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Abstract

Nowadays, production companies in industrialized countries are facing increased
competition due to globalization of markets. One strategy of dealing with this situation,
leads to the approach of serving customer’s increasing desire for individualization and
delivering high quality products.

Automation is a promising solution approach, to increase quality and lower production
costs. However, especially small volume assemblies, with their often highly complex work
processes and demand for flexibility, are still predominately operated by humans, since
automation reaches its limits in these environments. As a result, process assurance and
documentation of assembly processes is challenging and often not adequately secured.

This thesis investigates the challenges posed by a high variant small batch assembly and
examines the differences between humans and machines. It takes a look at different
categories of assistance systems and how they can deliver solutions to ensure quality
and sufficient documentation in the assembly process, by combining the advantages of
humans and innovative technical systems.

Data and findings were acquired during a project with a company in the high performance
field of the automotive industry. The aim of this project was the development of a concept
for the use of assistance systems during assembly in order to meet zero defect policy
and full documentation of the assembly process.

Following a phase of analyzing the current state within the company, a research for
potentially applicable technical systems was conducted, by investigating state-of-the-art
technology as well as systems that are already successfully used in production facilities.

In a second phase, feasible concepts were developed and evaluated, considering the
criteria prioritized by the company. The final concept was chosen and refined by including
different departments involved in the assembly process, taking into account all relevant
perspectives.

Finally, process models that depict assisted assembly processes were developed, by
using business process model and notation standard. Allowing the implementation of
further technical systems into these models, ensures maximum flexibility and adaptability.

This thesis results in an overview of how to use assistance systems in order to enhance
process assurance and guarantee traceability of the assembly process by
documentation. For a particular industry task, it delivers a conceptual solution, showing
how assistance systems can provide cognitive information support while being able to
record all relevant assembly process data.



Kurzfassung

Durch die Globalisierung der Markte sind Produktionsbetriebe in Industrielandern heute
einem zunehmend verscharften Wettbewerb ausgesetzt. Eine  mdgliche
Ldsungsstrategie bietet die Erflllung der steigenden Individualisierungswiinsche durch
Kunden.

Automatisierung gilt hierbei als vielversprechender Losungsansatz um die Qualitat der
Produkte zu steigern und die Produktionskosten zu senken. Doch gerade in
Kleinserienmontagen, mit ihren meist hochkomplexen Arbeitsprozessen und dem
erhohten Bedarf an Flexibilitat, werden weiterhin Uberwiegend menschliche Arbeiter
eingesetzt, da Automatisierung in diesem volatilen Umfeld an ihre Grenzen stol3t. Die
Prozesssicherheit und Dokumentation der Montageprozesse wird dadurch zu einer oft
nicht ausreichend abgesicherten Herausforderung.

Die vorliegende Arbeit beschaftigt sich mit den besonderen Schwierigkeiten einer
variantenreichen Kleinserienmontage und betrachtet die Unterschiede zwischen Mensch
und Maschine. Sie untersucht verschiedene Klassen von Assistenzsystemen und wie sie
Lésungen zur Sicherung von Qualitdt und Dokumentation des Montageprozesses liefern
kénnen, indem sie die Vorteile von Menschen und innovativen technischen Systemen
kombinieren. Die dafiir verwendeten Erkenntnisse und Daten, wurden im Rahmen eines
Projektes mit einem Unternehmen aus der Automobilindustrie erarbeitet. Ziel dieses
Projektes war die Entwicklung eines Konzepts flr den Einsatz von Assistenzsystemen in
der Montage, um einerseits eine Null-Fehler-Quote zu erfullen und andererseits den
Montageprozess lickenlos zu dokumentieren.

Nach Analyse des derzeitigen Zustands wurden state-of-the-art Technologien und
Systeme, die bereits erfolgreich in Produktionsanlagen eingesetzt werden, recherchiert.

In einer zweiten Phase wurden realisierbare Konzepte entwickelt und hinsichtlich vom
Unternehmen priorisierter Kriterien bewertet. Um alle relevanten Perspektiven zu
bericksichtigen, wurde das endgiltige Konzept unter Einbeziehung der am
Montageprozess beteiligten Abteilungen ausgewahlt und verfeinert. Schlief3lich wurden
Prozessmodelle unter Verwendung des Business Process Model and Notation Standards
entwickelt um den assistierten Montageprozess abzubilden. Die Integrationsmdglichkeit
weiterer technischer Systeme wurde hierbei bertcksichtigt, um ein Hochstmald an
Flexibilitdt und Anpassungsfahigkeit zu gewahrleisten.

Aus dieser Arbeit ergibt sich ein Uberblick Gber den potentiellen Einsatz von
Assistenzsystemen, mit dem Ziel die Prozesssicherheit zu erhéhen und die
Ruckverfolgbarkeit des Montageprozesses durch Dokumentation zu gewahrleisten. Fir
eine konkrete Aufgabenstellung aus der Industrie liefert sie eine konzeptionelle Losung,
die zeigt, wie kognitive Assistenzsysteme durch Bereitstellung von Informationen
unterstitzend wirken und gleichzeitig alle relevanten Montageprozessdaten erfassen
kbnnen.
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Introduction

1 Introduction

In today’s industrialized countries, production companies increasingly face the challenge
of globalization. One possible reaction leads to serving customer’s increasing desire for
individualization.! 2

This is especially the case for companies in the high performance field in the automotive
sector, where special requirements and needs regarding product characteristics pose
difficult challenges on the production and in particular on the assembly of products.?

Small quantities and highly individual products require a high degree of flexibility,* an
area in which man continues to outperform technical systems. Hence, assembly cells are
predominantly operated by hand in highly variable small series productions.® ©

As a result, however, process assurance and documentation of the assembly process is
cumbersome and often a challenge to secure.’

Combining the flexibility of human workers with the modern technical systems’ capability
to process information can deliver a possible solution to meet the high quality
requirements in which failures must be prevented under all circumstances and complete
traceability represents a competitive advantage.® °

1.1 Objectives

This thesis aims to increase the process assurance for assembly processes in a highly
variable small series assembly by assisting the workers through various technologies and
systems.

As this thesis was written during a project in cooperation with a partner from industry, it
will focus on special requirements and needs of a supplier in the high performance field
of the automotive industry and develop several concepts for the existing assembly cells
within the company.

1 Cf. Schirrmeister et al. (2003), p.31
2 Cf. Ostgathe (2012), p.1

3 Cf. Wiendahl et al. (2004), p.4ff.

4 Cf. Picot et al. (2003), p.271

5 Cf. Groover (2008), p.13f.

6 Cf. Aehnelt (2016), p.4

7 Cf. Wiesbeck (2014), p.4

8 ibidem, p.56

9 Cf. Aehnelt (2016), p.33
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The concepts will give an overview of possible workspace designs, technologies and
assistance systems which can be used in order to increase process assurance. Therefore
existing technologies and assistance systems will be analyzed and evaluated. In addition,
it is shown how the use of technical systems and assistance systems allows a
documentation of the assembly process which is as comprehensive and complete as
possible to be generated, in order to facilitate full traceability.

1.2 Limitations

It is not a goal of this thesis to increase productivity or efficiency within the assembly
process, therefore these factors are not specifically considered, nor is process
optimization. The cost factor is also not taken into account. This thesis delivers a detailed
concept, but does not deal with the further implementation of the developed concept.

1.3 Structure of the thesis

At the beginning of this thesis, the challenges of a small series assembly are addressed.
Subsequently, the terms process assurance and documentation are defined and outlined,
and an overview of modern assistance systems is given. The focus lies on data collection
and provision of information, as well as their application possibilities in a varied small
series assembly.

In addition, the tools and methods used during the project, in the context of which this
master thesis was written, are presented. This is followed by a detailed overview of the
project.

Finally, a short summary of the results of this work and an outlook on potential
development possibilities of this project will be given.

Furthermore, the concepts and process models developed during the project can be
found in the appendix.
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2 Terminology and theoretical input

The following chapter is intended to give an overview of the underlying theory and the
basic terminology used in this work. It gives an insight into the challenges of a high variant
small batch production and the reason why human workers still play an essential role in
this production type. In addition, it summarizes relevant thematic areas such as process
assurance, documentation and assistance systems. Furthermore, the methods
throughout the course of the associated project are listed and described.

2.1 Terminology

To have a common understanding of the terms used in this thesis, this chapter describes
and delimits their use, as different definitions may occur in literature.

2.1.1 Assembly

Assembly plays a major role in the production and manufacturing process of a product.
This fact becomes evident, when looking at a time perspective:

The assembly process takes up to 70% of the total production time, depending on the
product and industry. For mechanical engineering this is typically between 20-45%,
depending on the complexity of the object.1°

In order to give a full understanding of which production processes are assigned to
assembly, it is important to look at the existing definitions:

According to the VDI guideline 2860, published by the Association of German Engineers,
the main task of an assembly is “the combination of parts or groups into products or
groups of higher product levels”.'!

It is usually the last value-adding process before delivery to the customer, and contains
all maintained work-steps to put single parts together to a designed product.?

The following figure shows functions and processes of assembly. It takes into account
the aforementioned definition of the Association of German Engineers, as well as the
DIN-standard 8580 from the German Institute for Standardization (DIN).

10 Cf. Lotter (2012), p.3
11 Cf. VDI (1990-05)
12 Cf. Wiesbeck (2014), p.9
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Assembling
= =
» assemble » storing » inspecting » adjusting by » tag
» fill » changing » gauging forming in » heat
» press fitting quantity » adjusting by » cool
» joining by » moving reforming » clean
forming » fixing » adjusting by » deburr
» joining by » checking separating » print
reshaping » adjusting by » uncover
» joining by joining » subtract
welding compensating » unpack
» joining by parts » lubricate
soldering » adjusting by » spray
» gluing setting » seal
» fabric joining » adjusting by
post-treatment

Figure 2-1: Functions and processes of assembly?3

A further distinction between permanent or semi-permanent connection, can be made in
the joining process, depending on how easily, if at all, a disconnection is possible.'#

2.1.2 Process

An assembly consists of at least one, usually more, processes. Literature delivers various
definitions for a process.

According to REFA, a process is defined as a “sequence of tasks (work) with an internal
(technological-organizational) connection for the fulfilment of customer orders involving
several work systems.”™>

A more general approach defines a process as activities that have an input, and create
an output by value-adding transformation.6

13 Cf. Lotter (2012), p.2, translated from German

14 Cf. Groover (2008), p.33

15 Cf. REFA Consulting (2018), translated from German
16 Cf. Koch (2012), p.28
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Christ summarizes typical characteristics for a process:!’

e It has a certain pre-defined goal

e A process’ activities are performed in a logical sequence

e Starting and ending points are defined for each process

e Inputis transformed into output by performing activities

e Each input has a source and the output has a receiver

e For the performance of a process, resources are consumed

According to this definitions, the elements of a process are illustrated in figure 2-2.

source receiver

transformation
o goal
activities

Figure 2-2: Visualization of a process?®

2.1.3 Data, information, knowledge

Throughout the course of the project, the conception of assistance systems to gather
data, deliver information and gain knowledge was conducted, giving the need to specify
these terms.

For data, information and knowledge, different definitions are used, depending on the
discipline. In this thesis, mainly the definitions from the information technology are mainly
to be used.

17 Cf. Christ (2015), p.40
18 ibidem, p.40
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Data is therefore defined as “reinterpretable representation of information in a formalized
manner suitable for communication, interpretation, or processing™®°, while information is
“meaningful data°.

Knowledge is defined as the “collection of facts, events, beliefs, and rules, organized for
systematic use’?!

The linkage of the three terms is shown in Figure 2-3.

knowledge

+ cross-linking

(context, experiences,
information expectations)

+ meaning

data

+ syntax

character

Figure 2-3: The ladder of knowledge??

2.1.4 Customer integration

Individualization is the main driver for an increasing number of high variant small batch
assemblies.?®

The degree of individualization is mainly influenced by the time the customer enters the
order process, where two main individualization concepts are described in literature:
Open individualization, also known as soft customization, is characterized by producing
few variants in high numbers. Contrary to that, closed individualization, also known as
hard customization, takes into account the customer’s needs and wants at an early point
in the order process.?*

The order penetration point (OPP) is the time, when the customer is actively integrated
into the production process for the first time. It is therefore usable as an indicator for the
degree of customization and subsequently the number of variants produced. The OPP

19 Cf. ISO/IEC (2015-05)

20 Cf. DIN EN I1SO (2015-09)

21 Cf. ISO/IEC (2015-05)

22 Cf. North (2016), translated from German
23 Cf. Piller (2006), p.114ff.

24 Cf. Ostgathe (2012), p.13f.
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has significant influence on the production strategy, differentiating from a forecast-driven
make-to-stock to a customer-driven make-to-order production.?®

Production Strategy Development Design Purchase Production Assembly Shipping

Make-to-stock @ = |m = e e e e e e e e e e e e e - - - ——— - ’ —_
Assemble-to-order  [mmmmmm—m——— e e e e e e e = ——— ’

Make-to-order 0| = = = e - - - - - - ———— - ‘

Purchase-&-make-to-
order ’

Design-to-order ~  [= === === ——— ‘
Engineer-to-order -— ‘

‘ OPP...order penetration point

Figure 2-4: Customer Integration — Order Penetration Point26

This thesis deals with production strategies of an early order penetration point and the
thus resulting high variant small batch assembly types. Early hereby refers to a customer
entry point at the stage of development or design.

2.1.5 Variant and variety

When mass production started about a century ago, the main focus of production was
standardization, resulting in simplified production process and a significant reduction of
production time.?’

A quote by Henry Ford is widely known: “Any customer can have a car painted any colour
that he wants so long as it is black’?8.

Ford was very successful in reducing production time and costs. He was able to deliver
an affordable product for the masses, but his statement also shows that individualization
didn’t play a role at all. Nowadays, as markets in industrialized countries are challenged
by globalisation and increasing customer-dependent individualization, companies try to
counteract with diversification and serving niche markets.?°

This results in a high number of variants.3°

25 Cf. Obermaier (2017), p. 3ff.

26 jbidem, own representation

27 Cf. Ostgathe (2012), p.1

28 Cf. Ford (2010)

29 Cf. Wiendahl et al. (2004), p.3f.
30 Cf. Kestel (1995), p.23f.
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According to DIN, a variant is defined as “objects of similar shape and/or function with a
generally high proportion of identical groups or parts™1.

By using the term “objects” the possibility of variants on various levels is implied, meaning
that there are not only product variants, but module variants and part variants as well.3?

This thesis’ focus lies on the product level, where a different variant is existing, when at
least one feature of a product differs from another product and they are therefore not
identical. The number of different features is used as an indicator to differentiate between
a new product and a variant from an existing product, but the transition is fluid.3

From these definitions, variant variety is derived as the number of variants of a part, a
module, or a product.34

Transferred to products, product variety therefore gives an overview of the numbers of
different product variants. Product variety is further divided into hard product variety and
soft product variety:3°

e hard product variety means that products share, if at all, only a few common parts
and modules

e soft product variety means that products consist of many common parts and are
only slightly different

By combining the definitions of Groover and Kestel, it can be concluded that hard product
variety tends to be variety caused by different products and soft product variety tends to
be variety caused by different product variants.

2.1.6 Production quantity

Product variety and production quantity cannot be treated independently. The challenges
arising with variety lead to longer production times, due to increased set-up processes,
and therefore lower produced quantities.36 37

31 Cf. DIN (2002-03), translated from German
32 Cf. Heina (1999), p.5

33 Cf. Kestel (1995), p.5ff.

34 Cf. Wiendahl et al. (2004), p.7

35 Cf. Groover (2008), p.35f.

36 Cf. Kesper (2012), p.5

37 Cf. Otto (2018), p. 223ff.
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The production quantity is ‘the number of units of a given part or product produced
annually by the plant™8. It therefore differs from the total quantity of all product units
produced in a plant. If Qj represents the production quantity of a product, using j as an
index, and Qr is the total quantity produced by the factory, the following equation shows
their relation:3°

Qr = Q; , P =product variety

|
||M't:
it

Equation 2-1: Production quantity4°

Figure 2-5 shows the correlation between product variety and production quantity.

Product variety

1 100 10,000 1,000,000
Production quantity

Figure 2-5: Relationship between product variety and production quantity in discrete product
manufacturing*

Production quantity is classified into low, medium and high production. These
classifications can be used to differentiate between three basic categories of production
plants, each having different characteristic facility types and layouts, listed in table 2-1.42

38 Cf. Groover (2008), p.35
39 ibidem, p.39

40 ibidem, p.39

41 ibidem, p.35

42 ibidem, p.36ff
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Production o .
_ Facility type Production layout

guantity
Low Fixed position layout

ducti Job shop
production Process layout
Medium Batch production Process layout
production Cellular manufacturing Cellular layout
High Quantity mass production Process layout
production Flow line mass production Product layout

Table 2-1: Characteristic facility types and layouts*?

2.1.7 Quality and process assurance

Quality is derived from the Latin words “qualitas” and “qualis”, which means “of what"44.

A modern definition comes from Juran, who gives two definitions for quality:

e “‘Quality’ means those features of products which meet customer needs and
thereby provide customer satisfaction™®

(131

o Quality’ means freedom from deficiencies [...] 6

Within this thesis, the focus lies on Juran’s second definition, freedom from deficiencies.
A deficiency is hereby defined as “any fault (defect or error) that impairs a product’s
fithess for use.”™’

Actions taken to generate trust that something will fulfill the quality requirements are
summarized with the term of quality assurance, meaning that it aims for error
prevention.*8

43 ibidem, p.39, own representation
44 Cf. Westermeier (2016), p.5

45 Cf. Juran et al. (1998), p.2.1

46 ibidem, p.2.2

47 ibidem, p.2.2

48 Cf. Reinhart et al. (1996), p.27

10
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In the past it was a more widely defined term, summarizing all actions relating to the
quality of products.*

Consequently, process assurance is used in this thesis as the aim to ensure that all
assembly processes are carried out in accordance with the quality requirements, in order
to generate deficiency free products and/or components.

2.1.8 Documentation

In a broad sense, documentation means the compilation and utilization of documents and
materials of any kind.>® Within this thesis, the focus lies on the more restricted term of
technical documentation, which can further be divided into internal and external technical
documentation. External technical documentation is delivered with the product to inform
about it and leaves the company.>?

It typically consists of an instruction manual for the customer, with content such as
product descriptions, correct handling or performance specifications.>?

An internal documentation on the other hand summarizes all product information that is
acquired during the whole product’s lifecycle, starting from product planning over
production and testing until disposal.>3

Internal documentation is the type of documentation this thesis deals with. Therefore,
documentation, as it is understood in this thesis, contains all product-related data that is
acquired throughout the production process, especially the assembly.

Particularly in the automotive industry, documentation plays an important role for quality,
as it “is both a support and a basis for the quality audit of the company™*.

As a result, several quality standards define quality and documentation. They provide
pursuing information on quality and documentation. One of the most relevant is the
ISO9001:2015 “Quality management systems — requirements”, with documentation
discussed under the term “documented information”>®

49 ibidem, p.27

50 Cf. DUDEN online (2018)

51 Cf. Barthelmey et al. (2014), p. 207ff.
52 Cf. Juhl (2015), p.18

53 Cf. Barthelmey et al. (2014), p. 207ff.
54 Cf. Valastiak (2017/2018), p.86

55 ibidem, p.87ff.

11
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2.2 High variant small batch assembly

2.2.1 Trend for individualization

A trend for individualization can be observed both in the field of industrial goods and the
consumer market, although for different reasons.>®

For industrial goods, amongst others, the increase of supplier integration through
procurement of finished sub-assemblies instead of single parts, is the main driver for
individualization. In consumer markets, a change of values is observed, based on
changes in the labour market, such as an enhanced need for qualifications on the one
hand and changes in society, such as increasing education level, leisure time and income
on the other.*’

As these factors are dependent on the level of industrialization of a country,
individualization plays an important role, mainly in industrialized countries, for example
Germany:

According to an observation of the future of production in Germany, the competitiveness
of German companies is heavily dependent on the ability to produce customer specific
products of highest quality through flexible and potent production.58

The result is an increasing number of variants and therefore high variant variety, as
already mentioned in chapter 2.1.5, is the consequential result. As chapters 2.1.5 and
2.1.6 described, a high variant variety leads to low to medium production quantities and
therefore facility types such as job shop or batch productions.

When looking at the automation level of these facility types, especially for the assembly
they are still characterized by a high proportion of manual work.>®

The automation level of productions and assemblies can be subdivided into 4 categories,
and is defined as shown in figure 2-6.

56 Cf. Piller (2006), p.42ff.

57 ibidem, p.42ff

58 Cf. Schirrmeister et al. (2003), p.75
59 Cf. Heina (1999), p.103
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Automation Level Description

manual only manual tools available

mechanized hand-operated machines available

partially automated automated machines for some process steps

fully automated automated machines for all process steps

oc~"

Figure 2-6: Automation levels in production®®

The long pursued aim of a fully automated “computer integrated assembly” has proven
to be unfeasible and unachievable.®!

2.2.2 Reasons for high manual work share

In order to understand the reason for high manual work share in low volume assemblies
with many variants, it is necessary to take a look at the differences between humans and
machines.

Due to their significantly different characteristics, humans and machines succeed over
each other in disparate fields.%? 63

Humans have advantages regarding creativity, flexibility and fine motor skills. They are
able to draw conclusions and have a memory, allowing them to fall back on experience.
Machines on the other hand work with high accuracy and speed, do not suffer from
performance losses due to fatigue and can calculate complex tasks within milliseconds.
Furthermore they exceed the physical perception abilities of humans and are able to
multitask.®

However, their flexibility is limited and this combined with the low number of repeated
work steps in a high variant assembly makes their use expensive and inefficient, while

60 Cf. Konold et al. (1985), p.71, own representation
61 Cf. Wiendahl et al. (2004), p.4

62 Cf. Groover (2008), p.6

63 Cf. Gerke (2015), p.107f.

64 ibidem, p.107
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human’s flexibility allows them to react quickly and efficiently to changing production
conditions. %5 66

Especially under the following conditions, which correspond to those of a small series
assembly and are listed by Groover, “manual labor is preferred over automation:

e Task is technologically too difficult to automate. [...]

e Short product life cycle. [...]

e Customized product. [...]

e Ups and downs in demand. [...]

e Need to reduce risk of product failure. (economically, remark of the author) [...]
e Lack of capital. [...]"®"

2.2.3 Challenges of a high variant small batch assembly

High variant small batch assemblies underlie different environmental conditions than the
mass production of a product with no significant number of variants. Production
complexity is higher, due to individualization and a rising number of variants.%8

This leads to a decrease in productivity, as a survey by Lay shows. Lay identifies that
batch size and time of customer integration have a direct impact on companies’
productivity numbers. The deviations from the branch average can be seen in
figure 2-7, showing that individualization and maximizing productivity are diverging
goals.59

65 Cf. Bachler et al. (2015), p. 56ff.
66 Cf. Wiesbeck (2014), p.1

67 Cf. Groover (2008), p.13f.

68 Cf. Piller (2006), p.130

69 Cf. Lay et al. (2009)
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Figure 2-7: Average deviation of productivity”®

Hesselbach and Menge name several challenges in a high variant assembly, causing the
shown decrease in productivity: "t

e malfunctions due to defects and changes

e less learning effects

e alternating bottlenecks

¢ high inventory

e high throughput time

e little to no scale effects due to small batch sizes
e increasing setup costs

An additional issue is that many production errors are identified and have to be fixed
during assembly, lowering productivity further.”

The low automation level in a high variant assembly poses even more challenges, due to
a resulting high manual work share.” 74

70 ibidem, p.8 own representation

71 Cf. Hesselbach et al. (2002), p. 87ff.
72 Cf. Riffelmacher (2013), p.5

73 Cf. Groover (2008), p.13

74 Cf. Wiendahl et al. (2004), p.4
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A frequent change of assembled variants leads to an early abortion of the learning curve
and its positive effects.”

In addition, variant specific processes with low repetition rates have a five- to six-times
higher failure rate, mainly due to an inexperienced workforce.”® This already implicates
one major complexity regarding human workers: their uniqueness. Needs for information
support, and consequently work performance, can differ greatly and are highly
individual.”” 8

Through factors like genetics, social environment and education, humans differ from each
other, while machines can be reproduced and adapted as needed.”® Other factors which
influence work performance are skills, qualifications and experience, as mentioned
above. Moreover, the work performance of human workers does not stay the same over
a whole work shift.8% The human performance level varies over time, as figure 2-8 points
out.

