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Abstract

Trends of customisability and innovation in products influence the way companies develop products.
Customers want products that meet their individual requirements through a high degree of customi-
sation. Mass customisation was created to meet this demand. With mass customisation product diver-
sity increases and product generations are changed more frequently. This often results in higher costs
since the product engineering process is not familiar with the new product types. From the companies'
point of view, this situation is complicated by the trend that product development processes are being
shortened, and companies need to get their products to market faster. This forces companies to de-
velop more complex products in more complex environments and to bring them to market quicker.
Also, current product lifecycles consider only one product generation and no product diversity. More-
over, product engineering and the subsequent phases are often separated from each other. Due to this
silo working, knowledge cannot be transferred further, mistakes are made repeatedly, and product
engineering teams cannot use the feedback from smart factories and smart products. For this reason,
potentials offered by the use of smart factory and smart product data for smart, customisable product
families are not being exploited in current product lifecycles. To exploit the potentials, a novel prod-
uct lifecycle i’PLM is created in this thesis. A mixed literature review is used to evaluate current
product lifecycles and to create a reference process. Also, challenges and cause-and-effect relation-
ships are identified in the overall context of the product lifecycle. The findings result in defining data
streams and relevant data in a product lifecycle. The data streams and relevant data are incorporated
into the reference process, creating a novel product lifecycle called i?’PLM. The 1*PLM consists of six
components. The different components provide, among other things, an overview of the main phases
of a product lifecycle and the current status of the product portfolio. One of the components represents
the organisational processes and another the business processes. The core component of i’PLM is the
product lifecycle database, which enables the implementation of data generation and analysis with its
processes. The i*PLM is validated within the scope of an experiment. The validation takes place in
an industrial research environment at the University of Reutlingen. The content of the experiment is
the development of a smart product variant based on production and use data. Further research is
recommended for the applicability and implementation methods of i’PLM in business practice, as

well as for the automatic generation of cause-and-effect relationships.

Keywords: product lifecycle management: product engineering process; i?’PLM; smart cus-

tomisable product families; mass customisation, lifecycle engineering; CPS
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Opsomming

Tendense van aanpasbaarheid en innovasie in produkte beinvloed die manier waarop maatskappye
produkte ontwikkel. Kliénte wil produkte hé wat aan hul individuele vereistes voldoen deur 'n hoé
mate van aanpassing. Massa-aanpassing is geskep om aan hierdie vraag te voldoen. Met massa-aan-
passing neem produkdiversiteit toe en produkgenerasies word meer gereeld verander. Dit lei dikwels
tot hoér koste aangesien die produk-ingenieursproses nie vertroud is met die nuwe produktipes nie.
Uit die maatskappy se oogpunt word hierdie situasie bemoeilik deur die neiging dat produkontwik-
kelingsprosesse verkort word, en maatskappye moet hul produkte vinniger op die mark kry. Ook,
huidige produklewensiklusse neem slegs een produkgenerasie en geen produkdiversiteit in ag nie.
Boonop word produkingenieurswese en die daaropvolgende fases dikwels van mekaar geskei. As
gevolg van hierdie silowerk kan kennis nie verder oorgedra word nie, foute word herhaaldelik gemaak
en produkingenieurspanne kan nie die terugvoer van slim fabrieke en slim produkte gebruik nie. Om
hierdie rede word potensiaal wat deur die gebruik van slim fabrieks- en slimprodukdata vir slim,
aanpasbare produkfamilies gebied word, nie in die huidige produklewensiklusse ontgin nie. Om die
potensiaal te ontgin, word 'n nuwe produklewensiklus i*PLM in hierdie tesis geskep. 'n Gemengde
literatuuroorsig word gebruik om huidige produklewensiklusse te evalueer en om ’n verwysingspro-
ses te skep. Ook, uitdagings en oorsaak-en-gevolg verhoudings word geidentifiseer in die algehele
konteks van die produk lewensiklus. Die bevindinge lei tot die definisie van datastrome en relevante
data in 'n produklewensiklus. Die datastrome en relevante data word in die verwysingsproses geinkor-
poreer, wat 'n nuwe produklewensiklus genaamd i’PLM skep. Die i?’PLM bestaan uit ses komponente.
Die verskillende komponente verskaf onder meer 'n oorsig van die hooffases van 'n produklewensik-
lus en die huidige status van die produkportefeulje. Een van die komponente verteenwoordig die
organisatoriese prosesse en 'n ander die besigheidsprosesse. Die kernkomponent van i*PLM is die
produklewensiklusdatabasis, wat die implementering van datagenerering en -analise met sy prosesse
moontlik maak. Die i*PLM word bekragtig binne die bestek van 'n eksperiment. Die validering vind
plaas in 'n industri€le navorsingsomgewing by die Universiteit van Reutlingen. Die inhoud van die
eksperiment is die ontwikkeling van 'n slim produkvariant gebaseer op produksie- en gebruiksdata.
Verdere navorsing word aanbeveel vir die toepaslikheid en implementeringsmetodes van i’PLM in

sakepraktyk, sowel as vir die outomatiese generering van oorsaak-en-gevolg verhoudings.

