating the technology, which implies better overall
workforce health and motivation. It is essential to state that the human workers will not
be replaced by technology and instead be assigned different and more challenging work
tasks.

Considering the ecological aspects, the production concept can also contribute to im-
proved ecological sustainability. This is due to the streamlining of the welding processes
and increasing the overall productivity. Ultimately, implementing the production concept
will result in more effective equipment use, less consumption of energy, and less material
waste.
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Theory

The project is based on many different theoretical areas, all of which contribute to the
understanding and development of a production concept, robotics, and workpiece posi-
tioner. The underlying theory supports the continuous decision and evaluation process
throughout the project, ensuring correctness. This chapter will present the results of a
comprehensive literature review of relevant topics to support the project processes.

2.1 Robotics

Robotics is de�ned by ISO 8373:2021, IDT (2021) as "the science and practice of de-
signing, manufacturing, and applying robots". According to IEEE (2022), there are many
different types of robots, ranging from consumer robots and humanoid robots to military
and industrial robots. This report will focus on the application of industrial robots and
will not cover the remaining aspects or areas of robotics and robots.

2.2 Industrial Robots

An industrial robot is de�ned by ISO 8373:2021, IDT (2021) as an "automatically con-
trolled, reprogrammable, multipurpose manipulator, programmable in three or more axes,
which can be either �xed in place or �xed to a mobile platform for use in automation
applications in an industrial environment". A manipulator is considered to be a kinematic
mechanism consisting of a sequence of jointed and linked arms or segments. An indus-
trial robot includes and de�nes the use of a manipulator, but also a robot controller and
programming interfaces, such as a pendant or external communication interface. Further-
more, the industrial robots are often used in a system context, and an industrial robot
system is de�ned by ISO 8373:2021, IDT (2021) as a "machine comprising an indus-
trial robot; end-effector(s); any end-effector sensors and equipment (e.g. vision systems,
adhesive dispensing, weld controller) needed to support the intended task; and a task pro-
gram)".

Today's industrial robots offer great repeatability, typically ranging from about� 0,02
mm to � 0,4 mm (Yaskawa, 2022). Furthermore, a reach of 500 mm to 4000 mm is of-
fered as well as a payload capacity from about 0,5 kg to 1250 kg (KUKA, 2022; Yaskawa,
2022). Depending on the robot model and its robustness, robots can be �oor, wall, ceil-
ing, or angle-mounted (KUKA, 2022). Generally, a high payload capacity robot must be
�oor-mounted due to its own weight, since it is not constructed to take all loads implied
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by mounting it on the wall, ceiling, or at an angle.

2.2.1 System Design

Several parameters are important considerations when designing and implementing in-
dustrial robot systems, as Lizotte and Summers (2022) discusses. First of all, the robot's
reach and work envelope are important parameters to consider. Ensuring the robot can
reach all necessary positions is not the only thing to consider. The robot must also reach
the positions with a correct and suitable weld angle to not suffer from bad weld qual-
ity, which ultimately will lead to increased rework and costs. Designing a system with
insuf�cient reach to all the areas of a part or product that require welding will diminish
the capabilities and also productivity. Secondly, the dimensions and weight of the parts
or products to be handled and welded must be considered. The positioner must be de-
signed to handle the total weight of the workpiece with regard to the force and torque
required to translate and rotate the workpiece. Furthermore, the robot load capacity must
be larger than the weight of the end-effector, or more speci�cally, the welding torch or
gripper. This weight must also include auxiliary equipment mounted on the end-effectors
or robot, such as sensors or wire feeders. To tackle these problems Lizotte and Summers
(2022) emphasises the importance and strategy of designing the robot system with the
largest and heaviest part that should be welded. This includes considering the current
product portfolio and future products that could potentially be in the scope of the robot
system.

2.2.2 Degrees of Freedom

A degree of freedom (DOF) is a way to manipulate a rigid body in space. There are six
DOF in which a rigid body can move in a body-�xed coordinate system, three translations;
surge, sway, and heave, and three rotations; roll, pitch, and yaw. Surge is the translation in
the forward and backward direction, sway is the translation in the right and left direction
and heave is the translation in the up and down direction. Surge, sway, and heave generally
corresponds to translation in X, Y, and Z with respect to a earth-�xed coordinate system.
Pitch is rotation around the sway axis, yaw is rotation around the heave axis, and roll is
rotation around the surge axis (Pollack, 1976). All six DOF are visualised in Figure 2.1.
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Figure 2.1: The name and direction of each degree of freedom in a three-dimensional
space.

2.2.3 External Axes

Industrial robots can, beyond their own axes, be integrated with external axes to extend
the reach and work envelope when the parts to be welded become larger and heavier
than what the robot alone can suf�ce (ABB, 2013). Robots can be integrated with for
instance a gantry, track, or workpiece positioner system to reach previously inaccessible
weld seams and increase the work envelope to cover larger products. A gantry or track is
used to transport the robot within the robot cell to reach more areas of the work object.

A welding workpiece positioner is a type of �xator and manipulator in which the work-
piece is �xated. The workpiece can be �xated in different ways depending on the design
of the positioner. It is used in robotic welding cells to �xate and manipulate the workpiece.
The �xation improves the stability of the workpiece and makes it stable while welding.
The manipulation optimises welding angles for better welding quality, reducing the need
for manual after-work (Helton, Ellig, Folkmann, & Levert, 2001). The manipulation can
also facilitate reaching joints that are usually not reachable if the workpiece would have
been stationary (Helton et al., 2001; Weman, 2012). According to Helton et al. (2001),
the positioner and workpiece can also be a part of the welding movement instead of being
in a �xed position.

There are different types of positioners that allow additional DOF. One common type
is with a headstock and tailstock, which attaches to each end of the work object. These
are further divided into many different variants, either placed directly on the �oor or at-
tached to a shared body creating the form of a C. These positioners are therefore called
C-positioners. The number of DOF in a positioner is usually minimised to the minimum
amount required for easier control and lower price.

2.3 Sensors

Sensors allow robots to interpret and understand their surroundings by measuring and
collecting data about the geometrical and physical environment. This allows the robots
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to overcome and adapt to speci�c situations, which induces a more �exible robot system
to handle more part, product, and process variants. But, it is not as easy as just putting
sensors in a robot; sensors also require excellent software support and programming to be
utilised to their maximum potential.

Bolmsjö and Olsson (2005) categorises sensors used in a manufacturing setting into two
categories; sensors used for controlling and optimising processes and sensors used by
other machines and equipment to execute a manufacturing sequence and process. Fur-
thermore, sensors used in the arc welding process can be divided into sensors that control
and optimise the welding process and control and optimise the robot's motion and trajec-
tory. The latter will be of focus in this report.

Bolmsjö and Olsson (2005) has also identi�ed many potential issues essential to address
and investigate before successful implementation of sensors supporting a �exible robot
system for one-off or small-series arc welding manufacturing.

1. Sensors should facilitate the robot's guidance along a weld joint without requir-
ing time-consuming and detailed programming of the entire path, including poten-
tial variations. Ultimately, the sensors must support the programming of different
welding trajectories and adapt the paths to more minor variations.

2. Sensors should be able to react and facilitate the robot system to respond to envi-
ronmental changes in real-time by activating alternative actions or trajectories if an
obstacle blocks the nominal trajectory. Ultimately, the sensors should support and
provide data for real-time robot trajectory and process adaption.

3. Sensors should facilitate the connection between a real-world model and a nominal
CAD world model, supporting real-time calibration of the workpiece positions.

4. Sensors should facilitate and support the prediction of the robustness of a �exible
robot welding process. Ultimately, the robustness will verify that the weld can
be produced when utilising real-time adaption and robot guidance supports. This
ensures that the weld can be produced concerning collision, reach, and singularities
and is especially important when the experienced deviations are large.