120
100% = regular performance
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Figure 2-8: Course of human performance level®!

Although work performances differ greatly, it is possible to level them to a certain extent
through training and providing information to overcome lack of qualification.8? 83

5 Cf. Wiesbeck (2014), p.2

76 ibidem, p.4

77 Cf. Aehnelt (2016), p.14ff.

78 Cf. Schuh et al. (2014), p. 277ff.

79 Cf. Gerke (2015), p.107

80 Cf. Lotter (2012), p.109

81 ibidem, p.110, translated from German
82 Cf. Wiesbeck (2014), p.56

83 Cf. Gerke (2015), p.107
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However, human ability to process information is limited.8* If humans need to process
more than one task or piece of information at the same time, both require attention and
can therefore interfere and hinder each other.8°

Figure 2-9 shows that in a make-to-order production, typical for high variant small batch
assemblies, there is a high demand for information and flexibility, combined with high
uncertainty and coordination demand.

Production type Make-to-order Assemble-to-order Make-to-stock
Characteristics

Information demand

Flexibility demand

Coordination demand

Uncertainty

Figure 2-9: Characteristics of different production strategies®®

As a result, workers face an abundance of information, forcing them to tediously search
for the right instructions and documents, ultimately relying on existing knowledge and
experience instead.®’

Consequently, to ensure that a worker is able to process the information quickly and
easily and is not overburdened instead, it is crucial to deliver the right information, at the
right time and the right place.88

Digital assistance systems, with their ability to process a seemingly infinite amount of
information within fractions of a second, can provide a solution to deliver the worker with
sufficient context based information.89 9°

84 Cf. Zah et al. (2007), p. 644ff.
85 Cf. Gerke (2015), p.113

8 Cf. Picot et al. (2003), p.271
87 Cf. Wiesbeck (2014), p.4

88 Cf. Unrau et al. (2016)

8 Cf. Gerke (2015), p.107

% Cf. Aehnelt (2016), p.70
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2.3 Assistance systems

Assistance systems combine the abilities of human workers with the abilities of modern
technology and machines, hence providing promising solutions for problems that require
both the flexibility of humans and the accuracy and efficiency of machines.®?

2.3.1 Definition

Giving a precise definition of assistance and assistance systems is challenging due to
the wide spread use of the term and the thus resulting high number of associations. With
assistance meaning the solution of a task with the help of external skills or tools, each
technical system becomes an assistance system, ranging from screw drivers to software
systems.%? 93

In a narrower sense, an assistance system usually consists of a human-machine-system
where at least one human cooperates with a technical system. Within this system, usually
the human can usually either be a user or operator, depending on the work load of the
machine. In the course of an assistance function, labor is divided between man and
machine in a way that both can perform the same work task in parallel, meaning that the
human can be a user or operator at the same time. If a technical system assists the
human performance automatically in order to optimize the result, we are dealing with an
optimizing assistance system.%*

Implying that the assistance system must have the possibility for active intervention, this
definition on its own is too narrow for this thesis, as this is not always the case, especially
in manual assembly processes. Therefore it should be extended using the following
definitions, describing different levels of assistance systems:%®

e assistance systems are systems that can perform simple functions automatically
without being triggered by the user

91 Cf. Bachler et al. (2015), p. 56ff.

92 Cf. Ludwig (2015), p. 5ff.

93 Cf. Glnthner et al. (2014), p. 297ff.
94 Cf. Gerke (2015), p.23ff.

9 Cf. Ludwig (2015), p. 5ff.
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e assistance systems can combine several functions of devices, hence assisting the
user with the conduction of a pre-defined process by delivering all necessary
functions for one task in a comprehensive way

e in the most complex specification, an assistance system is able to recognize the
users intention, derive the task to be performed and propose possible approaches
to solve the task

What unites all of them is that, if applied correctly, every assistance system should
unburden human workers and enhance their work performance.®®

2.3.2 Classification

Due to the already widespread definition of assistance systems, the same applies to
classification of assistance systems. There are various approaches in literature to classify
assistance systems, focusing on different characteristics.

One approach is the amount of physical work that the human worker actually spends on
the execution of the actual work process, providing three possible classifications:®’

e systems that leave physical work to the human, but support make work easier
through cognitive support

e systems that cooperate with humans in order to share the physical work load

e systems that conduct the physical work processes, leaving the human with control
functions only

Two further factors that allow the classification of assistance systems, initiative and
adaptability, are described by Ludwig:®®

¢ initiative defines whether the assistance system acts actively (autonomous) or
passively (activation is carried out by user)

9 Cf. Martin (2014), p.13
97 Cf. Brea et al. (2013), p.8
98 Cf. Ludwig (2015), p. 5ff.
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e adaptability defines whether the system’s assistance functions are able to
recognize context and act accordingly (adaptive), can be adapted by the user
(adaptable) or are not adaptable at all (static)

Another approach with specific focus on assembly assistance systems classifies
assistance systems according to their types of input and output system. For this
classification, it is assumed that an assistance system requires at least one input and one
output system to allow communication and cooperation with the human worker.®® Figure
2-10 depicts this classification.

Assistance System

Information A . K . X . .
transmission visual auditive haptic auditive visual kinaesthetic recording

-signal lights -headphones -touchscreen -microphone -camera -ultrasonic
-beamer -speakers -feeler -sensor -RFID
-wearables -WLAN

action

-screens

Figure 2-10: Classification of assistance systems regarding to input and output systems1

Cognitive automation can also be used to classify different assistance systems. It
describes the procedure of an assistance system conducting cognitive processes for the
human operator. The degree of cognitive automation is defined by the extent and depth
of the cognitive processes conducted by the assistance system, distinguishing four
stages: perception, integrate information, decide and act.1%*

A high cognitive automation level reduces the responsibility of the worker and can
therefore pose challenges regarding acceptance and attentiveness. 192 103

99 Cf. Merazzi et al. (2017), p. 413ff.
100 jhidem, translated from German
101 Cf, Aehnelt (2016), p.25f.

102 jhidem, p.24

103 Cf. Wiesbeck (2014), p.77
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As described in chapter 2.1, human workers will keep their important role in high variant
small batch productions, leading to the need for an assistance system that makes work
easier. Due to different skill and experience levels, the assistance system should act
context sensitive and the main purpose of assistance in the aforementioned production
environment is the provision and acquisition of meaningful data, by using appropriate
input and output systems. Additionally, the system should provide the ability to make
decisions about quality aspects. The following table delivers a morphology of assistance
systems which summarizes the classifications outlined in this chapter and additionally
shows which assistance system should be preferably used for a high variant small batch
assembly, as investigated throughout this thesis.

physical work human cooperation machine

initiative passive active

adaptability adaptive adaptable static

input system haptic auditive visual kinaesthetic

output system visual auditive

cognitive perception integrate decide act
automation information

Table 2-2: Assistance system classification and preferred system

2.3.3 Advantages and impacts

There are various reasons for implementing an assistance system in production.

Assistance systems with their intuitive provision of information can increase the speed
and efficiency of manual work steps. Integrating cyber-physical-systems can further
deliver instant feedback on faulty performances and thus increase quality and efficiency
of the assembly process.104 105

The challenges of a high variant small batch assembly, described in chapter 2.2.3, will
not only impose both physical and mental stress on workers but likely lead to quality

104 Cf. Gunthner et al. (2014), p. 297ff.
105 Cf. Wiesbeck (2014), p.56
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issues. Assistance systems can help human workers to compensate their limitations in
order to meet performance requirements, by providing situative support.1°®

Human workers need for support will increase not only due to changed product conditions
but also because of demographic changes.%’

The average age of the work force is increasing due to an aging society, posing additional
challenges for companies, especially regarding to the integration of performance-
changed employees. A survey from 2013 investigating German companies showed that
as of this year, the share of performance-changed employees was already 20%. Using
adaptive assistance systems compensates for these impairments.1%8

Support can take place in numerous situations such as maintenance, monitoring of
production processes, quality controls, provision of sufficient information and planning
processes.®

Industry 4.0 (cf. chapter 2.3.4) can increase the quality of the work in terms of better work-
life-balance or compatibility of work and family.1°

Especially in view of an increasing number of single parents, this factor should not be
neglected either. But industry 4.0 also increases complexity of production and leads to a
shift in work types, such as an increase in high-value tasks and less repetitions, where
intuitive assistance systems will provide guidance and simplification.11* 112

2.3.4 Driving factors for assistance systems — industry 4.0

Assistance systems have gained increased importance in industry since the upcome of
industry 4.0. Industry 4.0 is a term, characterized in Germany, for the 4™ industrial
revolution by the implementation of cyber-physical-systems (CPS) in production. Cyber-
physical-systems are smart systems, able to interact with their environment. The linkage
of this CPS is also referred to as internet-of-things (IOT). Industry 4.0 was mainly driven
by and is still building on the fast development in the field of information and
communications technology (ICT) over the last few decades.*3

The four industrial revolutions are shown in figure 2-11.

106 Cf. Hold et al. (2017), p. 143ff.

107 Cf. Béachler et al. (2015), p. 56ff.
108 jbidem

109 Cf. Gorecky et al. (2014), p. 525ff.
110 Cf, Kagermann (2014), p. 603ff.
111 jbidem

112 Cf. Brea et al. (2013), p.12

113 Cf. Kagermann et al. (2013), p.17
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Industry 4.0 aims to react to the changes in production environments caused by various
factors like globalization, demographic change or climate change. It enables high-wage
countries to stay competitive and keep a high share of value adding in the field of

production nationally.14
) (9/3'
) R 7
=2

4th Industrial Revolution

on the basis of cyber-
physical systems

3rd Industrial Revolution

by operation of
electronics and IT for

automation of A
production >
€
2
Q
2nd Industrial Revolution g
by introduction of o
division of labor and g
mass production with @
the help of §’
electrification
1st Industrial Revolution
by introduction of
mechanization of
manufacturing with water
and steam power
Time P
End of Beg. of Beg. of Today
18th century 19th century 1970s

Figure 2-11: The four industrial revolutions>

To cope with the challenges of high complexity (cf. chapter 2.2), CPS are used to build
up smart factories. CPS can act as a base for assistance systems, especially in the sense
of ambient intelligence, meaning that the environment recognizes the human’s presence
and reacts accordingly. By using ICT, ambient intelligence connects smart objects in the
human’s work environment in order to deliver context-based information and functions.!6

114 Cf. Bauernhansl| (2014), p. 5ff.
115 Cf. Gehrke et al. (2015), p.5, original graphic by Kagermann et al. (2013)
116 Cf. Wolfle (2014), p.26
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Smart factories and CPS, with their ability to communicate autonomously and
decentralized, are able to acquire and process real-time data, hence allowing to create a
virtual image of the real world.” With their ability for cognitive processes, smart factories
will combine the advantages of automated systems with the advantages of human
workers, by providing a previously unattained level of support.1®

analogue digital
months time for data monolithic systems connected systems zettabyte
acquisition
days
data exabyte
volume
hours terabyte
gigabyte
minutes megabyte
) time b
minutes
hours
1990: multitenant architectures
days 1968: Arpanet & Internet
time for data
months provision 1950: first fully electronic mainframes
1930: telefax
1805: fully mechanized loom

Figure 2-12: Digitalisation of production and IT-technology**®

Figure 2-12 shows how digitalization has changed data in production over time. The
upper orange curve represents the time for data acquisition, while the lower orange curve
represents the time for data provision and the blue curve represents the amount of data.
Through significantly lower times for acquisition and provision, the amount of data
processed has increased substantially, whilst also creating new possibilities for
information support.?°

2.3.5 Information assistance systems

Over the course of this master’s thesis, the focus lies on providing the worker with
adequate information at the right time. Furthermore, process data should be acquired for

117 Cf. Bauernhansl| (2014), p. 5ff.

118 Cf. Zah et al. (2007), p. 644ff.

119 Cf. Bauernhansl (2016), p. 453ff., translated from German
120 jbidem
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documentation and traceability reasons. A cognitive information assistance system, as
described by Aenehlt, is therefore the preferred solution.

Assistance systems for information support are cognitive assistance systems with the
aim of analyzing the current work condition and providing suitable information. The
information can thereby be gathered and summarized from different sources.
Additionally, the information content and detail level is adapted to the individual worker in
order to provide all information needed for the proper performance of tasks. Lastly, a
cognitive information assistance system is able to learn independently from the worker’s
behavior and environmental change.?!

In order to ensure that the provided information is processed correctly, it is important to
know how the cognitive process of human’s work.

attentiveness Human

impulse A 4

_._linformation) ___ notice
------ »
cognitive ‘ /» remember
- A ~
assistance
environment memorize > " cognitive "‘ think <
(e.g. assembly) i, model y

» \ S /
: v learn

----------------- act
Reaktion (Handlung)

motivation

system

A

Figure 2-13: Processes of human cognition22

Within the field of information assistance systems, a distinction must also be made
between the approaches of a cognitive factory and the approaches of a cognitive
workplace. If the cognitive factory primarily aims to take over the cognitive tasks and
associated decisions, these are left to the human in the cognitive workplace. The
cognitive workplace aims to decrease complexity and cognitive stress for the human
worker in order to enhance his performance of production processes. Information flows
are automated by the system, but the physical work load is still carried out by humans.1?3

121 Cf. Aehnelt (2016), p.4
122 ibidem, p.20, translated from German
123 ibidem, p.31f.
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2.3.6 Requirements and Challenges

The following requirements have to be fulfilled by an assistance system in general:?4

e Flexibility, meaning the system should be usable for versatile work tasks

e Scalability, meaning that the system takes into account the worker's sKills,
gualifications and experiences, responds accordingly and does not overburden the
worker with information

e Moral-increasing mechanisms, meaning that there are some motivating element
implemented, e.g. an indicator showing the work progress

e Simple human-machine-interfaces, meaning the system is easy to use and the
presentation and processing of information is done in a way which is known for the
worker!?>

From a software perspective, algorithms that are designed to provide assistance need to
consider the following requirements:126

e goal-orientation: an assistance system needs goal-orientation in order to decide
whether an action has unwanted consequences for the future

e interactivity: in scenarios without objective parameters, reliable decisions, as
required for autonomous assistance, cannot be ensured

e duration: assistance is provided over several steps

e observability: in case of partial observability, assistance still can be provided

e uncertainty: assistance has to deal with “non-deterministic’ actions, as the
behavior of the environment cannot be controlled

Regarding information assistance systems, Aehnelt lists several challenges which must
be considered during the planning, some of them human related, other system related.'?’

124 Cf. Martin (2014), p.17
125 Cf. Gerke (2015), p.136f.
126 Cf. Ludwig (2015), p. 5ff.
127 Cf. Aehnelt (2016), p.6f.
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The challenges resulting due to the information assistance system are:128

modelling: the perception of the working environment by the system must be
interpreted in a similar way as it is by the human worker, leading to the requirement
for similar background knowledge, which is not available. It therefore must be
identified and modelled manually.

level of automation: an information assistance system aims to automate the
information flow between human workers and production systems, therefore
requiring a high integration and automation of information, interfaces and work
processes within the production system in both directions (human <—>
technology).

efficiency: the cognitive processing of information is used for the preparation and
checking of physical actions. This leads to a decrease in quality in case of faulty
information interpretation. Interpretation errors must therefore be avoided in the
first way and rectified if they happen.

Human related challenges are:'?°

perception: human ability to process and perceive information is limited, especially
when performing physical actions and a thus resulting focus on the object of
action. The information assistance system therefore needs to be implemented in
a way that ensures the perception of information despite the performance of
actions.

cognition: human cognition is highly individual and dependant on a high number
of different factors, such as motivation, attention or performance. As a result, it is
necessary to adapt to the individual human worker by providing situative
information.

acceptance: the acceptance of information provided by the human worker is
dependent on his acceptance of the information assistance system itself.

128 ibidem, p.6f.
129 ibidem, p.5f
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According to Unrau the following factors impact the acceptance of assistance systems by
the workers:130

e the worker’s possibility to influence the assistance system

e transparent work processes by the assistance system and an understanding of its
characteristics

e information must be provided in a reliable and understandable way

e consideration of individual needs and wishes

2.3.7 Application in small batch assemblies

In order to apply assistance systems generally, the following figure shows a possible
procedure for system design. During the associated project the first two steps were
applied:

Analysis of the Testing of

Identification of . IT-integration of Introduction and
assembly steps, . assistance systems . 2
applicable o the assistance evaluation of the
operators and . and decision for a .
assistance systems system assistance system

environment solution

Figure 2-14: Procedure for system design of assistance systems?3!

The information assistance system needs to provide the worker with an assembly
construction, which consists of information about what must be assembled when and
why. Complemented with the worker’s individual knowledge and experience, a proper
performance of the work task needs to be ensured. Provided information typically needs
to be gathered from the following entities:132

e technical design: contains the customer requirements

e design engineering: contains the specifications of a product, including a 2D or
3D construction model, structural geometrical and technical product data and a bill
of materials

130 Cf. Unrau et al. (2016)
131 jbidem, translated from German
132 Cf. Aehnelt (2016), p.43ff
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e technical documentation: contains assembly instructions for the worker,
including explosion drawings, illustrations, specific instructions, notes and
inspection plans

e production planning: plans the manufacturing and assembly process and
creates a work plan

e assembly: during the assembly, work steps and assembly data is acquired and
documented

For cognitive information assistance systems, the embedding in existing information
technology infrastructure is crucial in order to be able to acquire, process and provide all
necessary data and further information. A proper embedding ensures access to all
relevant data and allows communication between the different levels of information
processing.'33

scheduling & Cogn |t|Ve assembly
resource assistance information worker

planning
system

work
structure,
construction
data,
documents

r

Figure 2-15: Embedding of cognitive assistance systems in existing structures3*

These levels of information processing can be depicted in the automation pyramid. The
automation pyramid shows the communication within industrial companies and divides
the processes into different layers, hence giving an easily understandable picture of
industrial manufacturing and reducing complexity of data acquisition and processing.13®

133 jbidem, p.47
134 jbidem, p.47, own representation
135 Cf. Siepmann (2016), p. 47ff.
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In literature, many different variants of the automation pyramid are described, but for this
thesis a classic model, developed by Siepmann is used.

vertical integration

Level 5 — management / topfloor

Level 4 — planning

Level 3 — supervision

planning

data aqcuisition

Level 2 — control

Level 1 - shopfloor

Level O — process

Figure 2-16: Automation pyramid*36

There are six different levels of the automation pyramid that have to be considered for a
holistic approach, pictured in figure 2-16:137

level O - process level:

includes manufacturing and production processes

level 1 — field level / shop floor:

includes actuators and sensors and processes production relevant input and
output signals

level 2 — control level

includes logical controllers such as PLC, and plays a major role in decentralized
machine and plant control

level 3 — (process-)supervisory level

acts as a human-machine-interface by visualizing production relevant processes
level 4 — planning level

is responsible for the control of production and acts as “connector” between the
topfloor and machine control

136 jhidem, own representation
137 ibidem
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e level 5 - management level
also known as topfloor, this level is responsible for production management and
order processes

2.3.8 Approach to achieve context sensitivity

It is important to provide the worker with needed information at the right time and in the
right amount, meaning that the information has to be provided context-sensitive.38

Context sensitivity requires knowledge about the current product condition, hence two
factors should be considered:**°

On the one hand, it is important, that the assistance system is able to acquire information
to identify environmental conditions, context and changes. On the other hand, the system
needs to be able to react and adapt the provided information accordingly, which requires
the availability of sufficient data.4? 141

The concept of state-dependent generation of assembly instructions could provide a
meaningful approach, to implement context-sensitivity in assistance systems.4

Figure 2-17 shows the concept visualized in a graph, with an initial state Zo and a target
state Zend. The circles in the graph represent current conditions of the product to produce
and the arrows represent instructions and information that are provided to the worker in
order to convert the product from one condition into another. If a condition has more than
one outgoing arrow, it means that there are several possible ways to continue with the
assembly. Dmax represents the maximum step size within the graph, thus determining the
level of detail of the instructions.'#3

Work instructions and information are generated in such a way that they always represent
the shortest possible path along this graph in order to reach the target state, taking into
account that the maximum step size is not surpassed.44

This ensures a maximum flexibility for the worker, as there is no pre-defined sequence of
work steps and the instruction and given information adapts to the workers needs and

138 Cf. Unrau et al. (2016)

139 Cf. Wiesbeck (2014), p.52

140 jbidem, p.52

141 Cf, Wolfle (2014), p.16f.

142 Cf, Zah et al. (2007), p. 644ff.
143 ibidem

144 ibidem

31



Terminology and theoretical input

style of work. It should be noted, that this concept has limitations, as disassembly
processes are not considered or allowed.4°

@ condition of the product to produce

transition from condition Z, to condition Z, by (de-)assembly instruction

maximum step size in the graph along the shortest path

Figure 2-17: Graphic model for creation of context based assembly instruction46

Like mentioned above, an essential ability for an assistance system for allowing the
provision of context-based information, is to know and to understand its environment at
first. Therefore, systems use sensors to acquire information about the environment and
recognize changes.4’

Some of these “input” systems were already discussed in chapter 2.3.2.

For example, using sensors to position products or tools, allows the system to adapt the
provided information appropriately depending on their location. By the identification of
workers, combined with knowledge about their qualifications and skills, additional
guidance can be provided. On top of that the type of presentation can be adapted to the
workers level of experience.'4®

Through a meaningful combination of different sensors and acquired information, it is
further possible to gather insights about worker’s cognitive condition, for example their

145 jbidem

146 jbidem, translated from German
147 Cf. Aehnelt (2016), p.60

148 Cf. Kroger et al. (2016), p. 299ff.
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attentiveness or stress level. Consequently, this information can be used to adapt the
maximum step size and thus the detail level of instructions accordingly.#

2.4 Methods and tools

Several methods and tools are used during this thesis, and the associated project and
therefore described within this chapter for general understanding.

2.4.1 Morphological box

The morphological box is a creativity technique, invented by Fritz Zwicky, a physicist from
Switzerland. It can be assigned to the morphological creativity methods, a sub-group of
the systematic-analytic creativity method.*>°

It was originally intended to break down objects or problems in an analytic way into
possible assorted characteristics of different parameters, in order to find new ideas and
solutions. !

Table 2-3 gives a short overview over creativity techniques and common examples.

Intuitive association e  Brainstorming Systematic-analytic- e  Morphological
e  Brainwriting association: Box
e  635-method o
[ ]
Intuitive e Incubation Systematic-analytic- ¢ Morphological
orientation e Bionic confrontation Matrix
L]
Intuitive confrontation e  Six-thinking-hats | Systematic-analytic- e Relevance tree
e TILMAG problem specification .
L[]

Table 2-3: Overview over creativity techniques!?

149 Cf. Zah et al. (2007), p. 644ff.
150 Cf. Becker (2018), p. 89ff.

151 Cf. KnieR (op. 2006), p.125
152 ibidem, p.39
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Zwicky and Wilson describe five steps for “the method of the morphological box”1%3.

Firstly there must be an exact formulation for the problem that should be solved. In a
second step, the problem must be separated into independent parameters. Thirdly, all
possible solutions for each parameter should be found, allowing the construction of the
morphological box. Fourthly, all solutions, built by designating one solution for each
parameter, should be analyzed and evaluated. In a last step the best solutions should be
selected.t>* 155

One big advantage of this method is the large number of theoretical solutions occurring
already at small morphological box, but usually, not all of the theoretical solution can be
realized, either for logical or empiric reasons.%6

A further reduction of solutions is possible by either describing only meaningful solutions
from the beginning or dividing the problem into several sub-problems.*>’

For the associated project, the method of the morphological box was adapted to allow
the visualization of possibilities and potential usable technologies for an assembly system
that fulfills all necessary requirements. (cf. chapter 3.3.5) It was used to derive several
concepts which were then analyzed and evaluated in order to make a decision as to
which concept fits best for the given situation.

2.4.2 Business Process Model and Notation

The Business Process Model and Notation, in short BPMN, was first developed by
Stephen A. White in the year 2004158 and further developed by the Object Management
Group (OMG), a not-for-profit computer industry standards consortium that maintains
computer industry specification.%°

It is a standard for graphic notations of business processes, with the goal to be easily
understandable by all users°, thus being the reason why it is used in the course of the
associated project to develop process models that give a comprehensive but easy-to-
understand overview of the application of the chosen concept.