Sleutelwoorde: produklewensiklusbestuur: produk-ingenieursproses; i2PLM; slim aanpasbare

produkfamilies; massa-aanpassing, lewensiklusingenieurswese; CPS
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Chapter 1 Introduction

The thesis begins with an overview of the background of the study. Chapter 1 contains the basic
information for processing the research project with the title “Development of a comprehensive prod-
uct lifecycle based on data of smart factories and smart products”. This chapter presents the initial
situation in the first subchapter. With this base, the research problem statement and the research ques-
tions are defined in the following subchapter. Based on the research questions, the objectives follow

in the next chapter.

1.1 Initial situation and background of the research

Currently and as a trend, the market requires a high degree of customisation and innovations. People
like to have individualised products that fit their individual needs (Sikhwal & Childs, 2017, p. 674).
But these products must first be developed. A crucial factor in gaining and maintaining a competitive
advantage is a company's ability to develop successful new products and bring them to market

(Miiller-Stewens & Mdller, 2017, p. 158).

The phases of a product from development to the start of production are called the product engineer-
ing process. If the product engineering process is extended to include the use and end-of-life phases,
this is referred to as a product lifecycle. If you look at current product engineering processes, the
development of the product and the development of the production system are mainly separated from
each other. They are also most of the times not coordinated with each other (Mandel et al., 2020, p.

3).

As described, there is a trend in the individualisation of mass products (Wang et al., 2017, p. 311).

The answer for this trend from the production side is called mass customisation.

To build the individualised products, components must have a variable product architecture that is
adaptable to changes and new technologies (Richter et al., 2010, pp. 128-134). Variable product ar-
chitecture describes a system of components with interfaces from which a variety of products can be

assembled.

Complicating the situation, there is a trend to shorten development cycles due to increasing competi-
tion, which means that new product generations are created more frequently. As an example, between
1997 and 2015 product variety has increased by about 150 % and product engineering processes have

been reduced by 30 % (Douma et al., 2019, p. 5).
1
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Given in current product engineering processes that both, the development of the product, and the
development of the production system are mainly separated from each other, working in (data) silos
leads to the loss of potential for cross-value chain data integration. In centralised data platforms, more
information and knowledge about the company can be stored and cross-divisional analyses of the data
can take place. Potential savings of 20 % are expected in marketing, sales, research, development and

quality management and over 10 % in production. (Glinther et al., 2022, p. 188)

The initial situation can be summarised from both the customer’s and company’s side. On the one
hand, customers are demanding greater customisability of products. This also increases product di-
versity. On the other hand, however, product engineering processes are being shortened and product
generations are being changed with ever-increasing frequency. This forces companies to develop ever
more complex products in more complex environments more efficiently and to bring them to market

more quickly.

1.2 Research problem statement and questions

In general, most product engineering processes consider only one product generation. This does not
correspond to the actual situation where successful products have more than one generation

(Nourbakhsh et al., 2016, p. 2 & 8).

Also, the product development is separated by the development of the production system with the
result that the product development does not take into account the characteristics and limitations of
the available production environment. This is why it is difficult to estimate effects and risks of

changes to the product and to develop different variants (Mandel et al., 2020, p. 3).

Furthermore, the development teams do not use feedback from data after market entry and designers
have the problem of design fixation. This means that they adhere to previous designs, which leads to
a duplication of work, and to difficulties in the adaption to individualised products and to rare inno-

vations (Stempfle, 2011, pp. 116-129).

The production of those customised products is called mass customisation. Most of the problems in
implementing mass customisation are related to the design and development phase (Duchi et al., 2014,
pp. 320-327). With mass customisation one mostly have conflicting goals between standardization

and differentiation (Krause et al., 2021, p. 351).

When developing the products for mass customisation there is the problem that the product costs
increase by 20 % on average when doubling the product variety (Gauss et al., 2021, p. 265). To
counter this problem a new product engineering process is necessary which also uses the features of

2
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cyber-physical systems and their data processing capabilities (Lee & Lee, 2015, pp. 431-440).