Uprising intelligent solutions for robot welding applications utilise a wide variety of sen-
sor technologies, providing different data sources to control the process ultimately. Vari-
ous sensors are used for different purposes, and the correct technology must be selected
for the proper purpose, as the performance and cost can differ signi�cantly. Sensors can be
combined to add redundancy to a system or increase the technical system capability. The
recent development within part scanning and modelling sensors has enabled industries
and companies to adopt robotics for one-off welding applications, ultimately increasing
the system �exibility (Leath, 2018). According to ABB (2014); Bolmsjö (2005); Leath
(2018), the main applications and uses of sensors in robot welding applications are seam
tracking, edge detection, and part scanning. Sensor principles that enable such applica-
tions can be categorised into touch, through-arc, laser, and vision sensors (Leath, 2018).
Recent research also indicates the additional use of ultrasonic, electromagnetic, vibra-
tion, and infrared sensors in robot arc welding applications (Chen, Liu, Chen, & Suo,
2022; Xu & Wang, 2021). Such sensors are commonly used to control and optimise the
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welding process and monitor and verify weld quality, which is out of scope for this report.

According to Chen et al. (2022) vision sensors accounts for approximately 65 % of all
sensors used for seam tracking. This is because non-contact vision sensors have several
advantages, such as high accuracy, fast detection, and high adaptability (Xu & Wang,
2021). However, it is also stated that through-arc sensing can be more ef�cient for some
speci�c weld types. Still, it lacks the adaptability and �exibility of the non-contact type
sensors.

The most optimal solution would be a sensor that facilitates seam tracking, edge detec-
tion, and part scanning while also being small not to induce accessibility issues. However,
such a sensor does not exist and Bolmsjö (2005) emphasises the importance of analysing
the speci�c need for sensors in every unique robot welding application.

As previously mentioned, there is a wide variety of different sensors offered on the mar-
ket. Table 2.1 presents a comprehensive overview of the most common sensors discussed
by ABB (2014); Chen et al. (2022); Leath (2018); Xu and Wang (2021).

Table 2.1: Sensor technologies identi�ed in the literature study.

Function Sensor Technology

Touch Electrode Touch
Nozzle Touch

Vision Structured Light Laser
Structured Light Projection
Active Stereo
Passive Stereo

Laser Time-of-Flight
Laser Sensing
Laser Triangulation

Through-Arc Arc Characteristics Seam Tracking

Electrode Touch Sense refers to the physical touch of the electrode and �ller wire at the
end of the welding torch against the workpiece (Leath, 2018). Applying low-voltage en-
ables detection of conductive materials, either by the power supply or separate circuit. By
detecting the surface of the workpiece at two or three points, the position or orientation of
more super�cial joints and geometries can be determined. According to Åkesson (2021),
deviations ranging from 0,5 mm to 20 mm can be detected.

Nozzle Touch Sense has a similar approach, but instead of touching the workpiece with
the electrode and �ller wire, the weld torch nozzle is used instead. This provides bet-
ter accuracy since the gas nozzle is more rigid and less prone to variations. It is harder
to predict the electrode positions accurately since they will drift and vary in all direc-
tions, depending on the wear and process characteristics. However, in recent years, new
functions allowing the robot to lock the electrode feeder unit have improved the Z-axis's
accuracy since it is not as sensitive to clashes affecting the electrode position during the
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searches. Both Electrode Touch Sense and Nozzle Touch Sense require the workpiece
to be roughly in the nominal position. With too large deviations, the risk is that the pre-
programmed search algorithms and trajectories may not �nd the surfaces of a workpiece.
These algorithms and trajectories should be designed concerning the workpiece variation
that can be expected.

Through-Arc Seam Tracking refers to the use of through-arc sensor technology to mea-
sure the arc characteristics outputted by the power source to detect deviations in the nom-
inal robot welding trajectory (Leath, 2018). This can be applied to weaving weld trajec-
tories, and during the welding process, the seam edges are detected with changing arc
characteristics. According to Leath (2018), this type of sensor is best suited for use in
applications with longer weld seams and some variation since it is often less of an effort
to adapt to the variations rather than investing in �xtures to reduce the variations. With
more signi�cant gaps and variations, the sensor can facilitate gap �lling.

Cameras provide vision and images of a workpiece or tooling, including information on
identity, position, and orientation. Cameras with 2D technology are great for locating
parts in a plane, but it does not have the required �eld depth for locating parts in space.
The 2D camera is therefore suitable for more straightforward applications experiencing
some variability in part positioning since it has lower complexity and cost (Leath, 2018).
Cameras with 3D technology allow for locating items and parts in space due to their depth
of �eld. This technology adds complexity and costs in all aspects but provides a more sig-
ni�cant degree of automation.

A laser can replace traditional sensor technology use in all application areas. ABB (2014)
classi�es laser methods into 1D, 2D, 3D, spot, line, and circle. Laser Sensing refers to
using a 1D laser proximity spot sensor to �nd edges and is a signi�cantly faster alter-
native than the touch sense sensors in edge detection (Åkesson, 2021). However, laser
sensing requires a laser sensor being mounted on the welding torch, which can limit the
accessibility to some extent according to Åkesson (2021) and Leath (2018). Furthermore,
both Åkesson (2021) and Leath (2018) discuss the fact that laser technology may not be
suitable with some materials due to the re�ective surfaces and induced lousy data quality.

With Laser Seam Tracking, a 2D laser line is projected onto the seam to collect the seam
pro�le and geometry data (Åkesson, 2021). This data is processed in real-time, allowing
path correction and seam tracking. Laser Seam Tracking allows for faster cycle times than
through-arc sensing but requires an external sensor being mounted on the welding torch,
reducing the accessibility to hard-to-reach joints and seams (Leath, 2018). Furthermore,
Åkesson (2021) discusses the fact that laser seam tracking is very accurate and does not
require a weaving motion. Laser technology can also be utilised in part scanning with a
3D Laser Scanner, creating a point cloud containing millions of different surface points
of the part or product being scanned.
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2.3.1 Seam Tracking

Seam tracking refers to robot guidance and keeping the robot on an appropriate welding
trajectory, omitting the need for complex and time-consuming programming of trajec-
tories (Bolmsjö, 2005). Thermal in�uences, uneven heat transfer, material deviations,
staggered edges, clamping variation, or improper part alignment often affect the �t-up
and seam alignment. Still, seam tracking offers an opportunity to counter such variations
and automate many welding processes (Xu, Yu, Zhong, Lin, & Chen, 2012). Some ad-
ditional advantages of implementing a seam tracking solution are stated by Bjorkelund
(1987) to be less stringent positioning demands of �xtures and parts and lower bad weld
quality rejection rates. As previously mentioned, there are two main methods for seam
tracking; arc-sensing and 2D laser (Åkesson, 2021).

Furthermore, Bolmsjö (2005) discusses the fact that the traditional seam tracking algo-
rithms and technology only correct the welding trajectory positions in the x, y, and z-axis
rather than correcting the orientation. This can be related to the lack of process execu-
tion robustness since large path deviations and re-orientation would most likely drive the
robot joints into singularity or end positions. Securing robustness and allowing greater
freedom in tracking more signi�cant variations require advanced simulation and control
tools (Bolmsjö, 2005). Lately, there has been an enormous improvement in the sensor
technology and data processing �eld, which has increased the possibilities of implement-
ing solutions for more signi�cant deviation seam tracking while securing the robustness
of robot execution.

2.3.2 Edge Detection

Edge detection refers to utilising sensors to �nd the edge or start position of a welding
seam and trajectory, which is a means of calibrating each welding start position. Sensor
technologies usually used in edge detection are touch sensors or proximity sensors (ABB,
2014). Procedures and functions for edge detection are today normally integrated into the
robot controllers, power supplies, and programming software, which enable simple and
quick use of edge detection in different welding applications.

2.3.3 Part Scanning

Part Scanning refers to detecting and sensing a part geometry in two or three dimensions.
Such data can be used in many manufacturing applications, such as locating parts and
tools and inspecting part quality or alignment. Many different systems and principle tech-
nologies for acquiring 2D and 3D part geometry data are available today and come under
many other names. Bi and Wang (2010) presents different principle technologies used by
such systems and classi�es them into passive and active systems. Bi and Wang (2010)
presents the passive systems shape-from-shading, shape-from-motion, or passive stereo
vision. The active systems are laser triangulation, time-of-�ight (laser pulse and phase
shift lasers), and interferometry. Bedaka, Mahmoud, Lee, and Lin (2018) presents the
most common principle of non-touching technologies; active time-of-�ight (laser pulse
and phase shift lasers), laser triangulation, structured light, and passive stereo vision.
Laser scanning is a broad term that includes both laser triangulation (laser pro�ling) and
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time-of-�ight (indirect and direct), with different supporting algorithms. The output of
time-of-�ight and laser triangulation is most commonly a point cloud, while the output of
structured light and stereo vision is generally an RGB-D image.