183 Cf. Zwicky et al. (1967), p.285

154 jbidem, p.285

155 Cf. Becker (2018), p. 89ff.

156 Cf. Johansen (2018), p. 116ff.

157 Cf. KnieR (op. 2006), p.131

158 Cf. Rempp et al. (2011), p.27

159 Cf. Object Management Group (2013)
160 jbidem
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As the main goal was to visualize the process in the simplest way, the basic elements of
BPMN are mainly used. Basic elements, showed in figure 2-10, are needed for the
modelling of processes.

Q Event Message
D Activity : j Group
Q Gateway : [““ Text Annotation
_— Sequence flow § Pool
R Message flow 2
§ j Lane
5
Association =
Data Object

Figure 2-18: Basic BPMN modelling elements?'6?

The following elements were used in order to create the process models for the final
concept, the descriptions are according to OMG:16?

event: an event usually has a cause or a result and therefore usually starts or
ends a process. It is something that “happens”.

activity: an activity describes a process step ant therefore the performed work
steps. They can be sub-processes or tasks necessary for the process.

gateway: a gateway controls the sequence flow. There are several different types
of gateways leading to different flow paths. They can be seen as decision points.
sequence flow: the sequence flow shows the order of the process’s elements
such as events, activities and gateways.

message flow: a message flow shows how two “participants” communicate with
each other

161 jbidem
162 jhidem
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e pool: a pool represents a “participant”, it can be subdivided by lanes

e lane: alane is used to organize the process elements for better overview

e message: a message represents a communication’s content

e dataobject: a data object can be used for input or output and provides information
about requirements and/or results

An event can be distinguished as a start, intermediate, or end event, depending on
whether it indicates the start of a process, occurs somewhere between start and end or
terminates the process.163

Gateways can have various different control types. The two gateways which are used
over the course of this thesis are exclusive and parallel gateways. An exclusive gateway,
which is either visualized with or without a marker, indicates that only one of the outgoing
sequence flows is followed. It therefore also refers to “XOR”-gateway. At a parallel
gateway all outgoing sequence flows are conducted parallel which is why it is also known
as “AND"-gateway.%4

Figure 2-19 shows the graphic notation for specific event and gateway types.

Q Start <> Exclusive
© Intermediate ® Exclusive
O End @ Parallel

Figure 2-19: Extended BPMN modelling elements'6s

In order to group and summarize processes, the modelling element of an expanded sub-
process was used. It uses the same notation as an activity.66

163 Cf. Rempp et al. (2011), p.29

164 ibidem, p.33ff.

165 Cf. Object Management Group (2013)
166 jbidem
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2.4.3 Method of decision making — benefit analysis

In order to evaluate elaborated concepts and come to a decision, the method of a benefit
analysis is used in this thesis.

A benefit analysis is a type of decision matrix that allows the best solution out of several
possibilities to be found, by comparing them and calculating a benefit score for each
solution, delivering a quantifiable decision criteria and a ranking.16’

Decision criteria can be categorized into quantifiable and non-quantifiable criteria, with
the difference that quantifiable criteria is calculated and consists of a specific value while
non-quantifiable criteria is rated according to experience and comparison.168

The choice to use it throughout the course of this thesis is based on following prevailing
conditions, where the use of a benefit analysis is meaningful:

e both quantifiable and non-quantifiable decision criteria has to be taken into
account or the decision criteria is mainly non-quantifiable®

e the number of criteria is high and the decision process is influenced by several
people with different backgrounds’®

Kuhnapfel lists following steps for the procedure of a benefit analysis:’*

e creation of a team and a working environment
e definition of the investigated problem

e definition of solution alternatives

e definition of decision criteria

e prioritization of decision criteria

e valuation of criteria

e benefit score calculation

e optional: sensitivity analysis

e documentation of the results

167 Cf. Wappis et al. (2013) p.258
168 Cf. Konold et al. (2009), p.136f.
169 Cf. Kuihnapfel (2013), p.87

170 Cf. Kithnapfel (2014), p.2f.

171 ibidem, p.6ff.
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Although most of the steps are self-explanatory, some require further specification:

The prioritization, or weighting, of the decision criteria can be carried out using several
methods. For this thesis, the method of pairwise comparison was used. In this method,
all criteria is listed in a cross table, with a followed comparison between pairs of criteria.*’?

Figure 2-20 shows an example of a filled in cross table. A cell value of “1” indicates, that
the column criteria is prioritized over the compared row criteria.

11%
14%
7%
4%
14%
4%
21%
25%

Preparation time
Fexibility
Implementation
Compatibility
Time exposure
Mobility
Usability

Degree of detail

Figure 2-20: Example of a pairwise comparison

The results from each team member are summarized, ultimately delivering a prioritization
of the criteria.

For the valuation of criteria it is possible to use various scales,'”3 but for this thesis an
inverse school grades scale, ranging from 1 to 5, with 5 being the best possible value,
was used.

Conducting a sensitivity analysis is an optional step, used to investigate how resilient,
relating to varied estimations of the project team, the results of the benefit analysis are.1’*
It was not conducted during this thesis and is therefore not specified further.

172 Cf. Kihnapfel (2013), p.94
173 Cf. Kiihnapfel (2014), p.16ff.
174 Cf. Kuihnapfel (2013), p.100
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3 Associated Project

This thesis is based on the data and findings gained over the course of a project, which
was conducted in cooperation with the company Pankl Racing Systems AG. Furthermore,
the conclusions of the previous chapters, were taken into account for the final results of
this project.

3.1 Introduction

The project, associated with this thesis, was initiated by Pankl Racing Systems AG to
increase the quality and traceability in the assembly process.

Some customers demand individual and specific documentation of the production and
assembly processes. Especially in the field of assembly, a documentation is cumbersome
and error-prone, as it is compiled manually. In addition it has to be ensured, that the high
quality requirements can be fulfilled and the assembly processes are reliable.

3.1.1 Pankl Racing Systems AG - Pankl Drivetrain Systems

Pankl Racing Systems AG is an Austrian company with its headquarters in Bruck an der
Mur, and was founded 1985 by Gerold Pankl. It is a globally operating company with, as
of 2017, 1600 employees!’® and a turnover of 195.4 million euros.1’®

The company specializes in the development and manufacture engine and drivetrain
components with a wide portfolio of products. It is subdivided into the three main core
areas - racing, aerospace and high performance.’”

This project was conducted with the subdivision Pankl Drivetrain Systems, situated in
Kapfenberg, which specializes in developing, designing, manufacturing and testing of
drivetrain components for racing cars. Figure 3-1 gives an overview of Pankl’s main
divisions and branches.

175 Cf. Wikipedia (2018)
176 Cf. ORF (2018)
177 Cf. Pankl Racing Systems AG (2018)

39



Associated Project

Pclnkl

RACING SYrS8rems

PANKL PANKL HIGH PANKL
RACING PERFORMANCE AEROSPACE

Figure 3-1: Divisions of Pankl Racing Systems AG178

3.1.2 Product drive shaft

Pankl Drivetrain Systems is part of the core area Pankl Racing and its portfolio ranges
from single parts to complete drivetrain assemblies. An excerpt of the products offered is
shown in figure 3-2.

A non-integrated drive shaft was chosen as the product to be investigated.

Drive shafts are a mechanical component needed to transport torque and rotary motion
of the engine or gearbox over a spatial distance. Additionally, they have to compensate
displacements in angle and length, induced by relative movements of the components to
be connected. To achieve this, drive shafts have at least one universal joint.1"®

The joint type typically used by Pankl for the racing area is a tripod and, at a small share
CV-joints. CV-joints are able to realize angles of up to 45° within a short distance.'8° They
are used for extreme demands concerning steering angle or suspension travel, for
example in rally cars, where the use of tripods is not feasible.

Tripods usually consist of a hub with three pivots with ball-shaped rollers and a tubular
counterpart, called “tulip”, with lanes to retain the rollers.18!

178 jbidem

179 Cf. Trzesniowski (op. 2014), p.748ff.
180 Cf. Muhs et al. (2007), p.432

181 Cf. Trzesniowski (op. 2014), p.762
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Figure 3-2: Pankl Drivetrain Systems — product portfolio82

At Pankl, two forms of drive shafts with tripod joints are produced, non-integrated and
integrated drive shafts. In case of an integrated drive shaft, the tripod pivots are already
integrated in the shaft. For non-integrated drive shafts, the tripod joint is an independent
sub-assembly, connected with the shaft through a serrated profile. The choice to
investigate a non-integrated drive shaft was made, as its assembly contains all steps of
an integrated drive shaft and it additionally requires some further assembly steps.

; non-integrated
‘ vs. integrated

simple
vs. complex

Figure 3-3: Different drive shaft variants

182 Cf. Pankl Racing Systems AG (2018)
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Pankl Drivetrain systems produces highly customer-specific drive shafts, thus ranging
from simple variants to rather complex ones, as the examples in figure 3-4 and
figure 3-5 show. The production is therefore characterized by a high number of variants

and typically small batch sizes.

Figure 3-4: Drive shaft example — simple variant183

Figure 3-5 Drive shaft example — complex variant!8

183 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017c)
184 jbidem
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3.1.3 Objectives

Using the specific example of assembly for non-integrated drive shafts in the motorsports
segment, solution concepts for the creation of seamless documentation and process
assurance through the use of assistance systems are to be developed.

Regarding documentation, it is important to be able to guarantee the traceability of
potential failures and problems. In order to exclude possible failures in the first place, the
solutions considered should also actively contribute to and improve process assurance.

Workers at the assembly of Pankl Drivetrain Systems are well-trained and skilled
specialists, who face the challenge of a high product variety and should therefore be
supported by the project results.

The following key targets were defined at the beginning of the project:

e data collection and analysis of the drive shaft assembly’s current state

e investigation of state-of-the-art in the field of documentation and assistance of
assembly processes

e conception of possible workplace designs and potential technologies to support
process assurance

e conception of an automated and standardized creation of assembly
documentations

e detailed elaboration of a final concept

Non-targets were defined as:

e optimization or changes to the assembly processes
¢ time recording of the assembly process

e increase in efficiency

e cost optimization

As mentioned in chapter 3.1.2, as an exemplary product for this project, non-integrated
drive shafts for the motorsports segment were chosen. The system limit was set on its
assembly, although for the sake of completeness, the processes with direct connection
and influence on the assembly such as design engineering, work scheduling, warehouse,
production planning and quality assurance, were also examined. Figure 3-6 gives an
overview over the project’s system boundaries.
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T System boundary e
Manufacturing Assembly i 3 i
, , . 1 . {OEM
‘w . , I /2
Documentation of the drive ! | 0 e— :
__.1 - shaft assembly for the : B G
motorsports segment i ‘
%@ |
Manufacturing/- @ @ Catalogue of Assembly
material data Data storage Data acquisition requirements OEM documentation

Figure 3-6: System boundaries

3.1.4 Procedure

The project was separated into three main phases, as illustrated in figure 3-7. Each phase
represented a milestone, with each phase building up on the preceding one. The
separation was made to allow a better structure of the project and additionally better
involvement of the project team as a checkpoint meeting was conducted at the end of
each phase, to discuss intermediate results.

|
Current-
state-
ERENE

Il
Develop-
ment of
concepts

©® QO

]
Final
concept

©

T T T

Current-state-analysis
Catalogue of
requirements

Investigation
state-of-the-art

Development of
potential concepts

Detailed elaboration
of the final concept

» Analysis of the current assembly line, documentations and
data acquisition

» Elaboration of a catalogue of requirements for potential
concepts

» Investigation of the state-of-the-art technologies for
potential use in assembly documentation and process
assurance

» Development of potential concepts and evaluation-based
decision for a final concept

» Detailed elaboration including visualization of a potential
workspace and process models for future assemblies

Figure 3-7: Procedure of the project
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Phase I: Current-State-Analysis

In a first step, the current situation of the assembly cell at the location in Kapfenberg,
Upper Styria, was surveyed. Current assembly processes, workplace designs and work
instructions were captured. This was followed by analysis of the existing documentations,
of the assembly process itself, as well as the derived documentations for customers.

Furthermore, the processes of departments with direct influence or connection to the
assembly process were examined in order to get a complete overview of the current state.

As a result of phase |, a catalogue of requirements was derived of the observations,
having regard to internal and external requirements.

Phase Il: Development of concepts

Phase Il started with an investigation into the current state-of-the-art in the areas of
assembly documentation and process assurance. Assemblies of other Pankl Racing
departments as well as research results and publications were considered.

In combination with the catalogue of requirements which were elaborated in phase |,
potentially usable technologies were examined and presented in a workshop, followed
by a discussion, expansion and concept derivation.

A concept catalogue, resulting from this workshop, was then evaluated on the basis of a
utility value analysis, leading to the determination of a final concept.

Phase lll: Final concept

This chosen concept was developed in detail during phase lll, with particular attention
paid to fulfilling the catalogue of requirements from phase | and to incorporating the
findings from phase Il.

The used technologies and assistance systems used were described in detail and their
use within the assembly process illustrated in form of process models, considering
expansion possibilities with further technologies.

In addition, a potential workstation was visualized, with the entire systems implemented.
To ensure a maximum of flexibility within the assembly process, it was furthermore
necessary to define standard modules.

Finally, a summary of the possible content data for documentations and an example for
the compilation of a documentation was provided.
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Project Team

When selecting the project team, great care was taken to ensure that members of the
departments most relevant for the project were part of the team. For each of the two
assembly cells which are currently operating parallel in Kapfenberg, one worker was
selected to be part of the project team. Additionally, one employee each from design
engineering and quality assurance was assigned.

Two managing directors supervised the project and were involved for important project
decisions.

Finally contact persons for work scheduling, warehouse and production planning were
defined, as these departments were also surveyed throughout the project.

Schedule

The project was conducted between June 2017 and February 2018, with the three main
project phases taking place between August 2017 and January 2018.

Checkpoint meetings were held at the end of each project phase. Furthermore, a
workshop was conducted during phase I, resulting in a concept catalogue. The decision
for the final concept was made over the course of checkpoint 2, after evaluation,
discussing and refining this concept catalogue. Figure 3-8 shows the detailed schedule
of the project.
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3.2 Current state analysis

The current state analysis looks at the assembly cells and related processes. In order to
gain a good insight into all relevant processes, the two assembly cells at Pankl Drivetrain
Systems in Kapfenberg were observed and analysed on site. The process steps
necessary to assemble a non-integrated drive shaft were recorded and summarized,
leading to a process overview and a catalogue of requirements. A summary of the
analysed processes and acquired data is shown in figure 3-9:

» Analysis of the assembly process » Assembly process — work-/assembly-steps, work

» Analysis of currently used instructions, schedules
equipment/technology/software » Machine data — used machines/assistance

» Analysis of assembly related complaints systems, collected data, automation level

» Complaints — identification of critical processes

» Analysis of documentation for the customers
) . » Documentations —
> Analysis of assembly documentation customer documentation and assembly

» Derivation of a catalogue of requirements documentation — requirements, procedure and

execution, applied data and used software

Figure 3-9: Procedure and acquired data - Phase |

3.2.1 Production volume

Pankl Drivetrain systems specializes in highly customized products, with an early order
penetration point (cf. chapter 2.1.4), usually already in the design or engineering phase.
This results in a low volume production, meaning that a “series production” at Pankl
ranges in the area of around 100 produced products of one variant produced per year.
Series productions are exceptional, typically batch sizes at Pankl range in the size of 10
to 20 products.

Additionally, the rapidly changing environmental conditions in the motorsports industry
additionally results in low repetition orders of the exactly same product. Workers at Pankl
therefore face the challenge of a high flexibility demand combined with a high information
demand and an early abortion of the learning curve.
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3.2.2 Production sequence

New customer orders are created in the Enterprise Resource Planning (ERP) — Software
and the production process is started as soon as the job order is handed over to the work
preparation.

In the following, an overview over the assembly related production processes and
departments is given.

Production relevant identification numbers

Various numbers are used throughout the production for reasons of traceability and
identification. For this project, the following are relevant:

e order number: includes year of production, numbering of a consecutive group and
a 4-digit number, which is also located on the component

e article number: a uniqgue number that is used in the ERP system. It allows the
assignment of work sequences, placing of necessary orders and other production-
relevant data

e EB number: allows the traceability for externally supplied articles or raw materials.
A separate EB number is created for each purchased part and each order

e internal operation number: a number that is used internally for the identification
within the computer aided quality (CAQ) system. It can also be found on the batch
card and the picking boxes in and from the warehouse

Design engineering

The design engineering is upstream of the manufacturing and assembly process. In the
design engineering department, the corresponding products are constructed according
to customer’'s demands and requirements. Construction drawings, which also contain
work instructions for manufacturing and assembly, are prepared. As far as possible,
existing construction drawings of similar products are used and adapted.

During the production process, the design engineering is involved in the initial assembly,
intended to eliminate ambiguities or point out potential assembly problems.
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Work preparation

The work preparation is accountable for creating a batch card, consisting of all production
relevant documents and information, such as manufacturing documents, work steps,
inspection plans and drawings. Additionally, the department procures the production
materials in cooperation with the purchasing department.

Production planning

A detailed planning and production sequence is conducted by the production planning
department. It is also responsible for the monitoring of manufacturing and assembly
schedules and it records the production progress. Further production planning transfers
parts from the warehouse to the assembly cells, when picking is finished.

Manufacturing/Assembly

When the batch card is handed over to manufacturing, the defined process “produce and
inspect product” is triggered, as illustrated in figure 3-10. It also contains the assembly
process, considered in this project, which can alternatively be triggered by a service
order. Services contain the dismantling, inspection, exchange of worn-of parts and re-
assembly of used drive shafts, and were not considered further in the course of this
project.

Warehouse

The warehouse is responsible for providing the necessary raw materials and
components. During picking, parts are placed in a container marked with an internal order
number, which serves as the central identification number to call up the required
components and parts in the picking software. Picking is carried out manually and is often
carried out in parallel with several internal order numbers on the same picking table, thus
increasing the risk of confusion.

During order picking, a label is created and printed for all components, apart from those
which are individually packed and already labelled. Information such as article number,
guantity and also a barcode with a charge number is stored on this label. Using this
charge number, it is possible to uniquely assign an item to a delivery or production
charge. The identification is item-related and not unit-related, not to be confused with a
serial number. In general, all necessary parts and components are picked, with the
exception of c-parts such as needles, greases, stickers, adhesives or balancing weights.
This equipment is stored directly within the assembly area.
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When the picking of required components is not possible due to a stock shortage, a list
of missing components is attached to the batch card. An insufficient stock level is
automatically detected by the software and marked on this list. Missing parts are picked
up and transferred after arrival by the production planning department.

Quality assurance

Quality assurance is responsible for the creation and revision of inspection plans. It
conducts end inspections on a random basis. In addition, the quality assurance
department is responsible for the maintenance of the data within the CAQ-systems, the
handling of complaints and the compilation of customer-specific documentations.

Applied software

For the evaluation of potential systems it is necessary to know which software is applied
at Pankl in order to ensure compatibility.

As ERP-solution the software ABAS is used. Data transfer and deposit is realized with
Siemens Teamcenter. The CAD files and technical drawings within the design
engineering department are created with Siemens NX.

BabTec is the CAQ-software in use and SharePoint serves as a data deposit for standard
work instructions. This software list only accounts for Pankl Drivetrain Systems as other
departments within Pankl Racing Systems do not necessarily use the same software
solutions.
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Figure 3-10: Process “Produce and inspect product”185 186

185 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017d), PB-1-013
186 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017e), PB-1-018
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3.2.3 Assembly layout

At the Kapfenberg plant, two assembly cells are operated in parallel, which should be
referred to as assembly A and assembly B. Figure 3-11 shows an overview of the factory
in Kapfenberg, including the assembly-relevant departments situated within the shop
floor. The spatial distance of the two assembly cells is about 80m, resulting in long paths
between them. The scale is to be seen as an approximate guide value for a better
understanding of the proportions.

. Assembly A

Assembly B
. Warehouse

. Quality control

Factory routes

10m .

Figure 3-11: Pankl Drivetrain Systems — shop floor Kapfenberg!8”

187 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017f)
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Assembly A

Up to seven workers operate simultaneously in the assembly cell, which extends over an
area of about 61 square meters.

In this department, the assembly of drive shaft assemblies and wheel carriers (drive shaft
+ wheel hub + upright, cf. figure 3-12) as well as service work and shaft straightening
processes are carried out. Additionally, the two ovens within the assembly are used by
workers of other departments for heat treatment of components.

; o %/ B .. tightening device
7
|:| ... work table
\ ... grease filling station
@ . ... manual press
J /O\ fO\ B ... hydraulic press
@ ... Crane
. ... fridge
. ...oven
| e
... rack
|:| ... locker
|Z| ... vice
. .. sink
T~
... PC with printer
o’ o/ ©
o ... PC with barcode scanner and

CAD software for 3D-

representations

Figure 3-12: Layout assembly A

Assembly B

The assembly B extends over an area of about 90 square meters, usually with two to
three workers operating. Consequently, only half as many workers operate on average
in the larger assembly cell.

Typical processes carried out in this cell are drive shaft assemblies and services.
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Figure 3-13: Layout assembly B

Figures 3-12 and 3-13 show layout and equipment of the two assembly cells. With the
exception of a crane in assembly A, both cells have the same equipment. What becomes
evident is that there is a lot more room for movement and storage in the assembly B.

3.2.4 Assembly instructions

The workers at Pankl’s assembly lines are provided with information via several
instructions and documents, typically consisting of a construction drawing and the batch
card.

In addition, there are some generally applicable work instructions in each assembly cell
for standard processes. These standard processes are on one hand the assembly of a
drive shaft with two tripod joints and no further add-on parts, named standard drive shaft
and on the other hand the assembly of a tripod joint for non-integrated drive shafts, of
which only two basic variants exist. All other variants differ only by size, but are
assembled the same way.

Documents for standard processes contain a comprehensively step-by-step instruction
of the assembly including an exploded drawing of the related component, as the example
in figure 3-13 shows.
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6.  Montagerichtlinien

1. Einstich auf Graffreiheit prufen und reinigen
Antriebswelle, kugelformige Walzkérper und Anlaufscheiben entmagnetisieren
Anlaufscheibe innen auf Tripodenarm der Antriebswelle schieben

Tripodenarm mit Fett laut Zeichnung bestreichen

CANEE I

Kugelformigen Walzkérper mit Nummer nach auBen iber den Tripodenarm schieben. Walzkorper
drehen, damit die Innenflache befettet wird

6. Anzahl der Nadeln laut Stiickliste auf Tripcdenarm montieren

7. Anlaufscheibe aullen auf Tripodenarm schieben

8. Sicherungsring in die Nut am Tripodenarm einsetzen

Figure 3-14: Excerpt from a standard instruction of a tripod joint assembly188

The construction drawing, represents the document that is most used by the workers in
order to get information. It shows an explosion drawing of the whole assembly, special
process steps to be performed and additional notes, directly linked to the affected
component. Figure 3-15 shows an extract of such a construction drawing example.

188 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017a)
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;
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£ @

- LOCTITE 848
- EINPRESSEN/
PRESS

Figure 3-15: Extract of a construction drawing example18°

The batch card, shown in figure 3-16, gives, amongst others, information on customer,
order data and status, internal order number and batch size.

Furthermore it contains specific instructions for each production step, also for the
assembly, meaning that there are additional instructions on top of the construction
drawing which must be considered.

189 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017c)
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Pankl Systems Austria GmbH |Auftrag H
Drivetrain Systems DRIVETRAIN i?EIﬂ
Industriestrasse West 4 Kunde # 4 ¢ + N @
8605 Kapfenberg
AUSTRIA Bezeichnung
Endtermin Zng-Nr. Intern Werkstoft _ Order data
erstellt am Zng-Revision Betriebsauftrag
AE-Stand Artikelnummer bearbeitet von
Artikelindex Menge WA-Nr.
SerienNr. Best Menge Z5B-Ordner
Pos  MGR Arbeitsgangbeschreibung zu tr/min  teiin Anzahl AFOQ-IDX Production step

Driveshaft zwischen Spitzen aufnehmen und
laut Zeichnung mit weiBem Lacksift 2x kennzeichnen
und mit Klarlack abdecken

Specific information

Nur bei Erstmontage Freigabe durch den verantwortlichen Konstrukteur erforderlich:

Freigabe KO- Name Datum Unterschrift,

Teilmenge |Riistzelt (min)| Durchlaufzeit | Datum Name Bemerkungen

. S N N

Figure 3-16. Example of a batch card9°

The assembly instructions currently used pose several challenges to the workers:

e information is widely spread over several documents -> easy to overlook some
information

e general applicable documents are located in a rack at the assembly cell, not on
the work tables -> workers rarely use them

e a sequence of work steps is only defined in the two standard documents, there is
no further information about it on the construction drawing or the batch card ->
increased risk of wrong assembly sequence

e the construction drawing requires a lot of space, which is not available at the work
desks -> the information is not displayed in the worker’s field of vision

e only one PC with CAD-software for 3D-representations available per assembly cell
-> up to seven workers have to share access, resulting in a rare usage

190 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017b)
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3.2.5 Assembly documentation

The aim of an assembly documentation is the traceability and comprehensibility of the
assembly process.