Furthermore, there is a research gap on product adjustability and the product engineering process in
the context of Industry 4.0 (Mandel et al., 2020, p. 3; Pessoa & Jauregui-Becker, 2020, p. 175). This
research gap includes the fact that there are no mechanisms developed yet that use the data obtained

by smart product and smart factory for smart product design (Tomiyama et al., 2019, p. 12).

Summarising the problem, in existing product lifecycles, the potentials offered by the use of smart
factory and smart product data for intelligent, customisable product families are not being exploited.

The research problem statement is shown in the following Table 1.
Table 1: Research problem statement.

Research problem | In existing product lifecycles, potentials offered by the use of smart fac-
statement | tory and smart product data for intelligent, customisable product families

are not being exploited.

Thus, the data from the smart factory and smart products is not used for the product and process
engineering of customisable, intelligent products due to the separation of product and process engi-
neering and subsequent phases. This means that the potentials for customisability, for improvement
within product families and between product generations are not fully exploited. This can lead to
major adjustments in the smart factory and to an increase in production and development costs, as the
effects and risks of changes are difficult to assess. The costs could also increase due to an unrealistic

testing environment.

These problems are also relevant for South Africa due to the fact that South Africa is leading the
industry to build smart factories using Industry 4.0 technologies and mass customisation, as the tech-
nology of Industry 4.0, is globally relevant. Mass customisation is a globally relevant trend caused

by the increasing individuality of customers.

Furthermore, from the economic point of view, South Africa wants to enhance their position in the
global market, and this is why it is one of the five emerging economies of the BRICS-Association.
South Africa’s most exported products are machines, vehicles and technical products which are all
products with a wide variety and different variants. In most of the cases, South African products are
produced for buyers from foreign countries. In the product engineering processes often local modifi-
cations are required to meet contextual factors for the production of global products (Mund et al.,

2015, p. 705).

To increase worldwide competitiveness South Africa built up a program to exploit the potential of

the technical innovations of Industry 4.0 and thus boost the economy. Manufacturers are motivated
3



Stellenbosch University https://scholar.sun.ac.za

Chapter 1 - Introduction

to focus on smart manufacturing (Bag et al., 2021, p. 1). To consider the production environment in
product engineering of individualised products, Industry 4.0 technologies must be used, and relevant

data must be collected.
Based on the research problem statement the following research questions for the master thesis can
be derived, which are presented in the following Table 2.

Table 2: Research questions.

Research question 1 | What are the challenges in product and process engineering for customis-
able smart products, and which data and information from the smart fac-

tory and smart products can reduce these challenges?

Research question 2 | What does an approach look like in which smart factory and smart product

data are collected and used in product and process engineering?

Research question 3 | How can the approach for generating, storing and using smart factory and
smart product data be integrated into the product lifecycle for the devel-

opment of customisable smart products?

The research questions are subdivided into three questions. The first question is to identify funda-
mentally where challenges currently exist in the development of customisable products and which
data can solve these challenges. The second research question asks for an approach on how this data
can be collected and used in product engineering. Research question three asks about the possibility
of integrating this approach into a product lifecycle with which customisable smart products can be

developed.

1.3 Research objectives

In order to solve the problems and answer the questions, research objectives were defined for this
master’s thesis. In the following the primary objective and the derived secondary objectives are de-

scribed and presented in the following Table 3.

The primary objective of this master’s thesis is to create an integrated and intelligent product lifecycle
that uses smart factory and smart product data for the development of customisable smart product
families. This includes the creation of a process map in which all processes of the product lifecycle

are visible and which also contains mechanisms for the use of smart factory and smart product data.
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Table 3: Research objectives.
Primary objective | Creation of an integrated and intelligent product lifecycle that uses smart

factory and smart product data for the development of customisable smart

product families.

Secondary objective 1 | ldentification of relevant data and information of smart factories and
smart products for the product and process engineering of smart customis-

able product families.

Secondary objective 2 | The development of an approach to use the smart factory and smart prod-

uct data in a product lifecycle.

Secondary objective 3 | Integration of the approach into a product lifecycle which has processes
that generate, store and use data and information of smart factories and
smart products for the development of customisable smart product fami-

lies.

This primary objective is divided into three secondary objectives. The first of these secondary objec-
tives is to identify relevant data and information of smart factories and smart products for the product
development of smart customisable product families. This first secondary objective is related to the
first research question. The development of an approach to use the smart factory and smart product
data in a product lifecycle is the second secondary objective and it refers to the second research ques-
tion. The third secondary objective is the integration of the approach into a product lifecycle which
has processes that generate, store and use data and information of smart factories and smart products

for the development of customisable smart product families.
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In this chapter, the scientific-theoretical positioning, the research design and the research methodol-
ogy are shown. The limitations of the research thesis are described in the following subchapter. The
outline and structure of this master’s thesis are shown in Chapter 2.4. The introductory chapters end

with a conclusion of the key aspects.