Setting up a vision system comes with the challenges of selecting the most optimal angles
and positions for acquiring valuable and high-quality data. According to Johnston (2002),
several aspects must be considered to ensure a high-performing vision system adapted to
the speci�c application. This includes speed, accuracy, measurement volume, part geom-
etry and surface complexity, lightning conditions, and the need for real-time data analysis.
Furthermore, Bi and Wang (2010) adds that the resolution, spot size, and �eld of view also
affect the choice of the most optimal part scanning method.

2.3.4 End-Effectors

An end-effector is de�ned by ISO 8373:2021, IDT (2021) as a "device speci�cally de-
signed for attachment to the mechanical interface to enable the robot to perform its task".

According to Bolmsjö (2014), the end-effectors can be divided into three different cat-
egories; grippers, process tools, and end-effector exchange systems. Grippers are mainly
used in material handling and assembly and are gripping or holding material mechani-
cally, using a vacuum, or using electromagnets. Grippers using vacuum or electromagnet
are according to great options when dealing with �at surfaces such as metal sheets. Pro-
cess tools refer to end-effectors used explicitly in different processes, such as welding
torches, spray guns, and grinding tools. End-effector exchange systems add �exibility
and increase the usability of a robot since it can perform different tasks with various grip-
pers and tools (Bolmsjö, 2014).

2.4 Programming

Programmability is one of the essential features of a robot. Ef�cient methods and sup-
porting platforms and software allow users to create new robot tasks quick and accurate
(Bolmsjö, 2014). Programming robots ultimately comes down to de�ning a set of trajec-
tories and poses a robot should reach in a speci�c sequence.

Bolmsjö (2014) categorises the programming of robots into two different categories; how
they are programmed and where they are programmed. How they are programmed refers
to the different abstraction levels of the programming language and how the tasks are de-
scribed. Where they are programmed refers to the use of either online programming or
of�ine programming. In other words, is the robot programmed using the robot and pen-
dant on the shop �oor, or is the robot programmed using dedicated software and digital
models on a separate computer. Where does not implicate how, since the same program-
ming language and structure are used in all cases. However, how can implicate where,
since not all abstraction levels are possible to program using a robot pendant.

Online programming has been the most commonly used method and is still used to a
broad extent. Online programming provides some relative advantages and disadvantages
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compared to of�ine programming (Bolmsjö, 2014). For instance, the programming is in-
tuitive and direct since the actual robot system is used for programming. Furthermore,
programming in a real environment means that all geometrical variations in equipment,
tooling and �xtures are taken into account and compensated for. However, the robot sys-
tem will be occupied during programming, which can impact the productivity of a robot
system. Complex program structures involving a lot of logical commands can also be
quite hard to program and maintain online.

One of the bene�ts of of�ine programming that Bolmsjö (2014) discusses is the possi-
bility of programming the system while it is operating. This allows for less downtime
during the implementation of new or updated programs, ultimately increasing productiv-
ity. Furthermore, one relative bene�t is that it is easier to manage and produce complex
programs due to the possibility of better program structures and documentation. The op-
portunity to further optimise and improve robot programs using software and machine
learning is also enabled in of�ine programming. However, of�ine programming means
that it is not possible to consider geometrical variances when programming. One draw-
back of of�ine programming is the need to calibrate and adapt the programs to the real
environment and tolerances in equipment, tooling, and �xtures.

2.4.1 Abstraction Levels

Kihlman (2021) discusses a framework for the different abstraction levels of robot pro-
gramming.

• Joint-level
• Robot-level
• Object-level
• Process-level
• Goal-level

Joint-level refers to the programming and recording of individual joint values without
knowing about the Cartesian coordinate systems. This means that the robot will update
the joint values without considering a speci�c trajectory. Joint-level programming is the
lowest abstraction level since the motors are controlled for each joint individually. For
instance, a programmed instruction on this level would consist of moving a set of joints
a set of degrees or distances at a given time or step. The motors or drive system is then
actuated accordingly to create a robotic motion.

Robot-level is the most common level in robot programming and refers to the use of
trajectories and Cartesian coordinate systems. The robot can be programmed to follow
a linear, joint, or circular trajectory between two points in space. Points are de�ned as
a Cartesian XYZ position with an orientation, relative to a reference coordinate system.
Working with relative coordinate systems allows for transformation matrices to be applied
to frames and coordinate systems, enabling easy re-orientation of points and trajectories.
The robot manufacturers generally develop and maintain the systems supporting robot-
level programming, with inverse kinematics as an enabler. For instance, a programmed

13



2. Theory

instruction on this level would be de�ned as linearly moving the robot from a de�ned
position in space to another de�ned position in space. The system translates such an in-
struction to joint-level commands using inverse kinematics.

Object-level is the �rst degree of high abstraction level programming. In object-level
programming, the programmer must know the geometry of the objects. Digital models
are utilised to set symbolic spatial relations de�ning events on a geometrical level. By
providing the symbolic spatial relations, the system plans how to execute the events using
deterministic algorithms. The events are planned only with the spatial relations set by the
programmer using the geometrical references. The system does not have any knowledge
of the objects or the world. For instance, programmed instruction on this level would con-
sist of arc welding the curve intersection between surface A and surface B with de�ned
angles and welding parameters. The system translates such an instruction to robot-level
commands by disintegrating the de�ned symbolic spatial relations and their position in
the coordinate system. Since the system does not know about the models or world, ex-
tra care is required when determining the symbolic spatial relations to avoid clashes and
reachability issues.

Process-level refers to only providing a start and end state. This includes providing prede-
�ned information such as the geometry of the workpiece, equipment, tooling, and �xtures.
Tasks to be processed are speci�ed in the form of process modules. By using its knowl-
edge of the starting state, surrounding environment, and the world, the robot system will
know by itself how to execute each process and reach the end state. For instance, pro-
grammed instruction on this level would provide a start state with a tack welded body
with wear plates and an end state where all wear plates are welded. By recognising and
evaluating the prede�ned environment and world, the system executes the tasks in pro-
cess modules, such as welding a speci�c wear plate, to reach the provided end state. By
itself, the robot system will know how to execute the tasks by examining and evaluating
the prede�ned models, world, and behaviours. This includes automatic path planning to
avoid clashes and auto-detection or importing of weld seams.

Similarly, goal-level refers to only providing a start and end state. However, the robot
system understands the complete process on the goal-level and can create its de�nition of
the world, environments, and behaviours. This level is, to date, only common in space
applications.

2.5 Welding

Welding is the process of joining parts and materials, often metals or plastics. There are
several different welding processes, such as spot welding, arc welding, laser welding, and
friction stir welding. And according to Pires, Loureiro, and Bolmsjö (2006), the two most
commonly used arc welding processes are Gas Tungsten Arc Welding (GTAW) and Gas
Metal Arc Welding (GMAW). These processes rely on an electric arc being established
between the electrode and the workpiece. The current passing through the arc will induce
high enough temperatures to melt the metals and fuse the parts. Only GMAW will be
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covered in this report, as the other welding processes are considered out of scope.

2.5.1 Gas Metal Arc Welding

GMAW uses a consumable �ller wire and electrode to establish an arc with the workpiece
and feed the �ller wire to the weld pool. In contrary, GTAW uses a non-consumable elec-
trode to establish the arc while externally feeding a �ller wire to the weld pool. Such �ller
metals are according to Pires et al. (2006) used when welding sheet thicknesses larger
than 2 mm, and the �ller wire is fed by using a roll or coil. With thinner metal sheets,
only the heat is suf�cient to have a strong bond between the metals. Shielding gases are
also used to protect the arc, and it has according to Pires et al. (2006) an effect on arc
stability, weld bead shape, and melting rate. These gases can be divided into two different
types, inert gases (MIG) and active gases (MAG), and both are widely used within the
GMAW process.

GMAW is the most commonly used welding process in the industry due to its many ben-
e�ts compared to other processes (Pires et al., 2006). For instance, the GMAW process
can be used with many different materials and sheet thicknesses. It has a relatively high
deposition rate and can weld much quicker than traditional processes, making it cheaper.
Furthermore, GMAW is a semi-automatic process since the wire is fed automatically to
maintain a constant arc length, and there is no need to change electrodes all the time.
According to (Pires et al., 2006), these circumstances make GMAW the superior choice
in automatic welding applications and explicitly using it with robot systems.