Acquired data

Currently, the assembly documentation is only carried out manually. During the
assembly, checklists should be used to record data and confirm the accomplishment of
work steps.

Typically, data that is recorded is, if available, the serial number of assembled parts and
the confirmation that a process step or inspection was performed according to
regulations. The amount of data acquired varies and is dependent on the individual
product, leading to several different checklists that are used in parallel.

=
77 o

s — fere
e e Fomess v -y

|

las- Gopraft_Datum Unterschrift: | [PA 038 durchgofihrt: “[oatum: l Untorsehift:

Figure 3-17: Examples of various checklists®!

Lately, the existing documentation was expanded and a dual control principle was
introduced in order to increase process assurance. For this purpose, the filled out
checklist must be reviewed at the end of the assembly process by two workers and the
correctness of the data confirmed by signature.

191 Cf. Pankl Systems Austria GmbH, Drivetrain Systems (2017f)
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Traceability of screw connections and built-in circlips is ensured by a color-coded system
in which the assembly worker marks each assembled connection with a colored pen.
Each assembly worker has an assigned color, that only he or she uses.

The existing system of data acquisition contains some risk potentials.

First, itis impossible to control the time at which the checkilists are filled with data, allowing
the possibility to complete them at the end of the assembly process. This makes the
checklist less effective, as the worker does not pay the same attention on the correctness
of the data as during the process. This includes and is valid for the dual control principle
as well. Additionally it can happen, that assembled parts are not accessible anymore at
the end of the process, which makes their checking impossible.

Another risk is posed through the solely manual acquisition. The checklist’s data is only
assured by the inspection of the worker, depending highly on their qualifications, skills
and information level. As described in chapter 3.2.4, the information is widely spread and
bares some challenges itself, but providing the worker with the right information is
essential to ensuring that the data acquired is compliant with the quality requirements.

Customer requirements
There are currently hardly any requirements for documentations on the customer’s side.

So far, only one customer demands a documentation alongside the products ordered,
whereby in this case checklists are sufficient. Documentations are therefore mainly used
in the event of damage and resulting customer complaints. In this case, it is essential for
Pankl to be able to trace the cause of the product failure, and either prove that it is not
due to faulty assembly or to initiate measures in order to prevent repetition.

To ensure this traceability over the whole product lifecycle, documentations are archived
after completion of the production process and kept for a period of 15 years for high
performance and five years in the area of racing.

For archiving the analogue available documentations are digitalized. This is done by
scanning the filled checklists or by transferring the data manually into the CAQ-system,
either way resulting in additional effort.

Documentation compilation

As mentioned in the previous chapter, there is currently only one customer demanding a
documentation alongside with the ordered products. The required documents are
manually collected and compiled in accordance with the customer’s requirements.
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Documents that are only available analogously are scanned and attached to the
documentation.

Hence acquiring digital data instead of analogue hence has high potential to make this
process less cumbersome.

3.2.6 Customer complaints

In order to identify potential critical processes, customer complaints that are caused by
assembly faults were analysed for the years 2014 through 2017.

Complaints are handled in a separate process whereby a team, specifically assigned for
this task, investigates the event of damage. It is within their responsibility to collect all
relevant data, find the probable cause for failure and suggest measures to prevent similar
failures in future. The investigation is summarized in an 8D-report, the 8Ds standing
fort®2;

e D1: team members

e D2: description of the non-conformity
e D3: containment actions

e D4: root causes

e D5: corrective actions

e DG6: corrective actions

e D7: preventive actions

e D8: final remark

192 ibidem
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In the reviewed period, there were in total six customer complaints due to assembly faults,
which are summarized in table 3-1.

25/02/2014 Components were not assembled
05/06/2014 Components were assembled faulty
18/06/2015 Components were forgotten to pack
20/05/2016 Components were not assembled
26/07/2016 Compontens were assembled faulty,

wrong investigation was conducted

04/07/2017 Required operating materials were not used correctly

Table 3-1: Customer complaints since 2014

During the observations on site, several faults and errors occurred during assembly
processes, for example a wrong sequence of assembly steps or components assembled
with the wrong orientation. These faults were identified and rectified over the course of
the assembly, but they indicate a lack of provided information or that the worker is not
capable of processing the given information in the right way. In addition, they show that
there is potential for improvement regarding process assurance.

3.2.7 Assembly processes

The process steps occurring during an assembly were recorded and defined by observing
the workers during their work on various drive shafts.

All recorded process steps were then gathered and processes that occurred more than
once summarized, resulting in a process overview. To capture a maximum range of
variants within non-integrated drive shafts, the focus was laid on the observation of
preferably complex and comprehensive assemblies. Hence most observed assemblies
were flange-to-flange drive shafts.

The aim was that the resulting process overview can be used as a “catalogue”, allowing
the mapping of all possible drive shaft variants, by combining the collected processes in
arbitrary sequence.
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Because of the high number of product variants, it became necessary to make a
distinction between standard process steps which occur throughout most drive shaft
assemblies and variable process steps that can only be found in few product variants.

In coordination with Pankl, it was agreed to include variable process steps only to the
extent that they were observed. The final concept, however, takes into account the
possibility of adding further assembly steps. As new product variants are constantly
designed, this is also important with regard to long-time usability.

Pre-assembly of tripod joints

The pre-assembly of tripod joints is standardized and a general sequence of process
steps defined. As in the standard instruction, two variants were distinguished for the
visualization of the pre-assembly, as shown in figure 3-18.

roller, washers
| |

Variant with O-ring
washer

‘ Variant with o-ring washer ‘

| Standard variant ‘
I

Mount outer washer

Apply grease to the tripod pivot
[

Join roller with tripod pivot

I
Bring outer washer in final position
(Mount outer washer)

Correct orientation

!

Turn the roller to lubricate the inner
surface

Apply grease to the tripod pivot

‘ Join circlip

Apply needles according to CDR

Correct amount Correct quantity

‘ Join roller with tripod pivot ‘

Correct orientation

Documentation according to checklist ‘ Attach o-ring ‘

~ Process
Assembly according CDR

Documentation according to checklist Subprocess
Documentation
End of pre-assembly

Figure 3-18: Pre-assembly tripod — process steps

Apply needles according to CDR

0

Mount outer washer

Join circlip

Legend:

‘ ‘ Standard variant ‘ ‘ ‘ ‘ Assembly according CDR Start/end

i

Y
N

End of pre-assembly

Overview process steps

All process steps recorded were summarized in the overview illustrated in figure 3-19.
Furthermore, the process steps were divided into following functional groups:
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preparation (P)

e circlip (C)

e joining (J)

e interim steps (1)

e use of operating materials (M)
e checking (C)

e labelling (L)

e documentation (D)

Each process step is assigned an index in the form of a letter and ascending numbers,
the letter representing the associated group. A description of all process steps can be
found in Appendix A. The section checking (C) is to be considered separately. It lists
attributes that are intended to be checked during the assembly process. These were used
in order to derive a catalogue of requirements (cf. chapter 3.2.8).
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Figure 3-19: Overview process steps
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3.2.8 Catalogue of requirements

Based on the overview of the process steps, it was possible to develop a catalogue of
requirements. Each process step listed, has at least one attribute that can and needs to
be either assured and/or documented. The only exceptions are the processes “remove

magnet” (107) and “change workstation” (109).

For this reason, there are distinctions within the catalogue of requirements, one for

process assurance and one for documentation.

They each consist of four columns:

e |D: the index system from the previous chapter, consisting of a letter and an
ascending number, was retained for better overview and allocation

e process step: name for each process steps

e attribute to check/document: characteristic that needs to be either checked and/or

documented

e current assurance/documentation: gives a short description about the current

handling

Concepts to be developed need the ability to assure all the characteristics listed in the
catalogue and additionally document them. Figure 3-20 shows an excerpt, the full
catalogue can be found in Appendix B. This catalogue was verified in cooperation with

the company.

Process Assurance

ID  |Process step

Attribute to check

Current Assurance

correct number

manual and visual comparison

P01 |partidentification

correct quantity pre-picking in warehouse
P02 |part adjustment correct numbgr vysual Tnspect}on

correct quantity visual inspection
P03 |part cleaning free of dirt visual inspection

bled ding to CDR | it

C01 |mount (double) circlip / hoopster ring assem e‘ acc¢r g lo VTSUE Tnspec Ton

correct orientation visual inspection
C02 |press circlip with pliers tight fit visual inspection, inspection with gauge

J01 |join boot retainer GS/WS with drive shaft

damage-free mounting

visual inspection

correct position

visual inspection

correct orientation

visual inspection

J02 |mount boot retainer GS/WS assembly

assembled according to CDR

visual inspection

JO3 |join boot retainer GS/WS with flange

correct orientation

visual inspection

damage-free mounting

visual inspection

J04 |join boot GS/WS with drive shaft

damage-free mounting

visual inspection

correct position

visual inspection

correct orientation

visual inspection

J05 |join flange GS/WS with drive shaft

damage-free mounting

visual inspection

correct orientation

correct position

Figure 3-20: Excerpt — catalogue of requirements
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3.3 Concept Development

During phase II, concept development, the current state-of-the-art regarding assembly
documentation and increase of process assurance was investigated. The focus was laid
on assistance systems that deliver cognitive assistance for the worker by providing on
the one hand information when needed and systems that are able to record and collect
assembly data on the other. Current researches as well as, if available, technologies and
systems that were already successfully applied, delivered the information base for this
investigation.

Potential usable technologies were collected, summarized and presented to the project
team during a workshop in the form of a morphological box which was used to derive
concepts. These concepts were further elaborated and evaluated by benefit analysis. On
the base of the benefit analysis, the concepts were iterated in order to get a final concept
which was then to be detailed in phase IlI.

» Definition of functions that are essential to fulfill
the catalogue of requirements

» Research state-of-the-art technology in the area
of assistance systems for assembly

» Research for potential usable technologies

» Conduction of a workshop for concept
development of a holistic assistance system by
use of various technologies

» Evaluation and iteration of concepts

Acquired Data

» Technology research — benchmarking of potential
relevant technologies to assist the assembly
process, increase process assurance and record
data for assembly documentation

Figure 3-21: Procedure and acquired data — Phase Il

3.3.1 Functions of an assembly assistance system

The catalogue of requirements (cf. chapter 3.2.8) delivered attributes that have to be
tested and/or documented. Many of them are similar or equal and it was possible to derive
19 functions with the ability to fulfill the whole catalogue of requirements:

e capture quantity

e check fit

e check horizontal/vertical movement
e check integrity
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e check label content

e check magnetic field

e check part surface

e check preservation

e check unhindered movement
e detect dirt

e determine grease quantity
e determine label position

e determine part orientation

e determine part position

e determine tightening torque
e document data

e identify operating materials
e identify part

e show information

These functions were used as base for the concept development. Any concept had to be
capable of providing and fulfilling each of the functions listed above in order to meet all
requirements.

3.3.2 Identification of applicable technologies

To ascertain applicable technologies, a research into current assembly systems and
relevant research projects was carried out. As far as there was accessibility to it,
benchmark systems already in use were taken into account as well, for example an
assembly line at the neighboring high performance drive unit factory in Kapfenberg, built
by the company Knapp AG.

The technologies were mainly investigated for the features they are able to provide,
allowing a cross reference with the functions that potential concepts for the project have
to provide.

Figures 3-22, 3-23 and 3-24 summarize the features offered by technologies that are
currently available on the market. A distinction was made between functions for process
assurance, customer documentation and process monitoring, with further subgroups for
better overview.
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Environment

» Measure temperature

» Measure humidity

» Measure luminous intensity
» Measure oxygen content

» Detect vibrations

» Measure breeze

» Record worker ID

» Monitor biometric data

» Know about skills

» Detect movement

» Monitor exhaustion level
» Monitor exertion level

» Monitor state of health

» |dentification

» Localisation

» Provision

» Sorting

» Measure material qualities
» Detect orientation

» Detect location

» Condition-monitoring
» Know work status

» Measurement of sensor data
(e.g. tightening torque, angle of
rotation,...)

» Providing a check button
» Providing a check list

» Visual process monitoring
» Recording of work steps

» Visual quality inspection

Figure 3-22: Functions of process monitoring

Standardization

» Creation of
standard operating procedures

» Modularization

Risk assessment
» Analysis of complaints

» Analysis of process errors

» Identification of critical processes
» Identification of critical components
» Elimination of critical processes

» Enable communication between two systems
(interfaces)

» Reading data
» Accessing data
» Comparison of actual and target values

» Information allocation

Active intervention

» Signalling (acoustic, visual, tactile)

» Controlling machines

» Performing emergency stop

» Enabling control of displayed information content

Figure 3-23: Functions of process assurance
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» Storing data » Assembly step detection
» Creating data backups » Visual data (image and video)
» Transferring data » Process information

» Machine data
» Product data
» Batch numbers and serial numbers of components

» Providing filter with various options: » Retrieving data
> Customer » Sorting data
» Order number . .
» Product selection » Applying selection filter
» Selection of processed data » Inserting data into report template
» Creating report templates » Compiling an assembly documentation

Figure 3-24: Functions of assembly documentation

3.3.3 Exemplary benchmark systems

Throughout the course of the project, an investigation on benchmark systems was
conducted, as some companies already provide or implement assembly assistance
systems.

LEAD factory — Institute of Innovation and Industrial Management, TU Graz
The LEAD factory is a small-scale learning factory with the core focus topics on
Lean management

Energy efficiency

Agile operations

Digitization.1%3

It is an assembly line for scooters, used for research and training. Modularization allows
two setup states of the factory, a non-optimized current state and an optimized and
digitized lean state.

193 Cf. Karre et al. (2018), p. 15ff.
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In its current state, “workers” will find a non-optimized and non-assisted assembly line
with poor work instructions. The digitized state uses several technologies to assist the
worker, provide information and acquire assembly data.

The digitalized state was therefore investigated for benchmarking purposes. The
following systems are either in use or planned to implement:1%4

e RFID for identification of components and workers and data acquisition

e an assembly software that allows communication between the systems,
acquisition and storage of assembly data and comparison of actual and target
values

e check button to record work steps

e touchscreens for context-based provision of information

e andon-lights for signaling

e human-machine-interfaces (Myo Band and Kinesic Mouse) for intuitive software
control

e smart shop floor board to visualize the acquired data in a comprehensive and
interactive overview

The production shown is medium to low volume production quantity (small series
production) with a medium variety. There are currently three soft variants existing. (cf.
chapters 2.1.5 and 2.1.6) Additional soft variants can be added with manageable effort,
whereas additional hard variants would require significant adjustments.

194 Cf. Karre et al. (2017), p. 206ff.
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Figure 3-25: IIM LEAD Lab

Visual Assistance System — Fraunhofer IFF

The Fraunhofer Institute for Factory Operation and Automation (IFF) in Magdeburg is,
amongst other topics, conducting research in the field of measurement and testing
technology. They have developed a system for visual worker assistance and quality
inspection for manual assembly processes, which uses augmented reality to provide
workers with the information they need. Furthermore, the system is capable of conducting
guality inspections for completeness and correctness after each assembly step by using
optical measurement technology and industrial image processing. All necessary data is
gained from the 3D-CAD models of the assembled parts.'®® The main technologies in use
can be summarized as followed:

e Video camera to monitor the work desk and allow industrial image processing

e Reference system in visual sight of the video camera to allow optical measurement

e An assembly software that allows communication between the systems,
acquisition and storage of assembly data and comparison of actual and target
values, furthermore capable of deriving the necessary data from 3D-CAD-models

e Output device for visualising information (Touchscreen/Screen/Projector)

e Input device to control software (Touchscreen)

195 Cf. Fraunhofer IFF Magdeburg (2018b)
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The system has already been implemented successfully within a company that is
specialised in engineering means of production for print processing. It is used to assist
and conduct in-line quality inspections during the assembly of a clamping device for
highly customized products.1%®

It was developed to increase quality assurance in complex high variant assemblies!%’
and therefore delivered an excellent benchmark system for this project.

Figure 3-26: Worker-assistance-system for manual assembly8

High Performance Drive Unit factory — Pankl Racing Systems Kapfenberg

In 2016, Pankl built a modern production facility at the Kapfenberg location for the
manufacturing of high-performance gears — the high performance drive unit factory. The
company Knapp delivered a semi-automatic assembly system that uses following
technologies!®:

e fully automated warehouse system (including software) that stores, sorts and
provides all necessary components at the right time, except bulk materials

19 Cf. Sauer (2010)

197 Cf. Fraunhofer IFF Magdeburg (2018a)
198 Cf. Fraunhofer IFF Magdeburg (2018c)
199 Cf. Hebezeuge Fordermittel (2018)
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2D-scanner to identify components

two ultraviolet video cameras to monitor the assembled product

fixture system that is used by the cameras as a reference point and ensures
correct orientation and positioning of the product

assembly software that allows communication between the systems, acquisition
and storage of assembly data

assembly software for industrial image processing and comparison of actual and
target values

pick-to-light for signaling the currently needed component

check button to record work steps

two screens for context-based provision of information

supervision software for the whole assembly

The production quantity is 160,000 units per year and only one variant is produced, hence
making this system highly efficient and specialised for its purpose, but with limited

flexibility and high adaptation needs in case of a variant change.
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Figure 3-27: Assembly work station in Pankl’s High Performance Drive Unit factory, Kapfenberg2°

200 Cf. Knapp AG (2017)
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3.3.4 Technology overview

Figures 3-28 and 3-29 give an overview of the technologies investigated and their
capabilities to fulfill the functions of the catalogue of requirements.
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Magnetic field meter

Material supply
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Figure 3-28: Technology-function map |
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Figure 3-29: Technology-function map Il
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For each capable technology/function combination, a use-case description was created.
This contains a description of the technology, advantages, disadvantages and
requirements.

An example is shown in figure 3-30, the whole technology and use-case descriptions can
be found in Appendix C.

Capture quantity
Electromagnetic waves

Description Advantages Sketch / Graphic

» ATag is attached to the parts » Allows the storage of various information about
the components via database

» Via electromagnetic waves it is possible to read the
information from the tag contactless » Fast identification

» Reader/Antennas are mounted on all workstations
» Possibility of various protocols: RFID, NFC,...

Dlsadvantages

Requirements

» Hard to place tags on small parts
» Tags on all parts
} » Limited reading range
» Reader on all workstations
» Inaccuracies at large quantities possible due to
» Database interference
» Information display system

Figure 3-30: Example of a technology use case — capture quantity / electromagnetic waves

3.3.5 Concept Development Workshop

In order to derive solution concepts for the future assembly workplace at Pankl from the
technology use-cases found, a workshop was held in Kapfenberg.

Representatives from the design, quality assurance and assembly departments took part
in this workshop in order to take into account as many different approaches and
perspectives as possible and to incorporate as many experiences as possible into the
concept derivation. Over the course of the workshop, the method of a morphological box
(cf. chapter 2.4.1) was adapted, in order to allow usage for this project:

Firstly the problem should be defined as: “Which system of technologies fulfills our
requirements in the best way?” To allow a proper evaluation, some decision criteria had
to be defined as well.

For the second step, the definition of parameters, functions the system needs to provide
are used as such. Thirdly, by using the elaborated technology systems as solutions found
for the parameters/functions, the morphological box was created.

The morphological box created consisted of a total of 76 technology use cases
apportioned among 19 functions, thus creating the enormous number of ~6.87*10%°
theoretically possible solutions. Not all of these theoretical solutions can actually be

77



Associated Project

realized, but as the whole project team was familiar with the investigated field, a pre-
sorting process was not necessary.

A printout version of the morphological box was used in the workshop to derive concepts,
as it offered the advantage of a good overview. To ensure everybody had the same
understanding of the technology use-cases, the workshop was started with an
explanation of them. Over the course of this, the knowledge was gained that for four
functions, the only practicable solution would be the performance through a worker. As a
result, the following functions were decided to be realized with the technology worker in
all concepts:

e check fit

e check horizontal/vertical movement
e check magnetic field

e check unhindered movement

After the explanation of the morphological box and the use-cases included, a concept
derivation was conducted. For this purpose, each department was assigned with a color.
The preferred solution for each parameter had to be marked with this color, as shown in
figure 3-31. In this way, three rough concepts were derived and furthermore the current
state outlined. Additionally, two further concepts were derived:

An “lIM”-concept, representing the view of the thesis’ author and a high-tech concept,
which should represent the most possible advanced system relating to the state-of-the-
art investigation. These rough concepts were then outlined in a level of detail that allowed
a qualified evaluation.
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Figure 3-31: Concept derivation by using a morphological box

Figure 3-32 gives an overview over all derived concepts:

Concept Concept Concept Concept Concept
Current State "Assembly"” "Design eng ring” "Quality def "High Tech™ "liM”

Capture worker (manual counting) ‘electromagnelic waves ‘waight measurement / worker (manual counting) industrial image processing weight measurement
quantity electromagnetic waves
Determine Torque wrench torque sensor torque sensor torque sensor / torque wrench | torque sensor /torque wrench | torque sensor / torque wrench
tightening torque
Identify warker ng) | worker checking) | worker ( warker waves worker (visual/manual checking)
part /2D-Code
Check ‘worker h ) [ worker checking) | worker h worker industrial image processing | worker (visual/manual checking)
part surface
Determine warker (v hecking) | worker checking) |worker (vi worker industrial image processing industrial image processing
part ori
Determine worker (visual/manual checking) industrial image p g | worker (vi ing industrial image processing industrial image processing
part position
Document chacklst check button / automated data | check button /automateddata | check button / automated data | check button / automated data | chack buttor/automated data
data acquisition acquisition acquisition acquisition acquisition
Determine weight measurement grease syringe with dosing grease syrnge wih dosing grease syringe with dosing grease syringe wih dosing grease syringe with dosing
grease function function function function function
|da|-|ﬁf-y ‘worker hi nq) [ worker (vi checking) 2D-Code industrial image processing industrial image processing 2D-Code
operating materials
Show printout projection (touch-)screen (touch-)screen AR-glasses (touch-)screen
information
Check warker ng) | worker checking) | worker ( warker industrial image processing | worker (visualmanual checking)
preservation
Determine worker h ng) | worker (vE checking) | worker h worker industrial iImage processing industrial image processing
label position
Check ‘worker hecking) [ worker checking) label printing worker (visual/manual checking) industrial image processing industrial image processing
labe content
Detect worker (vi worker (vi checking) | worker (vi worker (v industrial image worker (vi hecking]
dirt
Check ‘worker (vi hecking) [ worker (vis checking) | worker (visualmanual checking) | industrial image processing / industrial image worker (Vi hecking|
integrit Manuelle Prifung durch MA

Figure 3-32: Workshop result — derived concepts

Figure 3-33 to figure 3-38 shows potential assembly procedures for each concept. In this
procedure, an axis depicts a typical driveshaft assembly with several “checkpoints”. Each
checkpoint is connected to one or more functions that need to be provided by the system
at this point of the assembly:
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e labelling: determine label position; check label content

e preparation: identify part

e cleaning: detect dirt

e mounting subassemblies: determine part position; show information

e glueing: identify operating materials

e screwing: determine tightening torque

e joining circlip: check fit

e attaching o-ring: check integrity

e assembling tripod: determine part orientation, check magnetic field

e applying needles: capture quantity

e mounting pin system: check horizontal/vertical movement; check unhindered
movement

e grease filling: check part surface; determine grease quantity

e packing and preserving: check preservation

e documenting: document data

The point “documenting” is marked with a different color on the axis as it is not part of the
assembly process itself.

All technologies used in a concept are listed beneath the axis in order to show their time
of usage. The use of technologies can happen either selectively for certain points within
the assembly process as well as continuously over the course of the whole process or
parts of it.