2.1 Research design

The research design forms an overall structure that is used to achieve the research objectives. Since
the research work is intended to develop a result (so-called artefact) which is to be created through a
practice-oriented research approach, this work will focus on the guiding principles of Design Science
Research. The focus relating to this is more on the contribution to results and less on the contribution
to knowledge. On the one hand, the proximity to practice can lead to higher applicability due to more
frequent validation and feedback. Still, on the other hand, this also influences the independence of

the researchers from the object of investigation (Benner-Wickner et al., 2020, p. 4).

According to (Hevner et al., 2004, pp. 82-90), design science research is based on seven guiding

principles. These include:

[u—

. Artefact design: the creation of a result/artefact.

2. Problem relevance: the artefact must solve a practice problem.

3. Design evaluation: a methodological evaluation of whether the artefact solves the problem.
4. Research contribution: a general research contribution must be made.

5. Research rigour: Design and evaluation must be methodologically correct.

6. Design as an optimisation problem: The result is incrementally developed to completion.
7. Publishability: The research contribution must be accessible to the scientific community.

Various models have been proposed in the literature to transform the guiding principles of design
science research into an applicable model. One of them is the model according to Osterle. This model
includes a four-stage cognition process with the iterative phases analysis, draft, evaluation and diffu-

sion (Benner-Wickner et al., 2020, pp. 5-8).

Due to its applicability, Osterle's model is used for this thesis. A derivation and adaptation of the

6



Stellenbosch University https://scholar.sun.ac.za

Chapter 2 - Research design and methodology

phases to the research project is shown in the following Figure 1.

017 03ﬁ OSWW

Semester 1 Semester 2 Semester 3 Semester 4

02 04~ 06™

Figure 1: Design Science Research based on (Oesterle et al., 2010, pp. 667-668).

The model starts with the analyse phase, where a basis for the research is built. In this section of the
study, the general conditions of the artefact are elaborated. This results in concrete requirements for

the artefact. At this stage, the literature is analysed, and a reference process is selected.

The next step is the draft phase, where the reference process is adapted to the research objectives, and
the artefact is systematically generated. At this stage, a draft and a solution approach for a new product

lifecycle are developed.

The applicability of the artefact of the new product lifecycle to the defined case is evaluated in the

evaluation phase. The results of the evaluation phase are used to improve the product lifecycle.

The last step is to write the results in a joint master thesis and a joint scientific paper (Oesterle et al.,

2010, pp. 667-668).

Summarising the chapter, the research design is oriented on the Design Science Research Model of
(Oesterle et al., 2010, pp. 667-668), starting with the steps “analyse”, “draft”, “evaluation”, and “dif-

fusion”.

2.2 Research methodology

In the following, the scientific-theoretical positioning and the methodology of the research work are

presented. The positioning of the standpoint on reality and knowledge acquisition is described.

Since human knowledge is fallible, the own analyses, realisations, hypotheses, and theories are re-

garded as fallible according to fallibilism.
In the context of ontology, the standpoint of realism is taken within the work. It is assumed from a

7
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reality existing independently of the recognising subject.

The acquisition of knowledge in the context of epistemology takes place within the work on the basis
of rationalism. It is thus assumed that reality gains knowledge through human reason. The knowledge
about the improvement potentials by the application of the methods compiled in the research work is

recognisable by thinking and acting.

The work is written from a normative point of view in compliance with ethical rules, and the

knowledge of other authors is used and identified accordingly.

The scientific knowledge process is based on a hypothetical-deductive research methodology. Hy-
potheses or statement systems are established for the cause-and-effect relationships of the data from
the Smart Factory and Smart Products. From this, test sets for observing phenomena are developed
(Popper, 1989, p. 7 f.). At the beginning, the problem from the research area is considered, and then
several hypotheses are made to solve the problem. In the next step, the hypotheses' validity is tested
by application examples to increase their truth content by modified hypotheses. There is a possibility
that the hypotheses are falsified. The methodology approach aims to link experience as a method and

testing authority with the deduction procedure (Topfer, 2012, p. 114).

2.2.1 Analyse phase

In the analyse phase, the subject area is examined from the ground up, and fundamental knowledge
is built. This phase is crucial to analyse the state of the art correctly and to be able to evaluate the

topic properly.

A mixed literature analysis with a focus on snowballing is conducted. The mixed literature analysis
has the advantage of identifying foundational literature as well as recent research articles. With the
analysis, relevant data and information of the Smart Factory and Smart Products for the development

of smart customisable products will be identified.