Required equipment for GMAW is a power source, weld torch, electrode wire feeder,
and shielding gas �ow regulator. The power source provides a constant-voltage output
and is connected to the feed unit and workpiece to create a closed-loop �ow circuit when
the arc is established.

A welding torch designed for use with robots consists of an electrode contact tube, nozzle,
and handle, as Figure 2.2 illustrates. The contact tube directs to current to the electrode
at the tip of the torch. The nozzle directs the shielding gas, the handle supports the gas
or water cooling tubes, and the electrode guide tube and current wire. The welding torch
accommodates the arc between the electrode and workpiece and directs the shielding gas
towards the workpiece and weld seam. The welding torch neck can have different shapes
and diameters, and they must be chosen with respect to the application. Aspects essential
to consider in the choice of welding torch are welding application characteristics, ma-
terial to be welded, electrode and �ller-wire diameter, workpiece dimensions, single or
twin setup, power source manufacturer, accessibility with regards to neck size and angles,
crash box, and cable routing. The most common angles and shapes are necks with an
angle of 22, 36 and 45 degrees and a special S-shaped torch neck. One should always
choose the torch neck with the lowest angle possible due to the added friction when feed-
ing wires through a tighter angle. This ensures maximal life expectancy of the equipment
and reduces the cost of maintenance. Furthermore, the diameter relates to the expected
duty cycle, welding current, and application characteristics. Larger diameter torch necks
can facilitate higher duty cycles and welding currents and better cool the torch neck. The
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duty cycle directly relates to the choice of gas or water cooling, and water-cooling is typi-
cally used to fabricate heavy-duty equipment. Routing cables through the robot arm with
a hollow wrist comes with several advantages. The robustness and reliability of the robot
application are increased since the wires do not risk interfering with the workpiece or
manipulators. Furthermore, the wear and tear are reduced with internally routed cables,
increasing life expectancy and lowering maintenance costs. Of�ine programming of robot
applications with internally routed cables is also more straightforward since the potential
interference with externally routed cables does not have to be considered.

The electrode wire feeder uses a set of rollers to push the wire through the electrode
feeding tubes and into the welding torch. With automated welding applications, the wire
is fed from a spool or large drum to minimise the need to change the wire and induce non-
value adding time (Pires et al., 2006). Furthermore, a feeding unit is usually mounted on
the third robot axis to pull the wire and feed it into the welding torch via the electrode
guide tube. Wire-feeders can also be placed closer to the drum if the wire is fed longer
distances to create a push-and-pull (PAP) system.

Figure 2.2: GMAW process and torch.

There are two different and commonly used electrodes, solid electrode wires and �ux-
cored electrode wires. Flux Cored Arc Welding (FCAW) is a process variant of GMAW
that utilises �ux-cored electrode wires instead of solid electrode wires (Pires et al., 2006).
This yields several bene�ts over solid electrode wires, such as higher decomposition rates
and higher duty cycles.

Another process variation of GMAW is the use of tandem or twin and multi �ller-wire
setups while welding. This refers to the feeding of two or multiple �ller wires very close
to each other, which can facilitate a higher deposition rate and welding speed (Bohme,
Nentwig, & Knoch, 1996). However, one drawback is the increased total geometrical
volume of the welding torch due to an extra torch needed next to the single one, which
ultimately leads to the inability to reach some weld seams.

According to Weman (2016), the arc-on time factor describes the ratio between the total
time the arc is established, or the total time that current is passing through the electrode,
and the total welding time. This is an essential measure of ef�ciency, as it describes the
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utilisation of a welding resource concerning the total process time, including non-value
added activities. Typical arc-on time factors are 20 to 40 % for manual GMAW processes,
40 to 80 % for mechanised GMAW, and 50 to 90 % for robotised GMAW (ESAB, 2022).
Previous research at VCE has shown that the arc-on time factor ranges from about 65 %
to 80 % in standard automated GMAW processes at their facility.

2.5.2 Automation

Automation of the welding process increases the ef�ciency and welding quality, improves
the working environment, and decreases the ergonomic stress of the welders. According
to Weman (2012), robotised arc welding comes with bene�ts such as increased produc-
tivity and arc-on time factor, more consistent and generally a higher weld quality, and an
improved working environment.

Due to the precision and repeatability of industrial robots, it is essential to accurately
position and orient components before welding. Usually, this is done either with manual
tack welding or by using speci�c welding �xtures. By best practice, the automation of arc
welding applications (GMAW) generally requires a total weld joint positioning tolerance
equal to the electrode and �lling-wire diameter. Meaning, that if a 1,6 mm electrode and
�ller wire is used, the allowed tolerance for the location of the weld joint should be� 0,8
mm, or 1,6 mm in total tolerance (Leerink, 2017). Furthermore, Weman (2016) states that
the tolerance of the location of the weld joint should typically not exceed� 0,5 mm, or
1,0 mm in total tolerance. Lying outside of this tolerance, the arc might not be ignited and
established due to poor alignment between the tool centre point (TCP) and the welding
seam. However, if it is not possible to ensure the required positioning tolerances, edge
detection can be utilized to �nd the start position. This can typically be done within a 0,5
to 20 mm range from the nominal starting position (Åkesson, 2021). This is often the case
in heavy fabrication, where it is hard to maintain the required tolerances throughout the
manufacturing processes due to the sheer size of all components and the immense heat
transfers during welding.

Bad �t-up is another aspect to consider when automating arc welding processes. With
manual welding, the human sense can detect and compensate for more minor variations
in �t-up and seam gaps. To secure the welding quality in automated welding processes,
sensors following the seam and providing adaptive gap-�lling on the go using weaving
motions can bridge smaller gaps. However, gaps exceeding a total tolerance of 0,5 mm
to 1,0 mm are not recommended depending on the material thickness (Leerink, 2017).
With too large gaps, the smelted metal risks going through the gaps rather than bonding
the components and parts, resulting in a bad quality weld. According to the Volvo Group
(2016) internal welding standard, STD 181-0004, the gap variation should not exceed 1,0
mm plus 30% of the throat sizea for all quality classes. Gap variations larger than 3,0
mm are, however, never permitted. Since the complexity of vision, sensors, and intel-
ligent solutions is often relatively high and comes with a high cost, it is almost always
preferable to minimise the process variation and part-�t up using �xtures. However, �x-
tures and other clamping mechanisms might reduce the �exibility needed and induce a
need for many �xtures and tooling that are not economically feasible.
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According to Helton et al. (2001), essential aspects to consider when designing and pro-
gramming robotic welding are the electrode and weld torch angles relative to the base and
wall of the weld. The optimal base to torch and wall to torch relation angle is 45 degrees
when welding �llet welds, with different tolerances depending on the required welding
quality and penetration depth. Furthermore, other welding parameters such as wire feed
speed, voltage, current, and potentially some overlaid weaving motions are essential.

2.5.3 Welding Positions

Welding positions refer to the workpiece position during a welding operation and impact
the �ow of the molten material. Different welding positions are generally used to control
the weld pool and ensure an excellent quality weld and the required penetration pro�le.
Generally, there are six distinguished welding positions, PA, PB, PC, PD, and PE (We-
man, 2016). Additionally, PF and PG describe the vertical welding positions.

According to Weman (2016), �llet welds are usually welded in positions PB or PD but can
also be welded in additional positions, as illustrated in Figure 2.3. PA is the most advanta-
geous for ensuring the correct penetration depth and weld quality, and PB is advantageous
when welding around corners.

Figure 2.3: Distinguished welding positions for �llet welds.

2.5.4 Standards

Volvo Group (2016) have developed an internal welding standard, STD 181-0004, used
throughout VCE to set the requirements of the welds. The welding standard applies to
all steel welding with a thickness larger than three millimetres. The standard establishes
�ve weld classes: VS, VE, VD, VC and VB, where class VB refers to the highest quality
requirements and VS is a weld class for static strength.