Additionally, there is a half transparent continuous beam over the whole process for the
system worker, as he or she is involved during the whole process. Points that require
special attention by the worker are extra marked.
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joining assembling mounting packing and .
labelling cleaning glueing circlip tripod pin system preserving end
< O e . -3
start preparation mounting screwing attaching applying grease documenting @
subassemblies o-ring needles filling

checklist ‘ ‘ ‘ ‘ ‘ ‘

torque wrench

weight
measurement

worker
(visual/manual)

Figure 3-33: Procedure of concept “current state”

joining assembling mounting packing and e
labelling cleaning glueing circlip tripod pin system preserving end
's' O o
start preparation mounting screwing attaching applying grease documenting \\
subassemblies o-ring needles filling

automated data
acquisition

check button

torgue sensor

electromagnetic
waves

grease syringe
with dosing

industrial
image
processing

worker
(visual/manual)

projection

Figure 3-34: Procedure of concept “assembly”
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automated data
acquisition

2D-Code

check button

automated label
printing

torque sensor

weight
measurement /
electromagnetic
grease syringe
with dosing

worker
(visual/manual)

(touch-)screen

joining assembling mounting packing and o,
labelling cleaning glueing circlip tripod pin system preserving end
O < o B
start preparation mounting screwing attaching applying grease documenting \\%
subassemblies o-ring needles filling

Figure 3-35: Procedure of concept “design”

A
\

automated data
acquisition

check button

torgue sensor

torque wrench

grease syringe
with dosing

industrial
image
processing

worker
(visual/manual)

(touch-)screen

joining assembling mounting packing and P,
labelling cleaning glueing circlip tripod pin system preserving end
O O P
start preparation mounting screwing attaching applying grease documenting \\Q}
subassemblies o-ring needles filling

Figure 3-36: Procedure of concept “quality”
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joining assembling mounting packing and o,
labelling cleaning glueing circlip tripod pin system preserving end
o O < o B
start preparation mounting screwing attaching applying grease documenting \\%
subassemblies o-ring needles filling

=2 P automated data
0= j acquisition
= -
el N ON N N N N N N N N N N N
torque sensor /
torque wrench
electromagnetic
waves
grease syringe
with dosing
industrial

processing

- e _____________________
(visual/manual)

Figure 3-37: Procedure of concept “high tech”

joining assembling mounting packing and P,
labelling cleaning glueing circlip tripod pin system preserving end
< < < O e P
start preparation mounting screwing attaching applying grease documenting \\Q}
subassemblies o-ring needles filling

automated data
acquisition

2D-Code

check button . . . . . .
torque sensor .

grease syringe
with dosing

weight
measurement
industrial
] processing
R worker ‘ . . ‘ ‘ ‘ . .
(visual/manual)
(touch-)screen _

Figure 3-38: Procedure of concept “IIM”

The concepts listed above were then evaluated according to the criteria that were laid
out at the workshop.
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3.3.6 Concept evaluation

The concepts from the previous chapter were evaluated by conducting a benefit analysis,
with each concept representing a solution alternative. (cf. chapter 2.4.3)

As the team, the working environment and the investigated problem were already defined
before, the next step was to define decision criteria.

The following criteria were laid out at the concept development workshop:

e preparation time: this criteria evaluates how much time is required for preparation
purposes, starting from the design engineering up to the start of assembly.

o flexibility: a high number of variants means high requirements regarding
flexibility. This criteria evaluates how much effort is necessary for the introduction
of new products or the change of existing product’s parameters.

e implementation: this criteria evaluates whether and how well the concepts can
be implemented in the currently existing layouts, with the main focus on whether
the concepts required significant layout changes.

e compatibility: evaluates the compatibility of the concepts with regard to data
integration into existing software products, e.g. if collected data needs to undergo
conversion processes or can be used directly.

e time exposure: the time required for documentation should be kept to a minimum.
Therefore this criteria evaluates the estimated time required for documentation
compilation.

e mobility: since workers often have to change work stations, this criteria evaluates
mobility and hence whether it is possible to use the technologies on a mobile or
stationary basis.

e usability: usability is a crucial factor for acceptance of the system. This criteria
evaluates if the operation of the system is intuitive or requires a long training
period.

e degree of detail: this criteria was used to assess how comprehensive the
acquired data is and therefore the documentation that can be compiled. It should
also take into account how assured the collected data is.

The criteria mentioned above, all of which represent “non-quantifiable” criteria, were
prioritized in a next step by conducting a pairwise comparison.
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The project supervisors and representatives from the assembly, quality assurance and
design engineering departments as well as the author of this thesis were involved in the
process of the pairwise comparison. Figure 3-39 shows the final results.

Preparation time
Fexibility
Implementation
Compatibility
Time exposure
Mobility
Usability

Degree of detail

Figure 3-39: Results of the pairwise comparison

As already mentioned in chapter 2.4.3 an inverse school grading was used for the
valuation of criteria, with 5 being the best possible value and 1 the worst. The valuation
was conducted by the same participants as the pairwise comparison, with the exception
of the project supervisors. The results of the valuation and the hence calculated benefit
scores of the concepts are depicted in figure 3-40.

. & 2 &:\ & ‘Z'E?
& & 8 L8
e‘é\o c?‘@ cﬁ?’@ @Q& c?’é& 8’@ &Q\

S & & s & < &
Preparation time 10% 3 4 3 3 3 2
Flexibility 18% 3 4 4 4 4 3
Implementation 10% 4 4 3 3 3 3
Compatibility 11% 3 2 3 3 3 3
Time exposure 12% 4 2 4 3 3 4
Mobility 9% 4 5 4 3 3 2
Usability 19% 4 4 3 3 3 4
Degree of detail 10% 4 2 3 4 3 5
Benefit score > 3,54 3,52 3,39 3,31 3,34 3,15

Figure 3-40: Benefit scores

It should be noted that there were some considerable differences in the beginning of the
valuation by the departments. As it turned out, this was due to a still low degree of detail

85



Associated Project

of the concepts, leaving room for different interpretations. A discussion provided for
common understanding and levelling, resulting in the concept “IIM” having the highest
benefit score. It has high scores for all criteria except preparation time, flexibility and
compatibility, where it still performed averagely. The current concept scored particularly
well due to its familiarity, high flexibility and excellent mobility. However, the low level of
detail with regard to the documentation was also noted. Having the highest score in this
criteria, the concept “high tech” still was evaluated as being non-preferable due to its high
preparation time, low flexibility and low mobility.

3.3.7 Decision

Due to its benefit score, the “lIM” concept was to be detailed further. However, as the
scores of the two concepts “lIM” and “current” were similar, the decision was made to
refine the concept IIM further in order to reduce the preparation time and increase the
flexibility.

The adaptations made led to the final concept to be selected. The final concept’s
documentation scope can be defined as required, depending on the application of the
implemented technologies.

The following adaptations were made:

In order to reduce preparation time and effort, industrial image processing technology
was removed and replaced by giving the workers more responsibility. For the function of
checking label content, the worker should be supported by the technology “automated
label printing”. Furthermore, the technology “grease syringe with dosing” was replaced
by “weight measurement”, as in the course of a rough cost estimate, the costs for this
technology turned out to be too high. Lastly, because of doubts regarding the real-world
usability due to weight tolerances, the worker was foreseen for the function capture
quantity.

In addition, the concept should be expandable with additional technologies. As a concrete
example of this a camera for taking photographs after work step confirmations and
checkpoints has therefore already been taken into account in the final concept.
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3.4 Final Concept

In phase lll, the previously selected final concept was elaborated in detail, taking into
account the results of phase Il. Applied technologies were summarized and potential
solution systems proposed. Furthermore, a modularization of the product drive shaft was
conducted and a visualization of a possible workstation design provided. Lastly, process
models were developed in order to depict the potential assisted assembly process, taking
into account the preparation processes.

» detailling of the chosen concept regarding: » Decision for final concept
> technologies » Applied technologies — decision for the
» workplace design implemented technologies and potential systems

» process models
» documentation

Figure 3-41: Procedure and acquired data — Phase Il

3.4.1 Technology Overview

In order to better describe their application within the final concept, three technology
designations were adapted:

e automated data collection = assembly software
e 2D-code = 2D-code scanner
e (touch-)screen = touchscreen

In addition to the selected technologies, a camera was considered as an example of an
extension. By adding a camera, the possibilities for assembly documentation are
significantly increased, due to the ability of collecting pictures during the assembly
process. The recording of videos would be an additionally provided function, but because
of objections regarding data security and acceptance, this possibility is not considered
further. As a camera only acts passively for documentation purposes, it is not to be
confused with the previously proposed technology of industrial image processing.

87



Associated Project

In the following chapter, descriptions of the applied technologies are provided and
potential solution systems introduced.

Assembly software

The assembly software represents the “control center” of the final concept. It is
responsible for data acquisition, storing and processing. All cognitive processes are
performed by the software, such as decision-making based on comparison of target and
actual values. Providing the right information for the assembly process based on situation
is also carried out by the software. Additionally, hardware that fulfills the system’s
requirements is needed.

Input ’ Output N

» Instruction data (specifications, inspection E

data,...) . .
. ) » Automated creation of assembly

» Data of the technologies to use Clients .

/ documentation

» Assembly data Ei Server /

O » Context-based instructions
Ints t

Figure 3-42: Input/output — assembly software

Potential solution system:

Already applied ERP-software ABAS. This solution would be limited to functions which
ABAS can provide, therefore the combination with add-on assembly software could be
meaningful. ABAS would then be used to provide and store data.

2D-code scanner

Parts and components should be identified via 2D-code, resulting in the need for a 2D-
code scanner. It must to provide reliable and fast (<1s) registration of barcodes and data
matrix codes. Furthermore, it should be portable and of small size/weight in order to be
handy for the worker.

Input Output
» Data Matrix Code » Alphanumerical data (transfered to
» Bar Code MoDo-software for identification)

Figure 3-43: Input/output - 2D Code scanner
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Potential solution systems:

Industrial-suited 2D-handscanners, e.g. Datalogic PowerScan PBT95002% that provide
additional Bluetooth support and visual/acoustic read confirmation.

Automated label printing

The automated label printing is used to prevent false label content due to input errors, by
automatically printing the label with the information stored in the system. Therefore the
label printer needs the ability to interact with the assembly software, hence an interface
for PC-connection.

\\ Output [\

Input

» Data with label content > » Printed Label with correct content >

Figure 3-44: Input/output — automated label printing

Potential solution system:

All label printers with interface for PC-connection may be used-

Check button

A check button is needed to confirm the proper performance of work steps for
documentation. It is important that the check button is easily seen and an unintended
initiation is obviated. Furthermore the underlying software has to ensure that a bypass of
the check button is not possible.

Input N\ Output F\\

» Recognition and confirmation (transfered N

» Activation by worker )
Y / to MoDo-software)

Figure 3-45: Input/output — check button

201 Cf, Datalogic (2018)
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Potential solution system:

Analogue or digital execution possible. Since information is provided via touchscreen, the
digital solution is preferable, with the check button implemented in the assembly software.

Torque sensor

Throughout the screwing process, the application of the claimed torque must be checked.
The torque sensor needs to provide an accuracy of £ 1Nm and give feedback when the
correct tightening torque is reached. Optionally, the torque data should be transferred
directly between software and torque sensor in order to prevent input errors.

Input J " Output
) . ;
» torque requirements | = > applied torgue in Nm
9 9 . . » feedback when required torque is
» number of required screwings reached

Figure 3-46: Input/output — torque sensor

Potential solution system:

Digital torque wrench with included sensor, e.g. Gedore E-Torc Q2%°2, which additionally
provides communication via radio and direct connection to CAQ software systems.

Alternatively, a common torque sensor in combination with the preferred tightening tool
could be used.

Weight measurement

The correct amount of grease should be checked by weight measurement. Therefore a
continuous measurement of the weighed part is therefore necessary and an accuracy of
+ 19 for a measuring range of up to 20kg is required. Optionally, the weight measurement
system should have an integrated fixture for the drive shafts.

202 Cf. GEDORE (2018)
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Input N Quiput h
. . A80.122% '@ | » actual weightin g
» required grease quantity // » change of weighting ////
/ //
// //
/ g
) /
) )

Figure 3-47: Input/output — weight measurement

Potential solution system:

Table scale with the required specifications, e.g. Gram SBZ-20K, which additionally
provides an interface for direct data transfer.203

Worker

The worker still plays a key role within the assembly process, as he conducts all physical
work and many required inspections. It is therefore proposed, besides providing
meaningful and context-based information, to train the workers on a regular basis.

Input F\ Output N\

» Inspection instructions » Feedback on the inspection results >

Figure 3-48: Input/output — worker

Touchscreen

Representing the central human-machine-interface and the main input/output system for
the worker, the touchscreen must provide good readability under a variety of
environmental light and high viewing angles. Due to the space available, the touchscreen
should measure between 20-30 inches and be robust enough for application on the shop
floor. Optionally, the touchscreen could be an all-in-one PC, so no additional hardware is
necessary for the assembly software.

203 Cf, Waagenet (2018)
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Input AN Output

» Display and Visualization of data
» Transfer of input data to the MoDo-
software

» data and information to be displayed by N
the MoDo-software
» input data from the worker

Figure 3-49: Input/output — touchscreen

Potential solution system:

207-30” touchscreens with multitouch capability

Camera

To support and extend the documentation, photos of the assembly should be taken at
checkpoints, allowing a subsequent check of work steps if necessary. The camera should
therefore provide at least high definition resolution and autofocus function. It should be
compact and easy to install, and a communication with the assembly software needs to
be possible.

Input Output

» Picture of the work area, including current

» Activation trigger
€8 assembled product

Figure 3-50: Input/output — camera

Potential solution system:

High definition webcam, e.g. Logitech C920 HD Pro?%4, which provides an additional
universal mount.

The following figure shows a possible procedure of an assembly in the final concept. The
time and type of technology application are proposed for a standard drive shaft assembly,

204 Cf. Logitech (2018)

92



Associated Project

but are by default considered to be determined in the course of the preparation process,
consisting of both design and initial assembly.

joining assembling mounting packing and -
labelling cleaning glueing circlip triped pin system preserving end
@ @ @ @ @ @ @ @ @ @ o B
start preparation mounting screwing attaching applying grease documenting &07
subassemblies o-ring needles filling

J
e @) @ @ @ O O © O © O O O O O
automated label
printing
rcu N OB N N N N N N N N N N N
torgue sensor .
o' weight measurement .
Ty

+eamers . . . . . . . .

OGS

worker
(visual/manual)

g L |

Figure 3-51: Procedure of the final concept - example

3.4.2 Visualization

Figure 3-53 shows a layout proposal for a potential workstation of the final concept. Most
of the systems are mounted on a column in the corner of the table, which minimizes the
impact on the working environment.

The placement of the technology column is freely selectable and variable. This is
necessary because long levers (>2m) are used for dismantling processes and therefore
there is a corresponding space requirement.

Alternatively, the structure could be suspended from the ceiling to leave the working area
directly above (~1m) the table surface completely undisturbed.
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assembly software

camera
check button

scale

touchscreen

torque sensor
2D-Code scanner

label printer

Figure 3-52: Visualization of a potential workstation - final concept

3.4.3 Modularization

For the product drive shaft, standard modules were defined. These standard modules
represent checkpoints within the assembly process which allow an interruption or pause,
or to continue with another product. Within the modules’ assembly, no interruption of any
type is planned. A module consists of at least one part or component and must be
assigned to one side of the drive shaft. Modules can have additional inspection
procedures, which are carried out and documented in addition to part’s or component’s
inspections when the end of the module is reached.

Tripod Assy Driveshaft
Flange
Cap g
Boot Retainer Fixing
Assy System

Figure 3-53: Standard modules of a drive shaft
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3.4.4 Process Models

By using BPMN (cf. chapter 2.4.2), process models that depict how the processes of the
final concept work, were developed. Two main processes were differentiated.

Preparation process:

Consisting of the entities design, initial assembly and software, the process starts after
completion of the design drawing. According to the current state, this process is adapted,
so that component notes are noted in an extra column of the parts list.

Product modules and component affiliation are defined by the designer, as well as
inspection procedures. Over the course of an initial assembly, the sequence of modules
and, if required, components is determined. Hence the sequence of work steps is also
defined. In addition, the display contents showed during assembly are determined, in
particular the explosion drawing sections and images shown. The acquired data is
collected and linked to the product by the assembly software. If the same product is
produced or assembled again in the future, the preparation process is not necessary, as
the necessary data is already available.

Main assembly:

Consisting of the entities software and documentation, the main assembly represents
processes performed at the assembly workstation throughout the entire assembly of the
drive shafts. To start the process, the product to be mounted and the desired drive shaft
side must be selected. The next module is then called up and the work steps and any
necessary checks are carried out. After completion of a module, the installer has three
options: starting the next module on the desired drive shaft side, assembling another
drive shaft or completing the assembly process.

At Pankl's explicit request, these options were taken into account in order to meet the
current assembly process, without the need to adapt it.

The documentation software is executed in the background throughout the entire
assembly. It collects information from the technology systems installed at the workplace
and provides the worker with information on the current task. This information typically
consists of sections of the design drawing and notes on the corresponding components,
which were determined during the preparation process.

At the same time, the software carries out any necessary tests by controlling the
technology systems (for example, the camera triggers) and comparing target and actual

95



Associated Project

values. The data collected is transmitted and stored throughout the entire assembly
process. After the process is finished, the data is available for the automated creation of
assembly documentation.

The entire process models in BPMN notation are to be found in Appendix E.

3.4.5 Assembly Documentation

With the final concept, all data for the documentation is collected automatically during the
assembly process. This does not only lead to a discharge and saves time for the worker,
much more data can also be acquired and recorded during the assembly process.
Additionally the automated data acquisition prevents input errors and increases
correctness of data, by acquiring it already within the process instead of the end (compare
chapter 3.2.5 — acquired data). Customized documentation is now possible via customer
profiles and selection filters, depending on customer requirements.

Required data is automatically retrieved, collected and filled into a template document,
whilst applying the selected filters. A mock-up of the documentation compilation can be
found in Appendix D.

Table 3-2 gives a comparison between data which is currently collected and data that
can be collected by using the developed assembly concept.

manually, by using checklists: automatically, by assembly software:
e serial number of defined parts e serial number / batch number of all parts
e grease filling (weight) (including packed ones)
e application of operational material e grease filling (weight and specification)
o performance of defined assembly steps e application of operational material
e manual inspection results (weight and specification)

e proper performance of all assembly steps
e inspection results and data
(automatic and manual)
e applied torque for screwing connections
e pictures of defined work steps
e extension through additional technology
possible at all times

Table 3-2: Comparison of data acquisition possibilities
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4 Conclusion

The current trend for individualization poses new challenges to companies in
industrialized countries. Due to the still high proportion of human work share, assemblies
are particularly affected by the early customer integration and the thus resulting high
variant variety. Increased uncertainty, an early abortion of the learning curve and high
complexity lead to a high information demand and an overburdening of the human
worker. Moreover, quality and productivity, representing essential survival factors for
companies in high-wage countries, suffer from these conditions.

Digital assistance systems and modern information communications technology can
provide a possible solution to support the worker by taking over cognitive processes and
providing context-based information when needed.

Existing information technology infrastructure is used to provide all required data and
keep additional effort as low as possible, while cyber-physical-systems allow recognition
of environmental conditions and changes. Their ability to acquire exponentially more data
in a shorter amount of time allows them to react almost instantly to the worker’s needs,
hence increasing speed and efficiency of manual work steps. Additionally the integration
of cyber-physical-systems delivers feedback on faulty performances, consequently
increasing quality. The acquired data can be used further for documentation purposes,
allowing full traceability of the production process of a product.

Especially for companies in a highly competitive field, this could provide a cutting-edge
advantage over competitors, by attracting customers in need of highly customized
products combined with extraordinarily high requirements on quality.

An example where both criteria apply is the field of racing, which this master’s thesis
focused on over the course of a cooperation with a supplier for high-performance and
racing parts. It was shown that existing assembly structures are not in competition with
implementation of modern assistance systems, as they can be adapted accordingly,
postulated that key factors such as detail level, technologies to be used and degree of
support are adapted to the purpose and targeted individuals.

In the future, with increasing capacity of information assistance systems and innovative
human-machine-interfaces, new possibilities for assistance will be generated and will
therefore advance the fourth industrial revolution.

97



List of Literature

5 List of Literature

AEHNELT, M.: Informationsassistenz zur kognitiven Automatisierung manueller
Montagearbeitsplatze, Rostock 2016

BACHLER, A. et al.: Entwicklung von Assistenzsystemen fiir manuelle
Industrieprozesse, in: RATHMAYER, S.; PONGRATZ, H. (eds.): Proceedings der Pre-
Conference Workshops der 13. E-Learning Fachtagung Informatik- DeLFI 2015,
Minchen, Germany, p. 56—63

BARTHELMEY, A. et al.: Cyber Physical Systems for Life Cycle Continuous Technical
Documentation of Manufacturing Facilities, in: Procedia CIRP 17 (2014), p. 207-211

BAUERNHANSL, T.: Die vierte industrielle Revolution - Der Weg in ein
wertschaffendes Produktionsparadigma, in: BAUERNHANSL, T.; HOMPEL, M. TEN;
VOGEL-HEUSER, B. (eds.): Industrie 4.0 in Produktion, Automatisierung und Logistik-
Anwendung - Technologien - Migration, Wiesbaden 2014, p. 5-35

BAUERNHANSL, T.: Weckruf fir Unternehmen - Warum wir ein einheitliches
Verstandnis fur Industrie 4.0 brauchen, in: ZWF Zeitschrift fur wirtschaftlichen
Fabrikbetrieb 111 (2016) 7-8, p. 453457

BECKER, J. H.: Kreativitatstechniken, in: BECKER, J. H.; EBERT, H.; PASTOORS, S.
(eds.): Praxishandbuch berufliche Schlisselkompetenzen- 50 Handlungskompetenzen
fur Ausbildung, Studium und Beruf, Berlin 2018, p. 89-102

BREA, E. et al.: Lightweight assistive manufacturing solutions: improving Australia’s
manufacturing competitiveness, Australia 2013

CHRIST, J. P.: Intelligentes Prozessmanagement - Marktanteile ausbauen, Qualitat
steigern, Kosten reduzieren, Wiesbaden 2015

DATALOGIC: PowerScan PBT9500 Industrielle Handscanner, 2018, URL:
http://lwww.datalogic.com/deu/produkte/industrielle-automation-einzelhandel/hand-held-
scanner/powerscan-pbt9500-pd-623.html, date of access 06.06.2018

DIN 199-1:2002-03, Begriffe der Technischen Dokumentation, Berlin
DIN EN ISO 9000:2015-09, Quality management systems, Berlin

DUDEN ONLINE: Dokumentation, 2018, URL:
https://www.duden.de/node/705097/revisions/1622943/view, date of access 05.06.2018

FORD, H.: My life and work - an autobiography of Henry Ford, [United States] 2010

98



List of Literature

FRAUNHOFER IFF MAGDEBURG: Flexible modellbasierte Montageprtfung, 2018a,
URL: https://www.iff.fraunhofer.de/content/dam/iff/de/dokumente/publikationen/flexible-
modellbasierte-montagepruefung-fraunhofer-iff.pdf, date of access 28.05.2018

FRAUNHOFER IFF MAGDEBURG: Werkerassistenz und Qualitatsprufung fur
manuelle Montageprozesse, 2018b, URL.:
https://www.iff.fraunhofer.de/content/dam/iff/de/dokumente/publikationen/werkerassiste
nz-und-qualitaetspruefung-fuer-manuelle-montageprozesse-fraunhofer-iff.pdf, date of
access 28.05.2018

FRAUNHOFER IFF MAGDEBURG: Werker-Assistenzsystem fir manuelle Montage,
2018c, URL: https://www.iff.fraunhofer.de/content/dam/iff/de/bilder/bilderstrecken/mpt-
visuelle-assistenz/assistenz-fuer-manuelle-montage-bg.jpg, date of access 30.01.2018

GEDORE: Elektronischer Drehmomentschliissel E-torc Q/QR, 2018, URL.:
https://de.gedore.com/de/highlights/gedore-spotlight/elektronischer-
drehmomentschluessel-e-torc-qqr/, date of access 06.06.2018