The process for the literature analysis in the analyse phase is shown in the following Figure 2:

Start literature Identification of ) Selected
relevant literature Snowballing bibliography

Figure 2: Literature analysis process.

After starting the literature review, a base of relevant literature is identified using search terms. The
search terms, as well as their synonyms, super- and subordinates and similar terms are presented in

the following Table 4.
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German and English literature published between 2010 and 2022 is considered. The search was

mainly conducted in the literature databases Google Scholar, Web of Knowledge, and in the libraries

of Reutlingen University and Stellenbosch University.

Table 4: Search terms for this research.

Smart factor* Intelligent factor®*, Industry 4.0, Cyber-physical Smart
ubiquitous factor*  made in China systems, big data, = manufacturing,
2025, production automation intelligent
2030 manufacturing
Product lifecycle Product life cycle,  Business Process Product New product
product life-cycle =~ Management engineering development,
process, product product lifecycle
development management,
process, product PLM
engineering
model, product
development,
product
engineering,
process
engineering,
production, use
phase, end-of-life
Mass Mass Smart factor*, Self Mass
customization customisation industry 4.0 customization, personalization
modularization

After a selection of literature has been made, the literature basis is evaluated, and literature is further
selected if necessary. Subsequently, snowballing starts with this basis, which is shown schematically

in the following Figure 3.

The snowballing procedure consists of a forward and backward search. In both forward and backward
searches, literature can be included in or excluded from the literature base. However, before the lit-
erature is included, it should be fully reviewed. This process is repeated until no new literature is

found (Wohlin, 2014, p. 4).

The literature analysis focuses on where challenges in product and process engineering of customis-
able smart product families occur. Cause-and-effect relationships are identified on this basis. Pro-
posed solutions based on data streams are determined for the cause-and-effect relationships. Relevant

data types are identified from this
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Also, research at state-of-the-art product lifecycles will be conducted, where factors of success and
challenges can be identified. To get an overview of which data can be used at which point in a product

lifecycle, it is essential to first identify and classify these data types.

Start literature Snowballing
search
Backward:
l Iterate: Forward:
- Look at title of
Identify a tentative 1. Lookat t'tl‘_a in the paper citing
start set of papers reference list Look at the
and evaluate the 2. Look at the place abstract of the
papers for gf reference paper citing
inclusions and End iterate Look at the place
exclusions. 3. Lookat the of the citation in
Included papers abstract of the the paper Iterate until no
enter the paper referenced Look at the full new papers are
snowballing 4, Look at the full paper citing found
procedure references paper 'y
In each step in both backward and forward
snowballing, it is possible to decide to exclude
or tentatively include a paper for further
consideration
If no new papers 'J'
are found then the Final inclusion of a paper should be done based on
snowballing | the full paper, i.e. before the paper can be included
procedure is in a new set of papers that goes into the
finished snowballing procedure

Figure 3: Schematic illustration of the snowballing procedure in a literature analysis (Wohlin, 2014, p. 4).
To get an overview of the literature and its connections, a network representation is created, which
can be seen in the following figure. The literature overview is structured by the topics “Process”,
“Cause-and-effect relationships”, “Generative Design”, “Mass Customisation”, and “Smart Factory”.
If a source also includes more than one topic, it is shown by an arrow. Additionally, the type of the

source is shown in Figure 4.
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Figure 4: Literature analysis network.

2.2.2 Draft phase

The draft and solution approach of the new product lifecycle are developed in the draft phase. The
schematic procedure is shown in the following figure. The aim of the new product lifecycle is to make
the development of smart, customisable product families more efficient based on data from smart

factories and smart products.
11
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The creation of the solution approach takes place on the one hand, through the use of reference pro-
cesses as a basis and, on the other hand through the cause-and-effect relationships methodology. In
the analysis phase, reference processes are analysed. These are sorted out in the draft phase and
merged into a single reference process. After simplifying and optimising the reference process, the

adaptation of the reference process takes place on the basis of the cause-and-effect relationships.

Draft phase
Chapter 4.2

Identification of cause-and-effect relationships

A4
Chapter 4.3

Identification of data streams and relevant data types

\4
Chapter 3 » Chapter 5

Reference process description and analysation Creation of the new product lifecycle \

Figure 5: Draft phase procedure.

The first step to adapt the reference process to the product lifecycle is to analyse product lifecycles
based on their cause-and-effect relationships. This serves to identify problems in the development,
production, use and end-of-life of smart products. Causes that are related to the problems are identi-
fied and solutions for solving the problems proposed. In the process of finding solutions, relevant
data types are identified by which the problems can be solved. This is the first research goal. When
identifying the data types, the phases in which the data is generated are also recognised. This mapping

is used to develop relevant data streams in the product lifecycle.