The standard describes if certain type of imperfections are permitted or not for speci�c
types of weld classes, and to what extent they are allowed. For instance, overlap and cold
lap is controlled, and for VS and VB it is not permitted at all. For VE, VD, and VC,
the overlap and cold lap must be less than 1, 0,5 and 0,1 mm respectively. Weld classes
are assigned to all welds performed, and helps the operators and robot programmers to
understand the weld joint requirements and signi�cance.
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2.6 Ergonomics

Ergonomics is a vast term with more meaning than the frequently used associations with
comfort and correct set-up of the of�ce chair and computer screen. Almost any aspect of
human work can be related to ergonomics. Some examples are the interpretation of in-
structions, physical demands, teamwork, or protective gear (Berlin & Adams, 2017). Ac-
cording to Berlin and Adams (2017); Tahmasebi, Anbarian, Torkashvand, Motamedzade,
and Farhadian (2018), musculoskeletal disorders (MSDs) are common in many indus-
tries due to unergonomic working positions, leading to illness, reduced physical ability,
and early retirement. Especially manual welding requires many unergonomic positions
such as bending, stretching or other static positions for more extended periods of time.
Research on factors for work-related accidents for welders shows that unergonomic po-
sitions are the most common factor. Many tools and equipment have been developed to
improve the ergonomics and productivity of the workers, although the most ef�cient way
is still through automation (Tahmasebi et al., 2018). Automated welding of unergonomic
positions saves personnel from early retirement and reduces work-related accidents due
to unergonomic positions, often reducing lead times and improving productivity.

2.7 Automated Guided Vehicles

Automated guided vehicles, or AGVs, are electric, automated transporting vehicles. Hence
no driver is needed. They are often used in industries or warehouses to transport re-
sources between different places within the building. Depending on the needs, they come
in different shapes and sizes and can be equipped with forks for carrying pallets, lifting
mechanisms, and more. They can transport heavy loads and move horizontally and verti-
cally, making them �exible. There are many different techniques for the guiding system
of the AGV. The most common are buried wire or magnets-guidance systems, painted
lines or laser guidance. AGVs are also equipped with sensors for detecting obstacles and
prohibiting collisions (Baker, 2017).
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Methods

To answer the project's problem formulation; various steps, methods, and analyses that
must be implemented are identi�ed. The report distinguishes Method and Implementation
into two different chapters, where the Method describes the underlying theory. All steps
with a general underlying theory are described in this chapter. For the implementation of
the work, see Chapter 4.

3.1 Interviews

The method of identifying and evaluating the current state, needs, solutions, and criteria is
on based several qualitative unstructured interviews with industry experts and employees
within VCE. Due to the exploratory problem formulation, unstructured interviews were
considered the best method of collecting different viewpoints without any pre-de�ned
structure. Unstructured interviews help collect qualitative data, compared to structured
interviews which help to gather more quantitative data (Bryman & Bell, 2007). Contrary
to structured or semi-structured interviews, unstructured interviews do not include a set
pattern of questions prepared in advance (Bryman & Bell, 2007). This allows for more
in-depth answers and the possibility to ask questions that will contextualise and deepen
the initial ideas on different areas.

3.2 Robotic System Development

According to Bolmsjö (2014), before investing in, designing, and implementing robotic
systems, thorough project planning is required to clear all the steps needed to reach the
desired results and effects. Lizotte and Summers (2022) also states that the chosen robotic
cell layout and its components strongly impact the robotic system's quality, ef�ciency, and
productivity. Therefore, adequate planning ensures excellent results considering layout,
tools, and components.

Many established project planning methods aim to provide a method and framework for
uniformity in the project planning process in different aspects and industries (Kerzner,
2013). However, there is no one-�t-all method. This project has reviewed and evaluated
several methodologies to �nd the best �tting method, which is a robot cell design and
implementation framework outlined by Bolmsjö (2014).

According to (Bolmsjö, 2014), the work included in a robotics system project can be
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divided into three different major phases; feasibility study, procurement, and implemen-
tation. Each phase is equally important to plan and execute in a structured manner to suc-
ceed in investing in a robotic system. The customer or an external partner often conducts
the feasibility study. The procurement phase involves both the customer and a system
integrator and its suppliers. The implementation phase is mainly performed by the system
integrator and its suppliers, with support from the customer. This report will only cover
the feasibility study phase.

3.2.1 Feasibility Study

A feasibility study intends to describe the background of an investment project, formulate
a project aim, and set initial requirements (Bolmsjö, 2014). Furthermore, the purpose
is also to seek, develop, and select different concepts to analyse the feasibility of other
possible alternative conceptual solutions (Kerzner, 2013). The feasibility study will rec-
ommend the best conceptual alternative with associated bene�ts and costs based on the
initial requirement identi�ed.

For all investments to design and implement a robotic system, it is essential to, at an early
stage, de�ne a preliminary requirement speci�cation list that covers the most prominent
and essential parameters (Bolmsjö, 2014). Parameters and factors that are important to
consider are the product range and product variations, type of work processes, production
volumes, process parameters, operator needs, and motivation for the investment.

Furthermore, a more thorough analysis of the current situation of the concerned process
or processes should be performed concerning the previous mapping of the production and
�ow to �nd activities with improvement potential and locate critical success criteria to
evaluate the different conceptual solutions.

Kerzner (2013) discusses that a feasibility study can be conducted on two levels: sum-
mary and detail. The summary level touches upon evaluating alternative solutions, as-
sessing cost-effectiveness, and assessing the technical base. Furthermore, the detailed
level touches upon a more speci�c determination of the problem, analysis of the state
of the art and future technology, testing the validity of alternatives and quantifying un-
knowns and weaknesses (Kerzner, 2013).

Part of the work included in this step will be supported by another established concept
development method concerning the generation and evaluation of concepts, further de-
scribed in Section 3.3.

3.3 Concept Development

For the conceptual development in this project, a process presented by Ulrich and Ep-
pinger (2012) will be used, with small adaptations for optimal �t to this project. The full
process is visualised in Figure 3.1.
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Figure 3.1: Ulrich and Eppinger's conceptual development process (Ulrich & Eppinger,
2012).

3.3.1 Identify Customer Needs

The �rst phase in the concept development process is to identify and understand the needs
stated by the customer. In this project, the customer is VCE since their needs set the re-
quirements and desires of the concepts. The needs could be identi�ed through observa-
tions, interviews or analyses of raw data. The identi�ed requirements and desires are then
gathered in a requirements list.

3.3.2 Establish Target Speci�cations

The requirements list is complemented with target values representing the hope or ex-
pectation for each requirement or desire. The target values are used to easily measure if
the need has been ful�lled and should therefore be stated in a measurable way or unit.
After the testing phase, the target values are reviewed and corrected into �nal speci�-
cations when more constraints and trade-offs are known, possibly making some of the
target values unlikely or impossible to achieve. Veri�cation methods are also identi�ed
for the different target values and added to the requirements list to simplify the validation
of whether they have been completed.

3.3.3 Generate Product Concepts

This phase in the process consists of four smaller steps. Step one clari�es the problem
and breaks it down into smaller subfunctions. A signi�cant complex problem is often
challenging to approach and �nd solutions for. Multiple more straightforward problems
where all subsolutions together form a solution for the initial big problem are much easier
to work with. A Function Means Tree is used for easy visualisation of the subfunctions.
In a Functions Means Tree, the main problem is divided into subfunctions. Subsolu-
tions are then identi�ed for each subfunction. The subsolutions are further divided into
more subfunctions, and new subsolutions are added. This pattern repeats itself until the
subsolutions are so simple and small enough that they can not be divided into more sub-
functions. The idea is that the subsolutions to all the subfunctions in the lowest level in
the tree together create a solution for the function at the top of the tree.

Steps two and three are about �nding external and internal information and inspiration
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for the different subsolutions. Examples of external sources are benchmarking on the cur-
rent market and talking to suppliers and experts. A patent analysis could also be done,
�nding products not on the market, inspiration for new ideas, and learning about the ex-
isting limitations when trying to develop a new idea.

In step four, the found subsolutions are organised in a morphological matrix concern-
ing which subfunction they are solving. The subsolutions are then combined, creating
possible �nal solutions. Some combinations are done immediately, while others are made
during the process when more information is gathered. The combinations are usually
done in iterations to simplify and structure the process.

3.3.4 Select Product Concepts

The generated concepts are evaluated concerning customer requirements and desires. This
is done in three stages. First, a rougher concept screening procedure, an Elimination Ma-
trix, is used. All concepts that do not ful�l any of the following �ve criteria are removed
or paused until more information is available to say if the requirements are achieved or
not.