GEHRKE, L. et al.: Industry 4.0 - A discussion of qualifications and skills in the factory
of the future, A German and American perspective, Dusseldorf 2015

GERKE, W.: Technische Assistenzsysteme - Vom Industrieroboter zum
Roboterassistenten, Berlin/Minchen/Boston 2015

GORECKY, D.; SCHMITT, M.; LOSKYLL, M.: Mensch-Maschine-Interaktion im
Industrie 4.0-Zeitalter, in: BAUERNHANSL, T.; HOMPEL, M. TEN; VOGEL-HEUSER,
B. (eds.): Industrie 4.0 in Produktion, Automatisierung und Logistik- Anwendung -
Technologien - Migration, Wiesbaden 2014, p. 525-542

GROOVER, M. P.: Automation, production systems, and computer-integrated
manufacturing, Upper Saddle River, N.J. 2008

GUNTHNER, W.; KLENK, E.; TENEROWICZ-WIRTH, P.: Adaptive Logistiksysteme
als Wegbereiter der Industrie 4.0, in: BAUERNHANSL, T.; HOMPEL, M. TEN; VOGEL-
HEUSER, B. (eds.): Industrie 4.0 in Produktion, Automatisierung und Logistik-
Anwendung - Technologien - Migration, Wiesbaden 2014, p. 297-323

HEBEZEUGE FORDERMITTEL: Softwaregestiitzte Montage, 2018, URL:
http://www.hebezeuge-
foerdermittel.de/sites/default/files/Fachartikel/PDF/HF_2017_15 Softwaregestuetzte-
Montage.pdf, date of access 28.05.2018

HEINA, J.: Variantenmanagement - Kosten-Nutzen-Bewertung zur Optimierung der
Variantenvielfalt, Wiesbaden 1999

99



List of Literature

HESSELBACH, J.; MENGE, M.: Methoden zur Variantenbeherrschung in der
Produktion, in: FRANKE, H.-J.; HESSELBACH, J.; HUCH, B.; FIRCHAU, N. L. (eds.):
Variantenmanagement in der Einzel- und Kleinserienfertigung, Minchen/Wien 2002, p.
87-105

HOLD, P. et al.: Planning and Evaluation of Digital Assistance Systems, in: Procedia
Manufacturing 9 (2017), p. 143-150

ISO/IEC 2382:2015-05, Information technology - Vocabulary, Genf

JOHANSEN, I.: Scenario modelling with morphological analysis, in: Technological
Forecasting and Social Change 126 (2018), p. 116-125

JUHL, D.: Technische Dokumentation - Praktische Anleitungen und Beispiele, Berlin,
Heidelberg 2015

JURAN, J. M.; GODFREY, A. BLANTON: Juran's Quality Handbook (5th Edition), New
York, USA 1998

KAGERMANN, H.: Chancen von Industrie 4.0 nutzen, in: BAUERNHANSL, T.;
HOMPEL, M. TEN; VOGEL-HEUSER, B. (eds.): Industrie 4.0 in Produktion,
Automatisierung und Logistik- Anwendung - Technologien - Migration, Wiesbaden
2014, p. 603-614

KAGERMANN, H.; WAHLSTER, W.; HELBIG, J.: Umsetzungsempfehlungen fur das
Zukunftsprojekt Industrie 4.0 - Abschlussbericht des Arbeitskreises Industrie 4.0, Berlin
2013

KARRE, H. et al.: Transition towards an Industry 4.0 State of the LeanLab at Graz
University of Technology, in: Procedia Manufacturing 9 (2017), p. 206-213

KARRE, H.; HAMMER, M.; RAMSAUER, C.: Learn how to cope with volatility in
operations at Graz University of Technology’s LEAD Factory, in: Procedia
Manufacturing 23 (2018), p. 15-20

KESPER, H.: Gestaltung von Produktvariantenspektren mittels matrixbasierter
Methoden, Dissertation, Minchen 2012

KESTEL, R.: Variantenvielfalt und Logistiksysteme - Ursachen, Auswirkungen,
Losungen, Wiesbaden 1995

KNAPP AG, 2017, URL: https://pbs.twimg.com/media/Dd9s61bUSAANFUN.jpg:, date of
access 30.01.2018

KNIER, M.: Kreativitatstechniken - Methoden und Ubungen, Miinchen op. 2006

KOCH, S.: Logistik - Eine Einfiihrung in Okonomie und Nachhaltigkeit, Berlin
Heidelberg 2012

100



List of Literature

KONOLD, P.; REGER, H.: Praxis der Montagetechnik - Produktdesign, Planung,
Systemgestaltung, Wiesbaden 2009

KONOLD, P.; WELLER, B.: Flexible Montagesysteme-Konzeption und Feinplanung
durch Kombination von Elementen, Berlin, Heidelberg 1985

KROGER, A.; VIERFUR, R.: Echtzeitfahiges Werkerassistenzsystem fir die manuelle
Montage 4.0, in: ZWF Zeitschrift fur wirtschaftlichen Fabrikbetrieb 111 (2016) 5, p. 299—
301

KUHNAPFEL, J. B.: Vertriebscontrolling - Methoden im praktischen Einsatz,
Wiesbaden 2013

KUHNAPFEL, J. B.: Nutzwertanalysen in Marketing und Vertrieb, Wiesbaden 2014

LAY, G.; KINKEL, S.; JAGER, A.: Stellhebel fiir mehr Produktivitat - Benchmarking
identifiziert Potenziale zur Steigerung der Produktivitat, Karlsruhe 2009

LOGITECH: HD Pro Webcam C920 fur Windows, Mac und Chrome OS, 2018, URL:
https://www.logitech.com/de-at/product/hd-pro-webcam-c920, date of access
06.06.2018

LOTTER, B.: Montage in der industriellen Produktion - Ein Handbuch fir die Praxis,
Berlin, Heidelberg 2012

LUDWIG, B.: Interaktive Assistenzsysteme, in: LUDWIG, B. (ed.): Planbasierte
Mensch-Maschine-Interaktion in multimodalen Assistenzsystemen, Berlin 2015, p. 5-46

MARTIN, A.: 2D- und 3D-Gesten-Interaktion mit einem Assistenzsystem am
Arbeitsplatz fur leistungsgeminderte Arbeiter, Diplomarbeit, Stuttgart 2014

MERAZZI, J.; FRIEDEL, A.: Einteilung und Bewertung von
Montageassistenzsystemen, in: ZWF Zeitschrift fur wirtschaftlichen Fabrikbetrieb 112
(2017) 6, p. 413-416

MUHS, D. et al.: Roloff/Matek Maschinenelemente - Normung Berechnung Gestaltung,
Wiesbaden 2007

NORTH, K.: Wissensorientierte Unternehmensfuhrung - Wissensmanagement
gestalten, Wiesbaden 2016

OBERMAIER, R.: Industrie 4.0 als unternehmerische

Gestaltungsaufgabe: Strategische und operative Handlungsfeder flr Industriebetriebe,
in: OBERMAIER, R. (ed.): Industrie 4.0 als unternehmerische Gestaltungsaufgabe-
Betriebswirtschaftliche, technische und rechtliche Herausforderungen, Wiesbaden
2017, p. 3-34

101



List of Literature

Object Management Group: Business Process Model and Notation (BPMN) - Version
2.0.2, Needham 2013

ORF: Pankl Racing plant fir 2018 mehr Umsatz, 2018, URL.:
http://steiermark.orf.at/news/stories/2892527/, date of access 18.05.2018

OSTGATHE, M.: System zur produktbasierten Steuerung von Ablaufen in der
auftragsbezogenen Fertigung und Montage, Dissertation, Technische Universitat
Minchen, 2012, Minchen 2012

OTTO, T.: Leitprojekt "Go Beyond 4.0" - Individualisierte Massenfertigung, in:
NEUGEBAUER, R. (ed.): Digitalisierung- Schliisseltechnologien fur Wirtschaft und
Gesellschaft, Berlin, Heidelberg 2018, p. 223-238

PANKL RACING SYSTEMS AG: official homepage, 2018, URL:
https://www.pankl.com/, date of access 16.05.2018

Pankl Systems Austria GmbH, Drivetrain Systems: AA-1-037 -
Standardmontageanleitung fir Tripodengelenke, internes Dokument - vertraulich 2017a

Pankl Systems Austria GmbH, Drivetrain Systems: Arbeitsvorbereitung, interne
Dokumente - vertraulich 2017b

Pankl Systems Austria GmbH, Drivetrain Systems: Konstruktion, interne Dokumente
- vertraulich 2017c

Pankl Systems Austria GmbH, Drivetrain Systems: PB-1-013 - Produkte
produzieren und prufen, internes Dokument - vertraulich 2017d

Pankl Systems Austria GmbH, Drivetrain Systems: PB-1-018 - Produktion planen
und steuern, internes Dokument - vertraulich 2017e

Pankl Systems Austria GmbH, Drivetrain Systems: Qualitatssicherung, interne
Dokumente - vertraulich 2017f

PICOT, A.; REICHWALD, R.; WIGAND, R. T.: Die grenzenlose Unternehmung -
Information, Organisation und Management ; Lehrbuch zur Unternehmensfiihrung im
Informationszeitalter, Wiesbaden 2003

PILLER, F. THOMAS: Mass Customization - Ein wettbewerbsstrategisches Konzept im
Informationszeitalter, Wiesbaden 2006

REFA CONSULTING: Prozess, 2018 - Definition, URL: https://refa-
consulting.at/prozess, date of access 18.05.2018

REINHART, G.; LINDEMANN, U.; HEINZL, J.: Qualitdtsmanagement - Ein Kurs fur
Studium und Praxis, Berlin Heidelberg 1996

102



List of Literature

REMPP, G. et al.. Model Driven SOA - Anwendungsorientierte Methodik und Vorgehen
in der Praxis, Berlin Heidelberg 2011

RIFFELMACHER, P.: Konzeption einer Lernfabrik fur die variantenreiche Montage,
Zugl.: Stuttgart, Univ., Diss., 2013, Stuttgart 2013

SAUER, S.: Bauplane mit Augmented Reality, 2010 - Wirtschaftsthemen / 26.05.2010,
URL: https://www.fraunhofer.de/de/presse/presseinformationen/2010/05/augmented-
reality-maschinenbau-kolbus.html, date of access 28.05.2018

SCHIRRMEISTER, E.; WARNKE, P.; DREHER, C.: Untersuchung Uber die Zukunft der
Produktion in Deutschland - Sekundaranalyse von Vorausschau-Studien fur den
europaischen Vergleich, Deutscher Anteil des Eureka-Factory-Projekts Informan 2000+,
Abschlussbericht, Karlsruhe 2003

SCHUH, G. et al.: Steigerung der Kollaborationsproduktivitat durch cyber-physische
Systeme, in: BAUERNHANSL, T.; HOMPEL, M. TEN; VOGEL-HEUSER, B. (eds.):
Industrie 4.0 in Produktion, Automatisierung und Logistik- Anwendung - Technologien -
Migration, Wiesbaden 2014, p. 277-295

SIEPMANN, D.: Industrie 4.0 - Technologische Komponenten, in: ROTH, A. (ed.):
Einfihrung und Umsetzung von Industrie 4.0- Grundlagen, Vorgehensmodell und Use
Cases aus der Praxis, Berlin, Heidelberg 2016, p. 47-72

TRZESNIOWSKI, M.: Rennwagentechnik - Grundlagen, Konstruktion, Komponenten,
Systeme, Wiesbaden op. 2014

UNRAU, A.; RIEDIGER, D.; HINRICHSEN, S.: Projektionsgestitzte Assistenzsysteme
in der manuellen Montage, 2016, URL: http://refa-blog.de/projektionsgestuetzte-
assistenzsysteme, date of access 21.05.2018

VALASTIAK, V.: Quality Management, Graz 2017/2018

VDI 2860:1990-05, Montage- und Handhabungstechnik; Handhabungsfunktionen,
Handhabungseinrichtungen; Begriffe, Definitionen, Symbole, Berlin

WAAGENET: Gram - Serie SBZ, 2018, URL: https://waagenet.de/gram-sbz, date of
access 06.06.2018

WAPPIS, J.; JUNG, B.: Null-Fehler-Management - Umsetzung von Six Sigma,
Miinchen 2013

WESTERMEIER, M.: Qualitatsorientierte Analyse komplexer Prozessketten am
Beispiel der Herstellung von Batteriezellen, Minchen 2016

103



List of Literature

WIENDAHL, H.-P.; GERST, D.; KEUNECKE, L.: Variantenbeherrschung in der
Montage - Konzept und Praxis der flexiblen Produktionsendstufe, Berlin, Heidelberg
2004

WIESBECK, M.: Struktur zur Reprasentation von Montagesequenzen fir die
situationsorientierte Werkerfiihrung, Dissertation, Technische Universitat Minchen,
Minchen 2014

WIKIPEDIA: Pankl Racing Systems, 2018, URL.:
https://de.wikipedia.org/w/index.php?oldid=176495751, date of access 16.05.2018

WOLFLE, M.: Kontextsensitive Arbeitsassistenzsysteme zur Informationsbereitstellung
in der Intralogistik, Dissertation, Technische Universitat Munchen, 2014, Minchen 2014

ZAH, M. F. et al.: Kognitive Assistenzsysteme in der manuellen Montage - Adaptive
Montagefuhrung mittels zustandsbasierter, umgebungsabhangiger
Anweisungsgenerierung, in: wt Werkstatttechnik online 97 (2007) 9, p. 644—650

ZWICKY, F.; WILSON, A. G.: New Methods of Thought and Procedure - Contributions
to the Symposium on Methodologies, Berlin, Heidelberg 1967

104



List of Figures

List of Figures

Figure 2-1: Functions and processes of assembly ..., 4
Figure 2-2: Visualization Of @ PrOCESS ......iiiieiiiiieiiiiie et e e e e eeaaees 5
Figure 2-3: The ladder of KNOWIEAQE...........cooviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee e 6
Figure 2-4: Customer Integration — Order Penetration POINt.............cccccvvvviiiiiiiiiiiiiinnnnn. 7

Figure 2-5: Relationship between product variety and production quantity in discrete

(o]0 LU To a g =0V = Td (U] o 9
Figure 2-6: Automation levels in production ... 13
Figure 2-7: Average deviation of ProducCtiVity ............cceeviviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 15
Figure 2-8: Course of human performance level ..., 16
Figure 2-9: Characteristics of different production strategies ............cccccvvvvciiiiieeeeeeennns 17

Figure 2-10: Classification of assistance systems regarding to input and output systems

...................................................................................................................................... 20
Figure 2-11: The four industrial revolutioNS .............ccoooiiiiiiiiiiiiie e 23
Figure 2-12: Digitalisation of production and IT-technology ............cccoevvvviiiiiiiiiieeieeeenn, 24
Figure 2-13: Processes of human COgNItioN ...........couvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 25
Figure 2-14: Procedure for system design of assistance SyStems .........cccccccvvvvvveeeeennnn. 28
Figure 2-15: Embedding of cognitive assistance systems in existing structures ........... 29
Figure 2-16: AutomMation PYramid ..........oeeeeeeieiieeiiiie e e e e ee e e e e e e e e e eeeeeeeeeanes 30
Figure 2-17: Graphic model for creation of context based assembly instruction ........... 32
Figure 2-18: Basic BPMN modelling elements ... 35
Figure 2-19: Extended BPMN modelling elements............ccccoooviiiiiiiiiiiiiicceii e, 36
Figure 2-20: Example of a pairwise COMPAriSON .........ccceiiiiiiieeeiiiieeeeeiiee e e e e e 38
Figure 3-1: Divisions of Pankl Racing Systems AG..........cccuuviiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeee 40
Figure 3-2: Pankl Drivetrain Systems — product portfolio .............ccccvvviiiiiiiiiiiiiiiiiennnnn. 41
Figure 3-3: Different drive shaft variants ... 41
Figure 3-4: Drive shaft example — simple variant ... 42
Figure 3-5 Drive shaft example — complex variant ...........ccccccccveiiiii e 42

105



List of Figures

Figure 3-6: System DOUNTAIIES ..........uvuiiiiii i e e e e e eaanns 44
Figure 3-7: Procedure of the Project...........couvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 44
Figure 3-8: Project SCNEAUIE .........oooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 47
Figure 3-9: Procedure and acquired data - Phase | .........cccccccceeiiiiii e 48
Figure 3-10: Process “Produce and inspect product” ............ccccooiiiieiiiiiiiiiiie e 52
Figure 3-11: Pankl Drivetrain Systems — shop floor Kapfenberg.........ccccccoviviiiiiinnnnnn. 53
Figure 3-12: Layout aSSeMDIY A.....coooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee e 54
Figure 3-13: Layout aSSembIy B...........uoiiiiiiiiiiiieies e e e 55
Figure 3-14: Excerpt from a standard instruction of a tripod joint assembly.................. 56
Figure 3-15: Extract of a construction drawing example..........ccccccvvvviiiiiiiiiiiiiiiiiieneennn. 57
Figure 3-16. Example of a batch card ... 58
Figure 3-17: Examples of various CheckIiStS ..o 59
Figure 3-18: Pre-assembly trip0d — ProCeSS StEPS ...uviieeiieiieiiiiiiieeeeeeeeeeeiee e e e e e e eeeeanns 63
Figure 3-19: OVEIVIEW PrOCESS SIEPS ...ciiiiiiiiiiiiiiiiiiiiiiieiietee ettt ee ettt ettt e et e e e e ee e e 65
Figure 3-20: Excerpt — catalogue of reqUIrEMENtS ..........ccovvviiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeee 66
Figure 3-21: Procedure and acquired data — Phase ll.............cccoooeeeeiiiiiiiiiiiii e, 67
Figure 3-22: Functions of process MONItOMNG .........ccoeeeeeiiiiiiiiiiiii e e e e eeeeanns 69
Figure 3-23: FUNCLIONS Of ProCESS @SSUIANCE ........ccovviiiiirrriiieeeeeee e e e e 69
Figure 3-24: Functions of assembly documentation .............ccceevvvviiiiiiiiiiiiiiiieeiieieeeeeeee 70
Figure 3-25: [IM LEAD Lab........ccooiiiiiie ettt e e e e eaanes 72
Figure 3-26: Worker-assistance-system for manual assembly.................cccoooiiiin. 73

Figure 3-27: Assembly work station in Pankl’s High Performance Drive Unit factory,

KaPfENDEIG...cciiiiiiiiiiiiie e 74
Figure 3-28: Technology-function Map l.......ccouuiiiiiiiiiiicc e 75
Figure 3-29: Technology-function Mmap l...........ooiiiiiiiiiii e 76
Figure 3-30: Example of a technology use case — capture quantity / electromagnetic
LT Y S PN 7
Figure 3-31: Concept derivation by using a morphological boxX...........ccccciiiiiiiiiiinnnns 79
Figure 3-32: Workshop result — derived CONCEPLS .....coveeeiviiieiiiiiiii e eeeeeeeieee e e e eeeeanns 79

106



List of Figures

Figure 3-33:
Figure 3-34:
Figure 3-35:
Figure 3-36:
Figure 3-37:
Figure 3-38:
Figure 3-39:
Figure 3-40:
Figure 3-41.:
Figure 3-42:
Figure 3-43:
Figure 3-44:
Figure 3-45:
Figure 3-46:
Figure 3-47:
Figure 3-48:
Figure 3-49:
Figure 3-50:
Figure 3-51:
Figure 3-52:
Figure 3-53:

Procedure of concept “current state”............coooviiiiii e 81
Procedure of concept “assembly” ..............uuiiiiiiiiiiiiiiiiiiie 81
Procedure of concept “design’..............uuuiiiiiiiiiiiiiiiiiiiie 82
Procedure of concept “quality” ..........ccooiiiiiiiiiiice e 82
Procedure of concept “high tech” ..., 83
Procedure of concept “lUM” ... 83
Results of the pairwiSe COMPArISON .............uvuuuiuuriiiiiiiiiiiiiiiiiiiiiieeeeeeeeae 85
BENEFIt SCOMES ... 85
Procedure and acquired data — Phase lll.............cccoooeeeiiiiiiiiiiiiiiieeeeeeee, 87
Input/output — assembly SOftWAIE .........ccovvviiiiiiiiiiiiiieeeeeee 88
Input/output - 2D COdE SCANNET ......ccevviiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 88
Input/output — automated label printing.............occiiiiiiiie e, 89
Input/output — check BULtON............oovviiiiii e 89
INPUL/OULPUL — TONQUE SENSOT ..ottt 90
Input/output — weight measurement..........cccccvvvvvviiiiiiiiiiiieeeeee 91
INPUL/OULPUL — WOTKET ... e 91
Input/output — tOUCNSCIEEN........cceiiiecie e 92
INPUL/OULPUL — CAIMETA ...cciiiiiiiiiiiiiiiiiiieeeeeeeeeee et 92
Procedure of the final concept - example.............ccccvviiiiiiiiiiiiiiiiiie 93
Visualization of a potential workstation - final concept...........ccccccceeeeeeee. 94
Standard modules of a drive shaft .............ccooe e 94

107



List of Tables

List of Tables

Table 2-1: Characteristic facility types and [ayOuts ..............cccovveviiiiiiii i, 10
Table 2-2: Assistance system classification and preferred system ...........cccccccceeeeeennn. 21
Table 2-3: Overview over creativity teChNIQUES ..........coooiiiieeeeeee e 33
Table 3-1: Customer complaints SINCE 2014 .........cooeiiiiiiiieeeeeee 62
Table 3-2: Comparison of data acquisition possibilities..........ccccccvvieeeiii e, 96
Table A-1: Process deSCriPtiONS........coouuuiiiiiiiie et 113
Table B-1: Catalogue Of reqUIrEMENTS.......ccooieieeeeeeeeeeee e 118
List of Equations

Equation 2-1: Production QUANTILY ..........ceeviiiiiiiiiiiiiiiiiiieieeeeeeee ettt 9

108



List of Abbreviations

List of Abbreviations

ASSY
AV
BPMN
CAQ
CDR
CPS
DIN
ERP
e.g.
F2F
GS
HMI
ICT
IFF
[IM
0T
KO
KWLT
LH
LAMS
MES
NC
OPP
Pankl
PDSYS
PLC
PPL

Assembly

Work Preparation Department

Business Process Modelling Notation

Computer Aided Quality

Construction Drawing

Cyber-physical-systems

Deutsches Institut fir Normung

Enterprise Resource Planning

For Example

Flange-to-Flange

Gearbox Side

Human-Machine-Interface

Information and Communications Technology
Fraunhofer Institute for Factory Operation and Automation
Institute of Innovation and Industrial Management
Internet Of Things

Engineering Department

Desired Customer Delivery Date (Kunden-Wunschliefertermin)
Left Handed

Lightweight Assistive Manufacturing Solutions
Manufacturing Execution System

Non Conformance

Order Penetration Point

Pankl Racing Systems AG

Pankl Drivetrain Systems

Programmable Logic Controller

Production Planning Department
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QS
RFID
RH
SCADA
VDI
WS

Quality Management Department
Radio-Frequency Identification

Right Handed

Supervisory Control And Data Acquisition
Verein Deutscher Ingenieure

Wheel Side
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Appendix A: Process descriptions

ID Process step Description
identifying part or component and
comparing with number on the construction
PO1 part identification drawing
sorting parts or components, needed for
P02 part adjustment the next work step, on the table
cleaning components with cleaning fluid
P03 part cleaning and compressed air or cleaning cloth
mounting (double) circlip or hoopster ring
co1 mount (double) circlip / hoopster ring according to design drawing
pressing the circlip in several places with
Cco2 press circlip with pliers pliers (only applies to inner circlips)
adding boot retainer gearbox side / wheel
Jo1 join boot retainer GS/WS with drive shaft | side to drive shaft
mounting boot retainer gearbox side /
wheel side assembly according to the
J02 mount boot retainer GS/WS assembly connstruction drawing
adding boot retainer gearbox side / wheel
Jo3 join boot retainer GS/WS with flange side to flange
adding boot retainer gearbox side / wheel
side to drive shaft (using silicone spray and
J04 join boot GS/WS with drive shaft application tool)
adding flange gearbox side / wheel side to
JO5 join flange GS/WS with drive shaft drive shaft
assembling pin system, making sure that
J06 mount pin system the housing parts have identical numbers
adding assembled pin system into the
Jo7 join pin system with counterpart counterpart
adding the (rubber-)cap on the drive shaft
J08 join (rubber-)cap with drive shaft GS/WS | gearbox side / wheel side
joining the tensioning clamp according to
Jo9 attach tensioning clamp the construction drawing
J10 attach o-ring joining o-ring according to design drawing
applying needles (according to needle type
and quantity given on the construction
J11 apply needles according to CDR drawing)
attaching tripod joint gearbox side / wheel
side, taking into account the required twist
J12 attach tripod GS/WS (with twist angle) angle between the joints
pressing on the tripod joint with the
appropriate stamp using the hand press;
measuring pressure with load cell, if
J13 press tripod on drive shaft required
attaching roller on to tripod pivots
114 join roller with tripod pivot (according to standard instructions)
adding inner/outer washer to tripod pivot,
J15 mount inner/outer washer depending on the variant
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adding boot gearbox side / wheel side with