These data types and data streams are used for creating an approach for capturing and using data from
smart factories and smart products. The approach is used as a basis for various data sources along the
product lifecycle. The development of an approach to use the smart factory and smart product data in

a product lifecycle is the second research goal.

The integration of the approach for generating, using and analysing data into the product lifecycle is

the third research goal.

In order to use the data as efficiently as possible, technologies such as generative design are also
being considered, and solution approaches are being developed in this context. For example, genera-
tive design approaches can be created taking into account the characteristics and limitations of the
available production environment or user data. These characteristics and limitations can be, for in-
stance, the installation space, mounting in machines, production techniques, free space for tooling or

feedback from quality data.

The event-driven process chain method is used to model the product lifecycle. This is a graphical

12
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modelling language standard for describing processes.

2.2.3 Evaluation phase

The solution is evaluated in the evaluation phase. In this stage, the applicability of the product lifecy-

cle is validated by means of an experiment.

The experiment will take place with an example smart product in a smart factory that is part of an
industrial research environment. Within this phase, the subsequent generation of a smart lunchbox is

developed based on production and sensor data.

Within the scope of the experiment, product and production characteristics are compared, and an
evaluation of advantages, disadvantages in the applicability take place. With these findings further
potentials will be derived. The results of the validation give indications for further optimisations of

the product lifecycle.

2.2.4 Diffusion phase

In the diffusion phase, the results of the research are incorporated into the joint master thesis and joint
scientific paper. The joint master thesis is submitted at Stellenbosch University and Reutlingen Uni-

versity.

Knowledge and theories are built up throughout the work, which enables the preparation of the two

scientific works takes place during the whole time.

2.3 Limitations

In the following section, the limitations of the research are described. Because companies and their
processes are usually very specific and depend on the company, business, product or service individ-
ually, the developed product lifecycle is not generally applicable. This work is limited to specific

products that use the following features, which are derivations of the research problem:
* The development of modular product structures envisaged
= Focus on products with multiple generations
= Products are part of a product family
= Development of smart products

= Integration and production of products in a smart factory

13
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= Consideration of the complete lifecycle from idea to end-of-life

This study is unable to encompass the entire field of business processes. This is why the focus lies on
technical processes like product and process engineering or production and not on economic pro-

cesses like product cost calculation or marketing.

This study cannot validate the entire phases of a product lifecycle in general, but only the applicability
of an example product in certain phases of the product lifecycle. The reason for this is that a product
lifecycle is significantly longer than the time available for the master’s thesis. In addition, all activities
related to the product lifecycle are time-consuming in their entirety, which means that no quantitative

validation can be carried out.

Since CAD software from Dassault Systémes is used in the current research environment, this is also

used for the experiment.

2.4 Research study outline

The master’s thesis started with a brief introduction in the form of a description of the initial situation,
the problem, the relevance, the aims of the work and the limitations of the research. Within this Chap-

ter 2.4, also the methodology is shown.

In the following chapter, the current state of research is shown. This chapter provides a basis for
creating common definitions for the fundamental subject areas and technical terms. It includes the
results of the mixed literature analysis. It could be assigned to the analyse phase of Osterle’s design

science research.

After defining a theoretical basis, the relevant data of smart factories and the use phase for product
engineering are identified. This is done by identifying cause-and-effect relationships between all

phases of the product lifecycle. This chapter can also be assigned to Osterle’s analyse phase.

By using the research basis and the cause-and-effect relationships, a comprehensive product lifecycle
using data from smart factories and smart products is developed and explained. The final draft and
the result of the research are presented within this chapter, whereby it can be allocated to the draft

phase of Osterle.

The solution approach is validated in an industrial research environment in the following chapter to
assess the applicability of the design. The chapter corresponds with Osterle’s evaluation phase from
Osterle. Here, the validation product is described first, followed by the experiment. After applying

the validation process, the results and further optimisations are shown.
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The main findings of the research will be summarised in Chapter 7, “Summary and conclusion”.
Conclusions are drawn, and recommendations for further research are defined. The contribution to
science is shown as well as a summary of the research limitations and recommendations for further

work.

2.5 Conclusion

The introductory chapter builds the first entry into the master thesis. The area of research is outlined

in the first subchapter 1.1, “initial situation”.

Thereafter, in the subchapter 1.2 the research problem statement, the research problem and the rele-

vance were identified, and research questions were derived from them.

Based on these questions, the research objectives were defined in subchapter 1.3. The main objective
is to create an integrated and intelligent product lifecycle that uses smart factory and smart product

data to develop customisable smart product families based on generative design efficiently.

In the subchapter 2.1, “research design”, the overall structure, which is adapted from Osterle’s design

science research, is described.