• Main problem
• All requirements
• Is realisable
• Have a reasonable cost
• Is safe
• Not enough information

A Pugh matrix is used for the next step in the screening process. It is a powerful and
effective way to screen concepts and is still easy to set up, use and understand. The con-
cepts that enter the Pugh matrix ful�l the requirements and could be realised since they
have passed the elimination matrix. Here the concepts are being compared to each other
concerning the identi�ed desires. One concept is used as a reference concept and is given
a �nal score of zero. The other concepts are then compared with the reference concept
and receive a plus, minus or zero depending on if they are better, worse or equal to that
speci�c desire that is being compared. A plus adds one point, minus subtracts one point,
and zero does not do anything. When all concepts have been screened, the total points are
summed up, and the best concepts are moved on to the following screening phase. This
phase is usually iterated two times with two different reference concepts to ensure that the
best concepts were best independently of the reference concept.

The concepts that pass the Pugh screening process are ranked using a concept scoring
method. A Kesselring matrix is often used for concept scoring since it is easy to use and
contains lots of detail, complementing the less detailed Pugh matrix. The same desires as
in the Pugh matrix are used but now weighed against each other to see which desires are
most and less important. The desires receive a score between one and �ve depending on
how important they are, where �ve is most important. The concepts are then ranked for
each desire with the same ranking scale as previously used, where �ve is the best rank.
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The rank is then multiplied by the weight of the desire, and the product of that multiplica-
tion is added as a score to the concept. All scores for each concept are summarised, and
the concepts with the highest scores are considered the best ones.

After the screening and scoring process, when the concept's strengths and weaknesses
are clear, the concepts are analysed to see if any improvements could be made. Concepts
could be combined into new concepts or changed to improve their �nal score. If new con-
cepts are found, the process starting from the screening is redone with the new concepts.
Finally, the two to three best concepts are kept and further developed.

3.3.5 Test Product Concepts

The �nal concepts are also tested to verify that they meet the customer's needs, require-
ments, and expected desires or if they have to be improved. The testing phase also gives
more information about the concepts which could be used for re�nement or ideas to �nd
new concepts. This step is also essential for assessing sales potential and learning what
customers think about the concepts.

3.3.6 Set Final Speci�cations

The target speci�cations are revisited to see if they have been ful�lled and if the set targets
are within reach. Depending on newly emerged constraints and trade-offs, some of the
initial target speci�cations might need to be replaced with �nal target speci�cations to
make them possible to reach.

3.3.7 Plan Downstream Development

In the �nal step in the concept development process, a development schedule contains all
valuable �ndings found during the entire process. The schedule should state the necessary
resources needed to �nish the project and a strategy to minimise the development time.
However, this step is not a part of this project's scope and will therefore not be conducted.
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Project Implementation

In the preceding chapter the chosen theoretical framework is presented more in-depth.
This chapter describes how each method was implemented and the work�ow of the project.

4.1 Current State Analysis

Starting the project, two well-structured problem formulations, a project aim, and a project
purpose were produced. This aided in identifying keywords utilised in the literature study
and mapping the current state. To identify relevant material and map the current technol-
ogy status that is within the framework of the project, a literature study was continuously
carried out throughout the project. Keywords were chosen based on the underlying con-
cepts found in the purpose and the problem formulation. Table 4.1 shows a selection of
keywords and concepts used for the literature study, combined with logical operators to
�nd relevant material. The database searches were conducted using the Chalmers Library
service, indexing many different databases such as Google Scholar, Google Patents, Es-
pacenet, Scopus, ISO Standards catalogue, ScienceDirect, SIS, and AccessEngineering
(Chalmers Library, 2022).

Table 4.1: Selection of keywords used in the literature study.

Keywords

industrial robot(s) welding positioner automated
�exible heavy headstock tailstock positioning
tilt(ing) rotate lift(ing) robotics calibration
intelligent machine learning seam tracking sensor(s) laser
vision manufacturing autonomous metrology 3D
point cloud quality system degrees of freedom gantry
AGV programming GMAW automation ergonomics
joints positions arc welding cell design

Furthermore, to map the current state of the facility in Braås, observations and unstruc-
tured interviews were conducted on the shop �oor. The general production �ow and
facility layout were observed, while the body manufacturing �ow was studied more in de-
tail. The studied �ow started with raw sheet metal and ended with the body being welded
and prepared for entering the paint shop. During this project phase, interviews were
continuously held with production personnel, for instance, robot operators and welding
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operators, to gain extra insight and a view re�ecting the workshop �oor. Furthermore, ex-
perts within robot programming, welding quality, and manufacturing engineering at VCE
was also interviewed to collect required additional material and information.

4.2 Problem & Requirements Target Speci�cation

Based on the current state analysis, a problem speci�cation was produced to highlight
the key issues to cover in the project. The problem speci�cation summarises the critical
�ndings of the current state analysis.

A requirements speci�cation list was compiled from the identi�ed current state and prob-
lem speci�cation list. The list consists of a column with identi�ed criteria where the
criteria are listed as requirements or desires depending on the importance. The require-
ments were complemented with columns for target values and evaluation and veri�cation
method to make the requirements measurable. This simpli�es the process of verifying if
the �nal solution ful�ls the criteria.

4.3 Concept Generation

This chapter presents how the concept generation phase was executed for both the robotics
and workpiece positioner parts. Furthermore, it is described how each part was broken
down into subfunctions and how the subsolutions to these subfunctions form a concept.

4.3.1 Robotics

The robotics concept generation started with identifying relevant areas that had to be
addressed within the project's scope, based on the problem and requirements target spec-
i�cation. The following concept generation framework was set and used for robotics.

1. Number of Welding Robots
2. External Axes
3. In-Cell Buffer
4. Loading of Wear Plates
5. Fixation of Wear Plates
6. Calibration of Nominal Positions
7. Seam Tracking
8. Wear Plate Design Changes
9. Weld Torch Setup

10. Program Weld Location & Parameters
11. Plan & Optimize Weld Paths

Within each area identi�ed, solutions were generated and continuously screened. The
solutions were generated based on mapping the current state, the literature study, and in-
terviews with industry experts.
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Due to the sheer amount of resulting possible combinations, four robotics concept com-
binations were produced based on current and common knowledge and experience of
industry experts. Different themes distinguished the concept combinations to give the
concepts different characteristics and possibilities. The four concepts were combined to
represent all the possible combinations in the best possible way.

4.3.2 Workpiece Positioner

The workpiece positioner concept generation started with identifying the main purpose of
a workpiece positioner, which was to optimise robotic welding angles and make it possi-
ble for the robots to reach all weld seams. This can also be done through manipulating
the robot, but in this project, it was already given from the assignment that the solution
has to include a positioner. Because of this, only that branch has been developed further,
which can be seen in Figure 4.1.

The positioner was broken down into the subfunctions Movement, Fixation, Steering and
Loading and Unloading. Out of these, Movement, Fixation, and Loading and Unloading
are the main and most important parts of the positioner in this project. Subsolutions have
been identi�ed to the subfunctions and the subsolutions have then been divided into more
subfunctions.

Figure 4.1: The Function Means Tree for dividing the positioner into subfunctions and
subsolutions.

The last level solutions were found through patent analysis, a benchmark and discussions
with industry experts. For the patent analysis, a literature study was conducted using
the keywords mentioned in Table 4.1. The keywords were used alone and in different
combinations to �nd relevant patents with solutions that could be used. The possible so-
lutions to the functions in the last level of the tree are displayed in a morphological matrix.

For the benchmarking, the market was scanned, and existing solutions to the different
last level functions were added to the morphological matrix. Current relevant solutions
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used in the production at VCE were also added to the matrix. Discussions with suppli-
ers and external and internal experts were also done to inspire new sub-function solutions.

The solutions to each last level function were combined into 40 different concepts in
three iterations. The concepts were combined with varying themes in mind in the �rst it-
eration. Some examples of themes used are Cheap, Product Flexibility, Safe, Sustainable,
Low Maintenance, and Most Degrees of Freedom. The subsolutions were then combined,
forming the concept that was believed to ful�l the different themes best. The combina-
tions were optimised for a speci�c interface design subsolution in the second iteration.
This was done to guarantee that all interface design subsolutions were brought to the
evaluation stage. The third iteration was done during the evaluation stage where new
learnings and revelations appear, making it possible to improve the concepts by swapping
a sub-solution for something else or combining concepts. If one concept has �aws and
another has strengths, the combination could be the best solution.