116 join boot GS/WS with flange flange
adding grease cap on flang gearbox side /
J17 join grease cap with flange GS/WS wheel side
screwing components together with
specified torque by using a manual torque
J18 screw together with specified torque wrench
inserting screws/bolts/washers into flange
join screw/bolt/washer with flange gearbox side/wheel side, paying attention
J19 GS/WS to orientation
packing and enclosing components that are
not assembled but have to be delivered
101 pack attachment parts additionally
securing screws/bolts with cable ties, using
102 secure screws/bolts with cable ties cable tie pliers for tightening
103 demagnetize drive shaft/roller/washers demagnetizing drive shaft/roller/washers
preserving assembly according to Pankl
specifications (see standard documents on
104 preserve assembly SharePoint)
105 clamp drive shaft clamping drive shaft without damage
106 fix pin system with magnet fixing pin system with a magnet
107 remove magnet removing fixing magnet
preserving the inside of the drive shaft
according to specifications (see standard
108 preserve drive shaft interior documents)
changing workstation (e.g. changing to
109 change workstation manual press/grease filling/assembly table)
applying glue according to specifications on
MO01 apply glue the construction drawing
lubricating housing with grease (grease
specification according to construction
M02 lubricate housing drawing)
distributing grease in flange by movement,
MO03 distribute grease in flange by movement | checking unhindered movement parallel
applying grease to tripod pivots
(specifications according to construction
MO04 apply grease to the tripod pivot drawing)
turn the roller to lubricate the inner turning the roller to lubricate the inner
MO05 surface surface with surrounding grease
MO06 lubricate o-ring lubricate o-ring with grease
grease filling of flange (specification and
guantity according to construction drawing)
grease filling flange/fill up remaining / filling up the remaining grease after pre-
MO07 grease filling
marking screw and circlip connections with
LO1 mark screw/circlip connection the assigned worker colour
label drive shift/apply sticker on drive attaching labels or stickers according to
L02 shaft construction drawing (position and content)
marking the assembly with cards for goods
LO3 label with cards for goods issue issue
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documentation of component's serial

documenting the serial numbers of the

D01
numbers assembled components
. . . ti I
D02 documentation according to checklist documen ng 5€ §cted work s’Feps and
checkings according to checklist
. ting th
D03 documentation of performed workstep documenting the proper performance of a

work step

Table A-1: Process descriptions
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Appendix B: Catalogue of requirements

Process Assurance

ID Process step Attribute to check Current Assurance
correct number manual and visual
PO1 | part identification comparison
correct quantity pre-picking in warehouse
P02 | part adiustment correct number visual inspection
P ) correct quantity visual inspection
P03 | part cleaning free of dirt visual inspection
- assembled accordin . . ,
co1 mount (double) circlip / to CDR 9 | visual inspection
hoopster ring . - . , ,
correct orientation visual inspection
C02 | press circlip with pliers tight fit V|_sual Inspection, inspection
with gauge
damage-free visual inspection
301 join boot retainer GS/WS with | mounting
drive shaft correct position visual inspection
correct orientation visual inspection
mount boot retainer GS/WS assembled according . . ,
JO2 visual inspection
assembly to CDR
. . . correct orientation visual inspection
j03 |Join boot retainer GS/W'S with damage-fres _ _ _
flange mounting visual inspection
damage-iree visual inspection
Jo4 | j0in boot GS/WS with drive mounting
shaft correct position visual inspection
correct orientation visual inspection
damage-free visual inspection
jo5 | ioin flange GS/WS with drive mounting
shaft correct orientation visual inspection
correct position visual inspection
306 | mount pin svstem correct number visual inspection
pin sy correct orientation visual inspection
horizontal/vertical : :
L . manual inspection
jo7 |Joinpin system with movement
counterpart unhindered . :
manual inspection
movement
308 join (rubber-)cap with drive correct orientation construction measures
shaft GS/WS correct position visual inspection
damage-free visual inspection
J09 | attach tensioning clamp mounting P
correct position visual inspection
assembled according . . .
' to CDR visual inspection
J10 | attach o-ring
damage-free . : :
. visual inspection
mounting
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apply needles according to

correct quantity

inspection with broach,

J11 inspection with gauge
CDR . . . .
free of dirt inspection with gauge
ttach trinod GSWS (with correct twist angle visual inspection
J12 Rvizfangﬁg) (wi correct orientation construction measures
correct position visual inspection
J13 | press tripod on drive shaft damage-free visual inspection
mounting
detachable roller manual inspection
- o . correct orientation visual inspection
J14 | join roller with tripod pivot , , & ,
burr-free groove visual inspection
correct position visual inspection
assembled according visual inspection
115 e/ A to CDR P
mount inner/outer washer correct orientation visual inspection
free of dirt visual inspection
correct orientation visual inspection
J16 | join boot GS/WS with flange damage-free . . .
. visual inspection
mounting
. . assembled accoraing visual inspection
j17 |loin grease cap with flange to CDR
GS/WS damage-free , : ,
. visual inspection
mounting
correct orientation visual inspection
J18 | Screw together with specified correct torque usage of a manual torque
torque wrench
correct quantity visual inspection
116 | ioin screwboltiwasher witn |-correct orientation__| visual inspection
flange GS/WS 9 visual inspection
mounting
correct quantit re-picking in the warehouse
101 | pack attachment parts g y p. & . g ,
correct number visual inspection
02 | Secure screws/bolts with tight fit usage of a special plier to
cable ties tighten
demagnetize drive demagnetized : .
103 no inspection
shaft/roller/washers component
104 | preserve assembly proper preservation visual inspection
105 | clamp drive shaft damage-free usage of rubber or textile
mounting puffer elements
106 | fix pin system with magnet tight fit visual inspection
108 | preserve drive shaft interior proper preservation visual inspection
correct operating . : .
MO1 | apply glue material visual inspection
MO2 | lubricate housing grease quantity visual inspection
MO3 distribute grease in flange by | unhindered manual inspection
movement movement
MO04 SE/%IE/ grease to the tripod grease quantity visual inspection
MO5 turn the roller to |ubricate the grease quantity visual inspection

inner surface
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MO06

lubricate o-ring

grease quantity

visual inspection

MO7

grease filling flangef/fill up
remaining grease

grease quantity

weighing with scale

correct operating
material

visual inspection

LO1 | mark screw/circlip connection | correct labelling visual inspection
L02 label drive shift/apply sticker correct labelling visual inspection
on drive shaft correct position visual inspection
LO3 :223('3Wlth cards for goods correct labelling visual inspection
Documentation
ID Process step Attribute to document | Current documentation
Do1 documenta:uon O.f serial number inspection report, checklist
component's serial numbers
D02 Sﬁgglr(rlli?tatlon according to proper performance checklist
D03 | documentation work step proper performance manual checklng of some
steps per checklist
. . serial number and manual recording of some
PO1 | part identification guantity parts per checklist
P02 | part adjustment serial _number and no documentation
guantity
P03 | part cleaning dirt-free no documentation
co1 mount (double) circlip / proper assembly checklist
hoopster ring orientation no documentation
C02 | press circlip with pliers tight fit checklist
. _ _ damage-free checklist
join boot retainer GS/WS with — ,
Jo1 drive shaft position checklist
orientation no documentation
Jo2 mount boot retainer GS/WS proper assembly checklist
assembly
303 join boot retainer GS/WS with | orientation no documentation
flange damage-free checklist
. _ i damage-free checklist
join boot GS/WS with drive — ,
Jo4 shaft position checklist
orientation no documentation
. _ _ damage-free no documentation
join flange GS/WS with drive ; ; -
JO5 shaft orientation no documentation
position no documentation
. serial number no documentation
JO6 | mount pin system . - -
orientation no documentation
jo7 |loinpin system with movement within checklist
counterpart tolerance
308 join (rubber-)cap with drive orientation no documentation
shaft GS/WS position no documentation
- damage-free checklist
J09 | attach tensioning clamp , 'g .
position checklist
J10 | attach o-ring proper assembly checklist (for more than one

o-ring at a time)
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damage-free

no documentation

I11 apply needles according to quantity checklist
CDR dirt-free (checklist)
. . twist angle between checklist
j1o | attach tripod GS/WS (with tripods
twist angle) orientation no documentation
position no documentation
damage-free no documentation
J13 | press tripod on drive shaft . customer specific - through
applied pressure
load cell
roller movement .
e checklist
within tolerance
J14 | join roller with tripod pivot orientation no documentation
burr-free groove no documentation
position checklist
proper assembly checklist
J15 | mount inner/outer washer orientation no documentation
dirt-free no documentation
. . orientation no documentation
J16 | join boot GS/WS with flange .
damage-free checklist
join grease cap with flange orientation no documentation
J17 — ,
GS/WS position no documentation
togeth ith ified orientation no documentation
J18 tsgrr;\:\é ogether with specifie applied torque no documentation
guantity no documentation
319 join screw/bolt/washer with orientation no documentation
flange GS/WS damage-free no documentation
guantity checklist
101 ack attachment parts . ,
P P serial numbers checklist
l02 | Secure screws/bolts with tight fit no documentation
cable ties
103 demagnetize drive status magnetization | no documentation
shaft/roller/washers
104 | preserve assembly proper preservation no documentation
105 | clamp drive shaft damage-free no documentation
106 | fix pin system with magnet tight fit no documentation
108 | preserve drive shaft interior proper preservation no documentation
MO1 | apply glue glue specification checklist
MO2 | lubricate housing proper performance no documentation
MO3 distribute grease in flange by | unhindered no documentation
movement movement
MO04 SR/%I{ grease to the tripod proper performance no documentation
turn the roller to lubricate the .
MO5 | . proper performance no documentation
inner surface
MO6 | lubricate o-ring proper performance no documentation
Mo7 | 9rease filling flange/fill up grease quantity checklist
remaining grease grease specification checklist
D01 | mark screw/circlip connection | correct labelling checklist
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D02

label drive shift/apply sticker
on drive shaft

correct labelling and
label position

checklist

D03

label with cards for goods
issue

correct labelling

no documentation

Table B-1: Catalogue of requirements
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Appendix C: Technology descriptions

Overview:

Capture quantity
Check fit

Check horizontal/vertical movement

Check integrity

Check label content

Check magnetic field
Check part surface

Check preservation

Check unhindered movement
Detect dirt

Determine grease quantity
Determine label position
Determine part orientation
Determine part position
Determine tightening torque
Document data

Identify operating materials
Identify part

Show information

p.120-122
p.122-123
p.123-124
p.124-125
p.126-127
p.127-128
p.128-129
p.129-131
p.131-132
p.132-134
p.134-135
p.135-137
p.137-138
p.139-141
p.141-142
p.143-144
p.144-146
p.146-148
p.148-151

119



Appendix C: Technology descriptions

Function

Capture quantity

Processes

» part identification [P01]

» part adjustment [P02]

» apply needes according to CRD [J11]

» screw together with specified torque [J18]
» pack attachmentparts [I01]

Capture quantity
Electromagnetic waves

Description
» ATag is attached to the parts

» Via electromagnetic waves it is possible to read the
information from the tag contactless

» Reader/Antennas are mounted on all workstations
» Possibility of various protocols: RFID, NFC, ...

Requirements
» Tags on all parts

» Reader on all workstations
» Database
» Information display system

Advantages

» Allows the storage of various information about
the components via database

» Fast identification

Disadvantages

» Hard to place tags on small parts

» Limited reading range

» Inaccuracies at large quantities possible due to
interference

Sketch / Graphic

8

Capture quantity
Weight measurement

» Based on the weight changes and the previously
stored individual weights of the components, a scale
records the number of components in the system

Requirements
» Information display system

» Weight data for the individual components
» Identity of the component known

» Simple installing

» Allows fast tracking of high quantities

Disadvantages

» Accuracy depends on the accuracy of the
weight data and scale

» It must be known which components are
currently being used

» Sensitive to weight deviations or foreign bodies
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Capture quantity
Counting machine

» The correct number of parts is prepared by a counting » Automated correct number

machine o

» Outputis automated with the correct number

Disadvantages

» Can only be used for small parts

» Counting machines must be filled ->
preparation effort

Requirements
» Parts supply for the counting machine

» High space requirement
» Input system for selecting components or process

Capture quantity
Worker (manual counting)

» The quantity is captured manually by the employee by » Requires no other systems
counting

» Can also be used immediately on new
» 4-eye principle can increase accuracy means, components
however, increased time expenditure

Disadvantages
» Keine automatisierte Erfassung

» Anzahl muss manuell in Datenbank

Requirements eingetragen werden

» Fehlerwahrscheinlichkeit bei groRen Mengen
hoch

Capture quantity

Material supply

» Components are provided automatically » High accuracy

» The right number of the right parts are automatically » Fully automated recording of components
available at the workplace at the right time » High traceability

» Realisation by, for example, a fully automated storage
system

Disadvantages

» High costs and high space requirements,
depending on the design

Requirements

» New components must be maintained
» System that ensures the required material supply (e.g.:
fully automated storage system)
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Capture quantity
Industrial image processing

Description Advantages Sketch / Graphic

» A camera system records the workplace » Simultaneous identification and counting

» The existing components are identified and counted by | | » Several different components can be detected
image comparison and processing simultaneously

» Versatile and flexible in use

. Disadvantages
Requirements

» 2-dimensional, for 3rd dimension several

» Data base camera systems or special cameras necessary

» 3D models of the components » Locally restricted

» Software for industrial image processing » New components must be maintained =

» Camera systems » High preparation time ﬁ'
Function
Check fit

Processes

» press circlip with pliers [C02]

» join pin system with counterpart[JO7]

» join roller with tripod pivot [J14]

» secure screws/bolts with cable ties [102]
» fix pin system with magnet [106]

Check fit
Worker (manual inspection)

Description Advantages Sketch / Graphic

» The worker manually checks the seat of the system by | | » No additional systems required

moving the system and sensing any resistance. » No preparatory work necessary

» 4-eye principle can increase accuracy means,
however, increased time expenditure

" Disadvantages
Requirements

» No characteristic recording

» Documentation system

» Testing not 100% reproducible
» No automated documentation

» No clear definition of "firm fit”
(no specific values)
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Check fit
Load sensor

Description

» The employee uses a load cell as an aid to test the
seat with a certain, predefined force.

Requirements
» Documentation system

Advantages Sketch / Graphic

» Characteristic recording possible
» reproducibility
» Clear definition for a firm fit

Disadvantages

» No automated documentation

Function
Check horizontal/vertical movement

Processes
» join pin system with counterpart [JO7]
» distribute grease in flange by movement [M03]

Check horizontal/vertical movement

Worker (manual inspection)

Description

» The worker manually checks the game of the system
by moving the system and feeling any resistance.

» 4-eye principle can increase accuracy means,
however, increased time expenditure

Requirements
» Documentation system

» Trained staff

Advantages Sketch / Graphic

» No additional systems required

» No preparatory work necessary

Disadvantages

» No characteristic recording

» Testing not 100% reproducible
» No automated documentation

» No clear definition of how much play can be
tolerated
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Check horizontal/vertical movement
Load sensor

Description

» The worker uses a load sensor as an aid and performs
predefined movements on the test part.

» The forces applied are recorded and evaluated

» This makes it possible to conclude that there is no
unwanted movement

Requirements
» Documentation system

» Defined motion or test sequence

Advantages Sketch / Graphic

» Characteristic recording possible
» Clear specification of measurement values

Disadvantages

» No automated documentation

Function

Check integrity

Processes

» join boot retainer GS/WS with DS [J01]

» join boot retainer GS/WS with flange [J03]
» join boot GS/WS with DS [J04]

» join flange GS/WS with DS [J05]

» attach tensioning clamp [J09]

» attach o-ring [J10]

» press tripod on DS [J13]

» join boot GS/WS with flange [J16]

» join grease cap with flange GS/WS [J17]
» join screw/bolt/washer with flange GS/WS [J19]
» clamp DS [105]

Check integrity
Ultrasonic inspection

Description

» Detection of material defects using ultrasonic
inspection

Requirements
» Specially trained staff

Advantages Sketch / Graphic

» Minor errors and irregularities can be detected

» Non-destructive testing

Disadvantages

» Can only be used with conductive materials

» Evaluation of the ultrasonic image requires
special knowledge or algorithms
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Check integrity
Worker (visual inspection)

Description

» The worker checks the integrity of the components
before and after assembly

» 4-eye principle can increase accuracy means,
however, increased time expenditure

Requirements
» Trained staff

» Data collection system

Advantages

» Universally applicable
» Not tied to a specific workplace
» No further systems necessary

» Can also be used immediately on new
components

Disadvantages
» No automated recording

» Intactness must be entered manually in another
system (e.g. checklist)

» Defects that are difficult to see are easy to
overlook

Sketch / Graphic

Check integrity
Industrial image processing

Description
» A camera system records the workplace

» The desired component is checked for integrity by
image processing

» Accuracy strongly dependenton number and
resolution of used camera systems

Requirements
» Data base

» 3D models of the components
» Software for industrial image processing
» Camera systems

Advantages

» High resolutions possible

» Checking can take place during the process ->
time-saving

» Versatile and flexible in use

Disadvantages

» 2-dimensional, for 3rd dimension several
camera systems or special camera necessary

» New components must be maintained
» Locally restricted
» High preparation effort

Sketch / Graphic

Check integrity

Profil method

Description

» The surface is scanned with profil method by using a
sensor

» Minor changes in the surface structure are detected
and recorded

» Allows conclusions to be drawn about damage

Requirements
» Stable holding device

» Device for the respective component
» Defined/programmed test path for each component

Advantages

» Even the smallest changes in the surface
structure can be recorded -> high resolution

Disadvantages

» High time expenditure
» High preparation time
» Component orientation must be known

» The shape of the probe tip has a great
influence on the measurement result

Sketch / Graphic
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Function
Check label content

Processes

» Label DS/ apply stickeron DS [L02]
» Labe with cards for goods issue [L03]
» Mark screw/circlip connection [LO1]

Check label content
Industrial image processing

Description Advantages Sketch / Graphic

» A camera system records the workplace » Automatic acquisition

» In the captured image, the system checks whether the » Automated documentation
marking/labelling matches the specifications.

Disadvantages
» 2-dimensional, for 3rd dimension several

Requirements

» Data base Camera systems or special camera necessary
» Software for industrial image processing » Locally restricted
» Camera systems » Requires comparison images
. . | it
» Comparative pictures » High preparation time ]
» Display system

Check label content

Worker (visual inspection)

Description Advantages Sketch / Graphic

» The worker visually checks the marking and compares = » No comparison images required
it with the specifications.

» Universally applicable

» 4-eye principle can increase accuracy means, » High flexibility

however, increased time expenditure

. Disadvantages

— - - » Time consuming
» Provision of specifications
» Errors not excluded
» Document data system
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Check label content
Automated label printing

Description Advantages Sketch / Graphic

» Label printer for automatic printing of the correct » Manual transmission errors during input are
inscription excluded

» Time saving for employees

Disadvantages

» Requires additional system

Requirements
» Provision of the required lettering

» Data transmission and control system

Function

Check magnetic field

Processes
» Demagnetize drive shaft, roller, washers [103]

Check magnetic field

Magnetic field meter

Description Advantages

» A magnetic field meter is used to check whether » High accuracy, detects even low residual
demagnetization was successful magnetism

Sketch / Graphic

Disadvantages
» Additional device at the workplace -> Space

Requirements
» Component has to be demagnetized before testing requirement
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Check magnetic field
Induction coil

Description

» The componentis moved through an induction coil and
generates a voltage in case of residual magnetism

Requirements
» Voltmeter

Advantages Sketch / Graphic

» Quick
» Easy to use

Disadvantages

» Limited size of the test part
» Low sensitivity
» Additional device at the workplace

Wy,

Function

Check part surface

Processes

» Apply grease to the tripod pivot [M04]
» Apply grease to the tripod pivot [M05]
» Lubricate o-ring [M06]

Check part surface
Reflexion

Description

» A light source radiates light onto the surface of the test
part

» A sensor detects the reflected light
» Conclusions on surface structure possible

Requirements

» Database with reflection behaviour of the materials
used

Advantages Sketch / Graphic

» Contactless testing -> any existing lubricating
film on components is not damaged

Disadvantages

» Ambient light conditions must be taken into
account

» Reflection behaviour of the materials must be
known or determined

» Reflection behaviour can be direction-
dependent
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Check part surface
Worker (visual inspection)

Description

» The worker visually inspects the surface of the
components

» Check whether the surface condition corresponds to
the desired condition (e.g.: greased)

» 4-eye principle can increase accuracy means,
however, increased time expenditure

» Trained staff

Advantages Sketch / Graphic

» No special preparation necessary
» Not tied to a specific workplace

» Can also be used immediately on new
components

Disadvantages

» No automated recording

» Test result must be entered manually in another
system (e.g. checklist)

Check part surface
Industrial image processing

Description
» A camera system records the workplace

» The desired surface is checked by image processing

» Accuracy strongly dependenton number and
resolution of used camera systems

Requirements
» Data base

» Comparison images of the desired surface finish
» Software for industrial image processing
» Camera systems

Advantages Sketch / Graphic

» System can cover further functions
» High resolutions possible

» Checking can take place during the process ->
time-saving

Disadvantages

» 2-dimensional, for 3rd dimension several
camera systems or special camera necessary

» New components must be maintained
» High preparation time

Function

Check preservation

Processes

» Preserve ASSY [104]
» Preserve DS interior [108]
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Check preservation

Verwendung von farbigem Konservierungsmittel

» The colour of the preservative used is clearly different » Facilitates visual inspection
from that of the component materials

» When applied, it increases the visibility of the
preservation

e
cHUEEMEnts » Optical change of the component

» Additional system for visual inspection

Check preservation

Worker (visual inspection)

» The worker visually checks the preservation and pays » Universally applicable
special attention to defined critical areas » High flexibility

» 4-eye principle can increase accuracy means,
however, increased time expenditure

. Disadvantages

. » Time consuming
» Trained staff

s — » Errors not excluded
» Additional data acquisition system

Check preservation

Industrial image processing

Description Advantages Sketch / Graphic

» Workstation is captured by a camera system » Automatic acquisition
» The camera images are compared with comparative » Automated documentation
images

» Contactless testing
» The system checks whether the component
corresponds to the target state

" Disadvantages 7
Requirements

» Locally restricted

» Preservation must look clearly different from the base i . .
material » Requires comparison images

» Software for industrial image processing » Must be trained -> high preparation times

» Camera systems

» Display system
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Check preservation
Ultrasonic layer thickness measurement

Description Advantages Sketch / Graphic

» The layer thickness of the preservation is measured » Automatic acquisition
with ultrasound

» Automated documentation
» Automatic check whether layer thickness is sufficient
or corresponds to the target value

Disadvantages

» Does not check if the correct preservative has

Requirements
» Display system been used

» Database with target values regarding layer thickness
and place of preservation

Function
Check unhindered movement

Processes

» join pin system with counterpart[JO7]

Check unhindered movement

Worker (manual inspection)

» The worker manually checks the release of the system | | » No additional systems required

by moving the system and feeling any resistance. » No preparatory work necessary

» 4-eye principle can increase accuracy means,
however, increased time expenditure

. Disadvantages

2 » No characteristic recording
» Documentation system ] .
» Testing not 100% reproducible
» No automated documentation
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Check unhindered movement

Torque sensor

Description

» The system is moved by means of an apparatus with
connected torque sensor

» The force measuring sensor measures the force
required for the defined movement

» The data obtained are analysed for irregularities and
increased resistances

Requirements
» Measurement equipment
» Universal holding device

Advantages

» Reproducible

Sketch / Graphic

» Parameters are recorded

Disadvantages

» Space requirement

» Locally bound

» Energy supply needed

Check unhindered movement
Acoustic testing

Description

» Friction noises during the movement of the test part
are detected and evaluated by an employee via
microphone