Subsequently, the methodologies for conducting the research were revealed in subchapter 2.2. One
of the main methods is the mixed literature analysis with snowballing in the analysis phase. The result
of the snowballing is shown in a literature analysis network. The cause-and-effect relationships and
the event-driven process chain are the methodologies for the draft phase, and an experiment is used
in the evaluation phase. The results are documented in a joint master thesis and a joint scientific paper

in the diffusion phase.

The limitations subchapter 2.3 highlights the limitations in addressing the research topic — these range

from product properties to processes and technical properties.

In the last subchapter 2.4 the structure of the thesis is presented, which is roughly divided into the

introduction, analysis (theory), draft/solution approach and validation.
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This Chapter 3 describes the theoretical basis for the development of a product lifecycle for smart
customisable product families. This starts by describing the current developments in the industrial
environment. Industry 4.0 is placed in the overall context, and technologies are presented. In partic-
ular, but without limitation, the technologies of mass customisation and smart products, which are
the background to smart customisable product families, are also presented here. A research gap was
identified in the development of these product types. The topic of product lifecycles is then analysed.
Here, the product lifecycle is defined and classified into other business processes. Following this,
product lifecycles represented in the literature are analysed and evaluated according to criteria that

are based on the research problem.

Finally, generative design — the automation technology of construction — is presented as a possible
technology for increasing efficiency in product lifecycles. The methodology and its procedure are
explained to build a basis for the creation of cause-and-effect relationships in the following Chapter

4.

3.1 Industry 4.0 and smart factories

In this subchapter 3.1, the theoretical basis of Industry 4.0 and smart factories, as well as their tech-
nologies, are described. The subchapter 3.1 contains the description of the four industrial revolutions,
technologies of Industry 4.0, RAMI 4.0, further developments and trends, challenges, the digital twin

and data in a smart factory.

3.1.1 The four industrial revolutions

“Industry 4.0” was first introduced as the name of a future project at the Hannover Messe 2011. It is
also known by other names, such as “Industrial Internet” in the US, “Industrial Value Chain Initiative”
in Japan, or “Made in China 2025 in China (Dafflon et al., 2021, p. 2395). It is supposed to follow
the previous industrial revolution as the Fourth Industrial Revolution. Over the years, the term “in-
dustrial revolution” has continued to shape itself and can be defined as the integration of technologies

which transform how operations operate (Trotta & Garengo, 2018, p. 113).

The First Industrial Revolution started with the mechanisation of production tools (e.g., weaving
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looms) powered by steam power. Companies wanted to produce larger quantities to gain more profit.
As a result, mass production became more popular and caused the Second Industrial Revolution to

establish.

The Second Industrial Revolution was also marked by Henry Ford, the founder of the company Ford,

which developed production concepts with an assembly line, thereby increasing efficiency.

The central part of the Third Industrial Revolution was the invention of the computer. Computers

made it possible to automate workflows and processes.

(Oztemel & Gursev, 2020a, p. 128) describes Industry 4.0 as a methodology that transforms manu-
facturing from a machine dominant to a digital manufacturing process. The leading technology that
makes up this revolution is the connection of machines and objects via, for instance, cyber-physical

systems and the Internet of Things.

3.1.2 Technologies of Industry 4.0

Examples of Industry 4.0 technologies are big data, the Internet of Things, augmented reality, simu-
lation, autonomous robots, and cloud services. These technologies enable the transformation of pro-
duction systems and products into cyber-physical systems (Trotta & Garengo, 2018, p. 113). Cyber-
physical systems are “systems of collaborating computational entities which are in intensive connec-
tion with the surrounding physical world and its ongoing processes, providing and using, at the same
time, data-accessing and data-processing services available on the internet” (Monostori, 2014, pp. 9-

13).

The basic components of Industry 4.0 are defined by (Oztemel & Gursev, 2020b, p. 132), among

others, as follows:

= Cyber-physical systems (CPS): CPS are types of embedded systems that are able to integrate
into digital networks and create new system functionalities as part of the virtual environment
(Bergera et al., 2015, pp. 368-643). CPS consist of a network where objects and systems can
communicate in a virtual environment that depicts the real world through lifelike simulations.
Packed with software functionalities, CPS are able to generate input data by monitoring pro-
cesses, performance, parameters, and sensors. With these data, decisions can be made, for
example, for condition-based maintenance and autonomy. Furthermore, CPS own the oppor-
tunity for user interaction and interconnected communication. In general, there are three
stages of CPS. The first stage contains only the storage and analysis of data and identification

of the system, for example, through RFID. In the second stage, the systems are equipped with
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sensors and actuators with a limited number of functions. The third stage completes CPS by
adding multifunctional sensors and actuators, and network compatibility (Bauernhansl, 2017,

pp. 1-31; Oztemel & Gursev, 2020b, p. 141).