In some concepts, the body was only mounted on one end. This puts some demands
on the body and its suspension system to make sure that it can withstand the pressure
applied to the body. Therefore, some simple calculations and tests were performed within
the concept generation phase, to ensure the feasibility of the concept ideas. The sketch
of the applied forces and torque when only �xating the body in the front is illustrated in
Figure 4.2

Figure 4.2: Forces and torque affecting the body when mounted on one side.

The force affecting the potential mounting points was calculated accordingly, whereF
was the total force,m was the maximum mass of the largest current hauler body, andg
was the gravity.

m� g = 10000� 9;82= 98200N (4.1)

The gravity forceF equals the other horizontal forcesF3 andF4 since they are pointing in
opposite directions, as described in

" : F2 + F3 = mg (4.2)

The vertical forces are neutralising each other according to

! : F1 = F4 (4.3)
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The resulting torque was calculated to be

M = mg� L3 = 343700 Nm (4.4)

and by utilising the fact that

M = F1 � L2 + F4 � L1 = F1 � (L2 + L1) (4.5)

the horizontal forces can be calculated to be

F1 = F4 =
M

L2 + L1
�
343700

1;7
� 200 kN (4.6)

By taking an indicative cross-sectionA of the current suspension ear, the induced stress
levels were validated to be feasible by calculating

P =
F1

A
=

200000
640

= 312;5N=mm2 = 312;5 MPa (4.7)

4.4 Concept Evaluation & Selection

This chapter presents the execution of the Ulrich & Eppinger screening process for both
the robotics and the workpiece positioner. The screening process applied to the robotics
was not as rigorous as the process applied to the workpiece positioner development, to
allow for greater focus on production development rather than product development.

4.4.1 Robotics

The evaluation of the different robotics subfunction solutions was conducted in parallel
to each other. The evaluation included an extensive literature study and interviews with
industry experts and VCE employees. This formed an overall evaluation of the subfunc-
tion solutions regarding implications on essential criteria, such as cost-effectiveness, pro-
ductivity, and ergonomics. The results were summarised in terms of relative advantages
and disadvantages, and potential implementation approaches and issues were highlighted
where applicable.

The selection of the �nal robotics concepts was based on a subjective evaluation with
several criteria. The following criteria were included in an evaluation matrix, selected
and weighted in collaboration with industry experts and VCE representatives.

• Cost
• Flexibility
• Future-Proofness
• Productivity
• Programming Complexity
• Ergonomics & Work Environment
• Maintenance/Redundancy
• Implementation Complexity
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Beyond this, some subconcept solutions also required extra analysis and investigation to
conclude the nature of the different subconcept solutions. The following paragraphs aim
to further disclose the execution of the analyses performed within the project.

To analyse the implications of different subconcepts on productivity and cycle times, com-
putations were performed to indicate the expected cycle times and how they are affected
by different parameters. The cycle times were computed by using provided welding draw-
ings and models, by calculating

Cycle Time=
å i

�
wi
ws

+ 2� r + v+ s
�

wn

n� u
+ p� pt 8i 2 W (4.8)

where

W = Set of Welds for Each Program/Model

and wherewi is the weld length, andwn is the number of identical welds concerning clus-
ters and symmetry. Furthermore,ws is the welding speed,r is the ramp-up and ramp-down
time, v is an estimated general via time,s is the search time,n is the number of robots,
u is a utilization rate describing the balancing rate for multi-robot cells,p is the number
of welding positions, andpt is an estimated general re-positioning time for the workpiece
positioner. The cycle times were computed for 14 different products and models of the
hauler body.

Furthermore, the arc-on time factor for each model and product was computed by cal-
culating

Arc-On Time=
tw
tcn

(4.9)

wheretw is the total weld time,tc is the computed cycle time, andn is the number of
robots.

Analysing the optimal number of robots for the application, the parameters displayed
in Table 4.2 and 4.3 were used in conjunction with the above calculations, set in collabo-
ration with VCE and industry experts.

Table 4.2: Static parameters for optimising the number of robots.

Parameter Value

Single Welding Speed 0,65 m/min
Twin Welding Speed 1,1 m/min
Estimated Via Time 2 s
Search Time 4 s
Ramp-Up/Ramp-Down 1,5 s
Positioner Time 20 s

32



4. Project Implementation

Table 4.3: Dynamic parameters for optimising the number of robots.

Parameter Value

Robots X units
Robot Utilization Y %
Welding Positions Z positions

The number of robots refers to the total number of welding robots installed and working
simultaneously on the same workpiece. With multi-robot cells, synchronisation and bal-
ancing issues between robots induce blockages and wait jobs. Hence the robot utilisation
was set to be either 100%, 80%, or 65%, depending on the number of robots.

The total available production time was also calculated. It was assumed that the pro-
duction cell would operate in two shifts, from 06 AM to 12 AM, �ve workdays per week,
48 weeks per year, to provide some wiggle-room in the capacity as the planned produc-
tion time can either be increased or decreased. The total available production time was
calculated based on this. All planned maintenance was also assumed to be scheduled for
weekends and holidays. However, there will also be unplanned stops and maintenance
interrupting the operation of the cell. Therefore, using overall equipment effectiveness
(OEE) data provided by VCE for one of their similar cells, an average availability was
calculated to be about 65%. This measure was used to account for unplanned stops and
alarms causing interruptions in production. Therefore, the available time for production
was multiplied by a factor of 0;65. Lastly, the capacity needs in production hours were
calculated for automated welding of wear plates with different parameters and numbers
of robots using the production volume data.

Furthermore, the possible reduction of material handling and cycle time was also cal-
culated to evaluate the in-cell buffer subconcept solutions. The theoretical time reduction
was considered together with the actual and forecasted volumes to indicate the total pos-
sible reduction.

A reachability study had to be performed to ensure the requisite reachability of the weld-
ing torch and ensure the products can be welded with excellent welding quality. The study
covered two different aspects of reachability; local and global reachability.

Local reachability refers to the possibility of reaching a weld joint with the welding torch
without a clash. A quantitative analysis was performed by testing whether there was a
clash or not for all weld joints and documenting the required wall offset or welding angle
increment required to avoid a clash between the tool and workpiece. Delmia was used
to perform the analysis, using a representative weld torch, robot, workpiece, and recom-
mended welding angles.

Global reachability refers to the possibility of the robot reaching the weld joint in a
feasible con�guration and pose. A qualitative analysis was performed using PTC Creo
Parametric and Delmia to identify which external axes solutions could reach the entire
product volume. Resolutions that did not match the entire volume were instantly elimi-
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nated, and only solutions with full global reachability were considered in the evaluation.
Furthermore, possible limitations in the length of stroke for some mechanical solutions
were also considered.

The welding positions required for the welding of the wear plates and future products
have also been identi�ed by analysing the products and their related welding drawings
concerning weld quality, desired welding positions, and reachability. The analysis was
performed using PTC Creo Parametric and identi�ed the required welding angles and po-
tential issues.

PTC Creo Ansys Simulation with automatically generated meshes was utilised to study
the behaviour of the wear plates during lifting, handling, and loading. Potential dis-
placements and internal stress levels were evaluated with different robotics subconcept
solutions and wear plate design changes to strengthen the feasibility analysis further and
address potential issues at an early project stage.

Several welding tests were performed to evaluate the current wear plate slot design and
the possible base angle range. Given the welding requirements, the results could then
be used to verify and validate different solutions within different areas, according to the
following list.

1. Evaluated if a larger range of possible base angles to better cope with reachability
issues, given the relatively low quality requirements for wear plate welding.

2. Evaluated if the slots can be welded in one go, with only one robot movement.
3. Evaluated if the slots can be welded without seam tracking, given the accuracy of

the laser cutting machine.
4. Evaluated if the intermittent slot offset can be increased without inducing quality of

reachability issues.

The test was performed using one of the production cells at VCE Braås, and a case-
speci�c test piece was designed to support the evaluation. The test piece illustrated in
Figure 4.3 was used, and consists of two parts welded together.
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Figure 4.3: Test piece designed for welding tests within the project.

Delmia was also used to verify the weldability of the wear plate slots and if it was possible
to weld them with one weld motion, in conjunction with performing physical welding
tests.