» The friction noises indicates the freedom of movement
of the system

Requirements

» Requires another system (or employee) to perform the
movement of the test part

» Low-noise or noiseless environment
» Information display system

Advantages

» Parameters are recorded

Sketch / Graphic

» Employees are supported in the examination
» Enables more precise checking

Disadvantages

» Does not work without another system or
worker

» Use of different materials and lubricants must
be taken into account

Function

Detect dirt

Processes

» Part cleaning [P03]

» apply needes according to CRD [J11]
» join roller with tripod pivot [J14]

» mount inner/outer washer [J15]
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Detect dirt
Worker (visual inspection)

Description

» The worker visually inspects the component to be
inspected for dirt residues

» 4-eye principle can increase accuracy means,
however, increased time expenditure

» Data acquisition system

Advantages Sketch / Graphic

» Universally applicable
» No further systems necessary

» If necessary, post-processing (cleaning) can be
carried out directly by the worker

Disadvantages

» Time consuming
» Resolution limited by the human eye
» No automatic data acquisition

Detect dirt
Industrial image processing

Description
» A camera system records the workplace

» The desired component is checked for dirt by image
processing

» Accuracy strongly dependenton number and
resolution of used camera systems

Requirements
» Data base

» 3D models of the components
» Software for industrial image processing
» Camera systems

Advantages Sketch / Graphic

» High resolutions possible

» Checking can take place during the process ->
time-saving

» Versatile and flexible in use

Disadvantages

» 2-dimensional, for 3rd dimension several
camera systems or special camera necessary

» New components must be maintained
» Locally restricted
» High preparation time

Detect dirt
Profile method

Description
» The surface is scanned by a sensor

» Minor changes in the surface structure are detected
and recorded

» It is possible to draw conclusions about dirt

Requirements
» Stable holding device

» Device for the respective component

Advantages Sketch / Graphic

» Even the smallest changes in the surface
structure can be recorded

Disadvantages

» High time expenditure

» High preparation time
» Component orientation must be known

» The shape of the probe tip has a great
influence on the measurement result

133



Appendix C: Technology descriptions

Detect dirt
Chemical testing

Description

» Application of a chemical agent which reacts with non-
metallic material

» Dirt is discoloured by the reaction and made easily
recognizable

Requirements

» Chemicals that react with non-metallic surfaces and
discolour them

» Further systems to detect the better visible dirt

Advantages
» Visibility of dirt is increased -> easier detection

Disadvantages
» Use only on metallic surfaces

» Only dirt that reacts with the chemical is made
visible

» Surfaces could be attacked by the chemical
» Further systems required

Sketch / Graphic

Function
Determine grease quantity

Processes

» lubricate housing [M02]
» grease filling flange/fill up remaining grease [MO7]

Determine grease quantity

Grease syringe with dosing function

Description

» The grease is applied by syringe with built-in dosing
function

» The syringe receives data about the desired amount of
grease and delivers this exactly dosed

Requirements
» Input system for grease quantity

» Additional information about grease specification

Advantages

» No additional measurements required

» Exact dosing possible

Disadvantages

» Own grease syringe required for each grease
specification

Sketch / Graphic
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Determine grease quantity
Weight measurement

» The amount of grease is determined by measurements | | » Simple system

on ascale .
» Only one scale required for all grease

» Either the grease container or the componentcan be specifications
measured to determine the induced amount of grease

. Disadvantages

- » Time consuming
» Calibrated balance . .
» Relatively inaccurate

Determine grease quantity

Vordosierung
» The exact amount of fat required is provided by pre- » No measurement at the workplace necessary
dosing

. Disadvantages

: . » Losses or misapplication are not taken into
» Pre-dosing must be carried out correctly else-> further account

system necessary

Function

Determine label position

Processes
» Label DS/ apply stickeron DS [L02]
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Determine label position

Worker (visual inspection)

> The worker determines the position of the label » No special preparation necessary
visually » Not tied to a specific workplace

» Can also be used immediately on new
components

. Disadvantages

— — » No automated recording
» Additional data acquisition system
» No automated documentation

Determine label position
Industrial image processing

Description Advantages Sketch / Graphic

» A camera system records the workplace » High resolutions possible
» The position of the label is determined automatically » Checking can take place during the process ->
by image processing time-saving

» Can detect several components at the same
time

Disadvantages

» 2-dimensional, for 3rd dimension several

Requirements

» Database with detailed information on labels and label camera systems or special camera necessary
positions .
) ) » New labels and components must be trained ->
» Comparative pictures high preparation effort
» Software for industrial image processing e
» Camera systems ]
» Display system

Determine label position

Electromagnetic waves

Description Advantages Sketch / Graphic

» Labels are tagged with » Versatile in use

» The position of the label can be determined by » Can capture multiple labels at the same time
electromagnetic waves

» Appropriate readers or antennas are located at all
workstations

» Several standards possible: RFID, NFC,...

Disadvantages

» Difficult to place tags on small parts

Requirements
» Tag on every label

. » Limited accuracy
» Reader on all workstations L
» Limited range
» Data base

» Display system
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Determine label position
Reflexion

Description
» A light source radiates lightonto the workplace

» Reflectors are attached to the labels

» A sensor detects the reflected light from the reflectors
and thus determines the label position

Requirements
» Tag on every label

» Reader on all workstations

» Data base

» Display system

» Reflector must be placed in the middle of the label

Sketch / Graphic

Advantages
» Can capture multiple labels at the same time

Disadvantages

» Ambient light conditions must be taken into
account

» Only detects label position, but does not return
any identification

» Reflectors difficult to install on small labels

Function
Determine part orientation

Processes

» mount (double) circlip / hoopster ring [CO1]
» join boot retainer GS/WS with DS [J01]

» join boot retainer GS/WS with flange [J03]
» join boot GS/WS with DS [J04]

» join flange GS/WS with DS [J05]

» mount pin system [J06]

» join (rubber-)cap with DS GS/WS [J08]

» attach tripod GS/WS (with twist angle) [J12]
» join roller with tripod pivot [J14]

» mount inner/outer washer [J15]

» join boot GS/WS with flange [J16]

» screw together with specified torque [J18]

» join screw/bolt/washer with flange GS/WS [J19]

Determine part orientation

Worker (visual inspection)

» The worker visually determines the orientation of the
component

» Information about desired orientation
» Data acquisition system

Advantages Sketch / Graphic

» No special preparation necessary
» Not tied to a specific workplace

» Can also be used immediately on new
components

Disadvantages

» No automated recording
» No automated documentation
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Determine part orientation
Industrial image processing

Description
» A camera system records the workplace

» The orientation of the component is determined
automatically by image processing

» Accuracy strongly dependenton number and
resolution of used camera systems

Requirements
» Data base with 3D models of components

» Software for industrial image processing
» Camera systems
» System for displaying incorrect orientations

Advantages Sketch / Graphic

» System can cover further functions
» High resolutions possible

» Checking can take place during the process ->
time-saving

Disadvantages

» 2-dimensional, for 3rd dimension several
camera systems or special camera necessary

» New components must be maintained

» High preparation time =

Determine part orientation
Electromagnetic waves

Description
» Components are tagged with

» The orientation of the component can be determined
by means of electromagnetic waves

» Appropriate readers or antennas are located at all
workstations

» Several standards possible: RFID, NFC,...

Requirements
» At least 2 tags on all components

» Reader on all workstations
» Data base
» Information display system

Advantages Sketch / Graphic

i RFID g

» Allows further information on the components to
be stored in a database

» Quick identification
» Versatile in use

Disadvantages

» Difficult to place tags on small parts

» 1 tag not enough to know orientation

» Limited range

Determine part orientation

Material supply

» The required components are provided in containers
with recesses

» The recesses are designed in such a way that the
components automatically take the correct orientation
(e.g. using PokaYoke).

» Containers with recesses especially for each
component

Advantages Sketch / Graphic

» Correct material supply prevents errors right
from the start

Disadvantages

» Correct orientation of the containers not
sufficiently ensured

» Specific recesses necessary -> new container
for each new part
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Function
Determine part position

Processes

» join roller with tripod pivot [J14]

» mount inner/outer washer [J13]

» mount (double) circlip / hoopster ring [C01]
» join hoot retainer GS/WS with DS [J01]

» mount boot retainer GS/WS ASSY [J02]

» join boot GS/WS with DS [J04]

» join flange GS/WS with DS [J05]

» join (rubber-)cap with DS GS/WS [J08]

» attach tensioning clamp [J09]

» attach o-ring [J10]

» attach tripod GS/WS (with twist angle) [J12]
» join grease cap with flange GS/WS [J17]

Determine part position

Fixture

» Holding devices for the components define the position = » Facilitates assembly processes
on the work surface

. Disadvantages

Static
» Universally applicable holding device : .
; p ) ; " » Only the position of the clamped component
» Fixed point for holding device for position can be determined.

determination

Determine part position

Worker (visual inspection)

» The worker determines the position of the component » No special preparation necessary

visually » Not tied to a specific workplace

» Can also be used immediately on new
components

» Quick

. Disadvantages

— — » No automated recording
» Additional data acquisition system .
» No automated documentation
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Determine part position
Industrial image processing

Description
» A camera system records the workplace

» The position of the componentis determined
automatically by image processing

» Accuracy strongly dependenton number and
resolution of used camera systems

Requirements
» Database with 3D models of components

» Software for industrial image processing
» camera systems
» Display system

Advantages Sketch / Graphic

» System can cover further functions
» High resolutions possible

» Checking can take place during the process ->
time-saving

» Can detect several components at the same
time

Disadvantages

» 2-dimensional, for 3rd dimension several
camera systems or special camera necessary

» New components must be maintained
» High preparation time

Determine part position
Electromagnetic waves

Description
» Components are tagged with

» The position of the component can be determined by
electromagnetic waves

» Appropriate readers or antennas are located at all
workstations

» Several standards possible: RFID, NFC,...

Requirements
» At least one day on all components

» Reader on all workstations
» data base
» Display system

Advantages Sketch / Graphic

» Allows further information on the components to
be stored in a database

» Versatile in use

» Can detect several components at the same
time

Disadvantages

» Difficult to place tag on small parts
» Limited accuracy
» Limited range

Determine part position

Reflexion

Description
» A light source radiates lightonto the workplace

» Reflectors are attached to the components

» A sensor detects the reflected light from the reflectors
and thus determines the position of the component

Requirements
» Link to component identification system

» Reflector position at the centre of the component
» Display system

Advantages Sketch / Graphic

» Can detect several components at the same
time

Disadvantages

» Ambient light conditions must be taken into
account

» Only detects component position, but does not
provide any identification

» Reflectors difficult to install on small
components

» Only 2-dimensional acquisition possible
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Determine part position
Ultrasonic location

Description Advantages Sketch / Graphic

» An ultrasound device continuously scans the working » Non-contact
surface

» Independent of environmental influences
» Components and persons can be detected without

contact » Simultaneous detection of several components

and persons possible

Disadvantages

= » Depending on the area to be examined, several
» Display system sensors are required

Requirements

Function
Determine tightening torque

Processes

» screw together with specified torque [J18]

Determine tightening torque

Torque screwdriver

» Tightening is done manually using a torque » High accuracy
screwdriver which allows the presetting of the
specified tightening torque.

» When the torque is reached, the torque screwdriver
locks automatically.

—r=

Disadvantages

» No automatic characteristic recording

» Regular calibration required

Requirements
» Checklist for data acquisition
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Determine tightening torque

Torque wrench

» The torque is applied manually using a torque wrench

» Checklist for data acquisition

» No additional tools required

Disadvantages

» No characteristic recording
» Regular calibration required

» Possibility to adjust the torque wrench
inaccurately

Determine tightening torque

Torque sensor

» A torque sensor connected to a wrench or screwdriver
records the tightening torque used.

Requirements

» Torque wrench or torque screwdriver

Advantages Sketch / Graphic

» Automatic parameter acquisition
» Traceability given

Disadvantages

» Space requirement
» Energy supply needed

Determine tightening torque

Mechanical screwing

» The screwing takes place mechanically and
automatically

» The torque is applied by a machine/device or a robot

» Device for mechanical screwing

Advantages Sketch / Graphic

» Automatic parameter acquisition
» Traceability given

Disadvantages

» Additional system required

» The system must be set up anew for each
component

» High preparation time
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Function
Document data

Processes

» pard identification [P01]

» part adjustment [P02]

» mount pin system [J06]

» documentation of performed work step [D03]

Document data

Check button

Description

» By pressing a check button the current process/test is
acknowledged

Requirements
» Information display systems

Advantages Sketch / Graphic

» Simple system
» Enables the specification of process sequences

Disadvantages

» Limited variety of information -> 2 operating
states

Document data

Checklist

Description

» Processes and parameters are recorded using
checklists

» The checklists provide the employee with an indication
of which processes have to be completed/checked

Requirements
» Checklists for the Processes

» Trained staff

Advantages Sketch / Graphic

» Depending on the scope, a lot of information
can be recorded

» High flexibility
» Easy to adapt

Disadvantages

» Manual transfer to a database required
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Document data
Automated data acquisition

Description Advantages Sketch / Graphic

» Data is automatically transferred and stored over a » Automated documentation process

network .
» No transmission errors

» A server manages the database or its entries

» Time-saving

. Disadvantages
Requirements

. -~ . » Data must always be read from the system
» Systems which are able to record and digitally transmit I
parameters » Resource costs for the required hardware F— %
» High energy costs TN

D Internet |
Clients i-f-/\/
I:li / Server

Function
Identify operating materials

Processes

» Apply glue [M01]
» grease filling flange/fill up remaining grease [MO7]

Identify operating materials

Electromagnetic waves

Description Advantages Sketch / Graphic

» Auxiliary material container is tagged » Allows further information to be stored in a

» The information on it can be read out contactlessly by database
means of electromagnetic waves » Quick identification

» Appropriate readers or antennas are located at all
workstations

» Several standards possible: RFID, NFC,...

" Disadvantages
Requirements

» Tags can only be placed on the containers

» Tags on all auxiliary material containers

. » Limited range
» Reader on all workstations .
» Machine readable only
» Data base

» Information display system
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Identify operating materials

2D-Code

Description

» A 2D-code is applied to each auxiliary material
container. A 2D-code is assigned to each auxiliary
material, enabling unique identification

» Different standards possible: Data Matrix Code,
Barcode, QR-Code, ...

Requirements
» 2D codes on the auxiliary material containers

» Data base
» Scanner at the workstations
» Information display system

Advantages

» Allows further information to be stored in a
database

» Quick identification
» Automated collection

Disadvantages

» Low memory capacity -> access to database
required

» Code must not get too dirty to guarantee
readability

» High contrast necessary
» Machine readable only

Sketch / Graphic

6583 113254

Identify operating materials

Worker (identification)

Description

» The employee identifies the auxiliary material by
manually comparing the information provided

» Information is provided by:Design drawing, ID
numbers on the containers

» 4-eye principle can increase accuracy means,
however, increased time expenditure

Requirements
» ID numbers or drawings for identification

» System for data acquisition (e.g. checklist)

Advantages Sketch / Graphic

» No special preparation necessary
» Not tied to a specific workplace

» Can also be applied immediately to new
auxiliary material

Disadvantages

» No automated recording
» Longer numbers can easily be confused

Identify operating materials

Material supply

Description

» Containers contain the auxiliary material required for
installation

» Containers are automated and provided at the right
time

» No direct identification of the auxiliary material, but of
the containers

Requirements

» Clear identification of the containers by another
system

» Correct provision of auxiliary material
» Correct filling of the containers

Advantages Sketch / Graphic

» No more identification process at the workplace
-> time saving

Disadvantages

» No direct information

» Relying on the basic assumption that the
containers are correctly filled

» Alternative system for identification of
containers necessary
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Identify operating materials
Industrial image processing

Description Advantages Sketch / Graphic

» A camera system records the workplace » Flexible and versatile in use

» Image processing detects containers on the » High resolutions possible
workstation and identifies them by matching them with

the database » Checking can take place during the running

process -> time-saving
» Accuracy strongly dependenton number and
resolution of used camera systems

Disadvantages

» 2-dimensional, for 3rd dimension several
camera systems or special camera necessary

Requirements
» Data base

» 3D models of containers » New auxiliary material must be entered

» Software for industrial image processing » No unambiguous identification possible with =
» Camera systems identical containers
» High preparation time E
Function
Identify part

Processes

» part identification [P01]

» part adjustment [P02]

» mount pin system [J06]

» pack attachment parts [101]

» documentation of component's serial numbers [D01]
» documentation according to checklist [D02]

Identify part
Electromagnetic waves

Description Advantages Sketch / Graphic

» Components are tagged » Allows further information on the components to

» The information on it can be read out contactlessly by be stored in a database
means of electromagnetic waves » Quick identification

» Appropriate readers or antennas are located at all
workstations

» Several standards possible: RFID, NFC,...

" Disadvantages
Requirements

» Difficult to place tags on small parts

» Tags on all components

. » Limited range
» Reader on all workstations .
» Machine readable only
» Data base

» Information display system
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Identify part

2D-Code

Description
» A 2D code is applied to each component

» Can be applied by sticker, laser engraving, etching or
the like

» A 2D code is assigned to each part, enabling unique
identification

» Different standards possible: Data Matrix Code,
Barcode, QR-Code, ...

Requirements
» 2D codes on the components

» Data base
» Code reading system (camera/scanner’...)
» Information display system

Advantages

» Allows further information on the components to
be stored in a database

» Quick identification
» Automated collection

Disadvantages

» Low memory capacity -> access to database
required

» Code must not get too dirty to guarantee
readability

» High contrast necessary
» Machine readable only (except barcode)

Sketch / Graphic

6583 113254

Identify part
Worker (identification)

Description

» The employee identifies the component by manually
comparing the information provided

» Information is provided by: design drawing, part
numbers on the containers, serial numbers on the
components

Requirements
» Part numbers or drawings for identification

Advantages Sketch / Graphic

» No special preparation necessary
» Not tied to a specific workplace

» Can also be used immediately on new
components

Disadvantages

» No automated recording
» Longer numbers can easily be confused

Identify part
Profile method

Description

» The components are provided with a marking that can
be felt

» The identification of the component by scanning the
surface with a sensor using profile method

Requirements
» Tactile surface inspection system

» Clamping for the component
» Introduction of a standard for tactile marking

Advantages Sketch / Graphic

» Allows further information on the components to
be stored in a database

» Automated capture/identification

Disadvantages

» Machine readable only

» Requires special systems

» High time expenditure

» Component orientation must be known
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Identify part

Material supply

Description Advantages

» Vessels contain the components required for assembly | | » No identification process at the workplace
necessary -> time saving

Sketch / Graphic

» Containers are automated and provided at the right
time

» No direct identification of components, but of
containers

. Disadvantages
Requirements

» No direct information

» Clear identification of the containers by another . i i
system » Relying on the basic assumption that the
containers are correctly filled

» Correct provision of components . . I
. . » Alternative system for identification of
» Correct filling of the containers containers necessary

Identify part
Industrial image processing

Description Advantages Sketch / Graphic

» A camera system records the workplace » High resolutions possible
» Image processing recognizes components on the » Checking can take place during the process ->
workstation and identifies them by matching them with time-saving

the database » Versatile and flexible in use

» Accuracy strongly dependenton number and
resolution of used camera systems

. Disadvantages 7
Requirements

» 2-dimensional, for 3rd dimension several

» Data base camera systems or special camera necessary
» 3D models of the components » New components must be maintained
» Software for industrial image processing » High preparation time B

» Camera systems

Function

Show information

Processes

» Necessary function, required in order to assure/enable other functions and increase process assurance
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Show information

Signal light

» Signal lights provide information about a problem that » Quick visualization of problems

has occurred » Clear signal through the use of different colours

» If irregularities or errors in the process are detected,

this is indicated by a lightsignal and is thus easily and > Can also be used in noisy environments

quickly recognizable for all workers » Low space requirement
» Different colors allow the visualization of differenttypes | | » No impairment of other workers
of problems

Disadvantages

» Limited information due to limited operating

states
Requirements
» Connection to other process monitoring systems that
provide the necessary information
Show information
Vibration
» A device that the worker carries with him emits a » Wireless transmission

vibration alarm in case of a problem » Every worker can be specifically alerted

» Can be worn in the form of a bracelet, for example » No impairment of other workers
» Low space requirement

» Can also be used in noisy environments

Disadvantages

» Regular charging required

» Alarm can easily be "overheard”

Requirements

» Workers have to carry an additional device with

» Connection to other process monitoring systems that them

provide the necessary information

. Stable wireless connection » Limited operating states -> limited information

Show information

(Touch-)Screen
» There is a screen on each workstation » Screens can also be used for other functions
» Relevant information is displayed on the screen » Can be used in noisy environments

» No impairment of other workers

Disadvantages

» Increased space requirements

Requirements

» Connection to other process monitoring systems that
provide the necessary information
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Show information
Printout

» Relevant information is summarized and printed on
paper

» The printed information is made available on the
workstations

Requirements
» Printer

» No requirements
» Cost-effective

» No current information
» No flexibility

» No interaction possible
» Elaborate changes

Disadvantages )

Cesy

I

Show information
Projection

» A wide range of information can be displayed
interactively by projection onto the work surface

» Information can be projected directly to the desired
location

Requirements

» Connection to systems that provide the necessary
information

Advantages

» Display of various information possible

» Information can be displayed where it is needed
-> easier to comprehend

Disadvantages

» High space requirement
» Bright environment requires powerful projector
» High preparation time

Sketch / Graphic

Show information

VR-glasses

» At the workplace a VR-glasses is available which the
employee can use to retrieve information.

Requirements

» Connection to systems that provide the necessary
information

Advantages

» Display of various information possible

Disadvantages

» Isolation from the environment

» Simultaneous continuation of work is not
possible

» Glasses must be charged regularly

Sketch / Graphic
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Show information

AR-glasses

» Each worker is equipped with AR glasses that provide » Comprehensive information display possible
and display situational information L . . .
» Information is always in the direct field of vision
of the employee
» Simultaneous work possible

» Information is displayed where it is needed

Disadvantages

» Glasses must be charged regularly

» When worn permanently -> additional weight
acts on the head

Requirements

» Connection to systems that provide the necessary
information

Show information

Speakers

» A loudspeaker or headset provides the worker with » Information is reproduced audibly-> no visual
audio information on work steps, processes or distraction
components

» Information can be displayed as required
» Radio connection with supervisor possible

Disadvantages

» Restricted information display (auditory)

» Does not work well in noisy environments

Requirements

» Partial separation of the worker from his

» Connection to systems that provide the necessary environment

information
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Appendix D: Documentation — compilation example

f

Compile documentation

Choose Customer Profile:

.

Enter Internal Operation Number:

12345678/12

Final Concept N

f

Compile documentation

Choose Customer Profile:

Enter Internal Operation Number:

‘ 12345678/12

create new profile... v

Customer A
Customer B
Customer C
create new profile.. |

Final Concept \

Choose customer

—f—— profiles with pre-

definedfilters

152



Appendix D: Documentation — compilation example

Compile documentation

Enter Internal Operation Number:
Choose Customer Profile:
Profile Name:

Set Filters:

[] serial Numbers
|:| Checklist Work Steps
[] checklist Modules

D Inspection Data

12345678/12

create new profile... v

Customer D

[] Grease Filling
D Operational Material

D Packed Components

Fank/ y

Final Concept \

RACING SVYSTrEMS

Compile documentation

Enter Internal Operation Number:
Choose Customer Profile:
Profile Name:

Set Filters:

[X] serial Numbers
@ Checklist Work Steps
X checklist Modules

E Inspection Data

D Pictures
[ 12345678/12 |
create new profile... VJ
| Customer D I

Grease Filling
|z] Operational Material

Packed Components

|Z Pictures

Final Concept N

-

v vikd y

RACING SYSrems

Filters to define the
detail level of the
documentation — non
- chosen data is not
implemented into the
compiled
documentation
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Assembly Documentation

for Internal Operation Number 12345678/12 FH'ITH

FASINE BFEFFNF

Serial Numbers

Checklist Work Steps

Grease Filling

Operational Material

Packed Components

Pictures

Pankl Drivetrain Systems GmbH & Co KG
A member of Pankl Racing Systems

Page 1of1
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Process model
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Process model
Final concept — assembly process
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