4.4.2 Workpiece Positioner

The concept evaluation and selection phase for the workpiece positioner concept devel-
opment consisted of three screening methods. An elimination matrix, a Pugh matrix and
lastly, a Kesselring matrix. The �rst screening method applied was an elimination matrix,
where concepts not passing this stage had signi�cant �aws and were therefore eliminated
from the process.

The next screening method used was a Pugh matrix. Since all concepts that passed the
elimination matrix ful�lled the requirements, the essential desires from the requirements
speci�cation list were instead used as criteria for the Pugh matrices. In the �rst Pugh
matrix, Concept 4, as described in Appendix A, was used as the reference concept and
automatically received a zero score. This concept was used since it is very similar to an
existing robot cell at VCE and did therefore give a clear impression if the other concepts
were better or worse than the current solution.

In the second Pugh matrix, Concept 14, as described in Appendix A, was used as the
reference concept. It was used since it is a typical, standard positioner. It gave some good
perspective if the other concepts are better or worse than standard industry solutions. A
Kesselring matrix was used as the next screening method.

The difference between the best and worse concepts in the Kesselring matrix was rela-
tively small. Therefore, further analysis was conducted to separate the best concepts and
choose which ones to proceed with. The relative advantages and disadvantages of using
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rail, AGV and overhead cranes as loading and unloading options were identi�ed. There
were no concepts left with an overhead crane, but the option was still evaluated since new
concepts or changes to current concepts could be added.

Furthermore, since all bodies used in positioners are currently attached in both the front
and the back, some further simulations had to be done to see if the bodies can withstand
the stress and torque that occurs in a one-sided positioner. Simulations were conducted
on one large and one small body to ensure that all sizes can handle the applied stress and
torque. The simulations were done using a mesh size of 30 mm, an absolute sag of 10 mm
and parabolic as element type. The gravity was set to 1,1 g to create some safety factor,
and the body's weight was set equal to the heaviest variant available.

Figure 4.4: Example of a FEM simulation setup, using the optimal �xation points.

The current adapter was re-designed and modi�ed with the workpiece positioners to en-
able wear plate welding without blocking weld seams or loading weld plates. The mod-
elling was done using PTC Creo Parametric. Different mountings were also evaluated to
�nd a good �t without restricting the access to mounting and welding wear plates.

4.5 Production Concept Modeling

After selecting a �nal concept for both the robotics and a workpiece positioner, the two
concepts were combined to form a production concept for welding wear plates and var-
ious future products. The concept was modelled in 3D using Creo Parametric and Catia
V5 to illustrate the overall concept and highlight relevant dimensions. The level of detail
was set to a feasible level considering only a production concept should be delivered, but
high enough to represent reality and be able to highlight potential issues at an early stage.
Standard components from e.g. Bosch Rexroth and Axelent were imported and used in
the production concept model. Discussions with industry experts were held to validate
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the mechanical design's feasibility and iterate and further improve the concept.

A rough investment calculation was performed, including Return On Investment (ROI)
and payback period, to provide a �rst insight into the economics of the suggested in-
vestment. Budget prices provided by suppliers and previous quotes to VCE on similar
equipment were studied to set a feasible investment cost. The net return on the invest-
ment was then calculated by utilising the running costs of human welders versus robot
welding. The standard costs used were 600 SEK/h for man time and 1200 SEK/h for
machine time. For quantifying the reduction of work required between manual and robot
welding, a factor of 8 was calculated for the wear plate welding. For all other welding, a
factor of 5 between the manual welding and robot welding time was used. The net reduc-
tion of man-hours and increment of machine-hours were used to calculate the net savings
using the standard costs over the life expectancy. The ROI was then calculated as

ROI =
Net Savings

Investment Cost
� 100% (4.10)

Furthermore, the payback period was calculated as

Payback Period=
Investment Cost

Net Savings
(4.11)

Beyond presenting the concept with all its components, a programming and production
preparation method was also compiled. The method and vision were based on the so-
lutions for the robotics programming and optimisation subfunctions and developed in
conjunction with industry experts.
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5
Results

Developing and designing a production concept and robot cell for large low-volume prod-
ucts is a complex engineering challenge. Many different areas have to be analysed and
investigated, and this section covers the project results. For the �nal production concept
result, refer to Section 5.6. In the preceding sections, essential partial results from the sup-
porting research and analysis are presented to understand better the choices and selections
made to compile the �nal production concept.

5.1 Current State

The current state of the wear plate welding process and other relevant information mapped
during the project are presented in this section.

5.1.1 Production Flow

In the current production �ow, illustrated in Figure 5.1, the welding of wear plates is con-
ducted in the same �ow and with the same resources as the rest of the products. Long
cycle times for manual welding of wear plates block resources such as personnel and
workpiece positioners for a long period, and the normal �ow of products without cus-
tomer options is disrupted. To partly solve the blocking issue, the most time-consuming
wear plate options are welded in another facility located about three kilometres from the
main facility before it returns to the main facility and the paint shop. This frees up more
resources in the manual welding sequence, but such an external material �ow is not ideal.
The optimal solution is to weld all wear plate options in the same facility, facilitating a
more ef�cient material �ow.
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Figure 5.1: The current hauler body production �ow.

The body production starts with manual tack welding of laser-cut metal parts in Station 1
to form the front and back panels of the body in specially designed �xtures. Robots then
weld the tack-welded parts in Station 2. After welding, they are mounted on an assembly
�xture, and together with other laser-cut metal parts, they are tack welded together to form
the body's structure in Station 3. This structure is then transferred to Station 4, where it is
arc welded by robots. After the welding, the body is suspended in a workpiece positioner
at Station 5 to tack weld additional components to the body structure. Robots thereafter
weld the body and the components in Station 6 before moving on to the �nal manual
welding in Station 7. During �nal manual welding, welders correct quality issues from
previous stations and weld seams that are not reachable by robots. The welding of wear
plates is also conducted in Station 7, parallel to the �nal welding of the bodies. But, this
is only the case for the standard, less time-consuming wear plate kit. Due to the extensive
work needed for the heavy-duty wear plate kit, the body is instead transported to another
facility for welding wear plates after it has been �nished welded in Station 7 at the current
facility. About 15% of all bodies �tted with wear plates are transported to another facility
for manually welding the wear plates. This is to not block a positioner and resources in
the standard �ow and �nal welding area for long periods. The body production ends with
the body being inspected by an independent auditor before it proceeds to the paint shop.
Figure 5.2 displays an overview of the production layout regarding the production �ow.
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Figure 5.2: The current production layout.

5.1.2 Production Process

There are two different variants of the wear plate kits, standard and heavy-duty kits. The
standard wear plate kit consists of 9 or 12 laser-cut metal plates welded on the inside
of the hauler body. The heavy-duty wear kit consists of 18 or 19 laser-cut metal plates
welded on the inside of the hauler body. The kit content size depends on the hauler body
model, whereas the larger models have additional wear plates to protect the front of the
hauler body. Figure 5.3 illustrates an example of a wear plate kit.
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Figure 5.3: Example of a wear plate kit consisting of 16 different wear plates laid out,
ultimately lining the inside of a hauler body.

The size and weight of the different wear plates included in the kits differ. This will be
an essential factor when analysing the loading and tack welding of the wear plates in the
hauler body and analysing the body's �xation. Also, the welding method of the wear plate
kits differ, where some joints are welded intermittently, and some joints are welded full
seam. The quality requirements of the welding joints are relatively low, where a throat
thickness of between 4 and 5 mm is required with the VD welding class requirement.
There is no requirement for penetration in the welding of wear plates. All parts subject to
welding consist of Hardox 450, abrasion-resistant steel with good bendability and weld-
ability (SSAB, 2022). The individual wear plate weight ranges from 4,0 kg to 475,7 kg,
and the plate thickness from 8,0 mm to 16,0 mm. The total wear plate kit weight ranges
from 697,7 kg to 2600,4 kg. The total body weight, including wear plates, ranges from
about 4 300 kg to 17 000 kg.

The cycle times for the current manual welding of wear plates differ and range from 6
hours to 26 hours. According to welders and production technicians, the tacking time has
been estimated to correspond to about 25% of the total cycle time. VCE has performed
no time studies on this, which falls out of this project's scope. Due to the time-consuming
process, the standard �ow and resources for the �nal welding of bodies are blocked.

The current manual process induces signi�cant ergonomic stresses and strained working
positions for an extended period, as Figure 5.4 illustrates.
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