Cloud systems: Cloud systems are online systems for storing and processing data and infor-
mation. Cloud systems have an increased processing capacity compared to traditional sys-
tems. Anyone with permit rights can access up-to-date data that qualifies it to form the basis
for processing big data. The system and its infrastructure are more cost-effective due to their
simplicity. Data security is one of the main topics of cloud systems that must be focused on
when setting up a cloud. But in most cases, the central backup of data on an encrypted cloud
makes file storage more secure compared to traditional systems. Depending on the access
rights, a distinction is made between a public, private, hybrid and community cloud (Oztemel

& Gursev, 2020b, p. 144).

Internet of Things (IoT): The Internet of Things is the networking of virtual and cyber-
physical systems and items (e.g., smart products ranging from household items to industrial
tools). With IoT, information between CPS and items can be transmitted (Irfana Parveen et
al., 2023, p. 123). According to (Leloglu, 2017, p. 124), 10T consists of four different layers:
Perception Layer (e.g., Gateways or Sensors), Network Layer (e.g., 5G or Wi-Fi), Support
Layer (e.g., data storage and analytics) and Application Layer (e.g., user interface or apps)

(Oztemel & Gursev, 2020b, pp. 154-156).

Machine to machine (M2M): M2M means the direct communication between machines and
devices. The transmission of information can be wireless and wired. An example for M2M is
a sensor from device 1 (e.g., machine) that sends data it records to device 2 (e.g., another
machine or central computer for analysis) which can progress it (Biral et al., 2015, pp. 1-19).
The essential requirement for M2M is that the machines can communicate with each other.
This is done by creating uniform languages, communication channels and interfaces (Oztemel

& Gursev, 2020b, pp. 146-148).

Smart factory: The smart factory differs from traditional factories by using digital technolo-
gies and autonomous systems. The production organises itself and takes over the organisation
of the value-added process. It uses the data from the factory to further optimise its efficiency
and quality and to become more flexible (Oztemel & Gursev, 2020b, pp. 148-151). A smart
factory uses and combines Industry 4.0 technologies, thus making production more efficient,
transparent, safer and smarter (Strozzi et al., 2017, p. 6572). A smart factory is characterised
by a wireless network, specific technologies, a smart manufacturing process, and simulation

techniques.
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Within a smart factory, the manufacturing will be connected wirelessly through wireless in-
formation and communication networks with devices like RFID and sensors. Manufacturing
objects are tracked and traced by a Manufacturing Execution System (MES) in real time. This

system also tracks production data and malfunctions in machines.

Resources of smart factories (e.g., production facilities, robots) can be seen as autonomous
organisms with the ability to adapt to different situations like new products, defects, or other
problems.

Another characteristic of smart factories is the manufacturing process with the ability to effi-
ciently produce customised mass products (mass customisation) (Strozzi et al., 2017, pp.
6581-6585).

The simulation of manufacturing processes is realised by digital twins, machine learning and

artificial intelligence.

Big data and data mining: One of the main components of Industry 4.0 is data. Data is one
of the most valuable things in the modern world, which is generated by nearly every digital
process. Therefore, the modern world has access to a huge amount of data. With data mining,
meaningful conclusions can be drawn from the mass of data. A factory in which data is ac-
tively collected, analysed, and used is also called a data fabric. Gartner, known for its ‘hype
cycle’ in the industry, even rates the data fabric as one of the top 12 strategic technology
trends that will shape the digital business field's future (Groombridge, 2022, p. 4). The data
mining technology includes tools for generating, collecting, and analysing data from multiple
sources. If the data is processed and used correctly, processes can be improved at an early
stage. There is a growing trend towards developing tools that autonomously perform data

analysis without human assistance (Oztemel & Gursev, 2020b, pp. 153-154).

Enterprise resource planning (ERP) and business intelligence: ERP is a system for plan-
ning resource demands for a foreseeable period. The system is includes data and information
from different areas of the company to best plan ahead for resource demand. Also, with ERP,
real-time data is analysed, and information access and transparency are increased. With busi-
ness intelligence, a company's data is analysed and illustrated to get a basis for decision-mak-

ing (Cabrera-Rojas et al., 2023, p. 468; Oztemel & Gursev, 2020b, pp. 156-159).

Augmented reality (AR) and simulation: The term “augmented reality” has a large number
of definitions in the literature. The reason for this is the various possible applications of this
technology. Augmented Reality is the interface between the digital and the real world. The
real existing world is expanded by additional digital information, elements and animations. In

(AR), digital graphic components are overlaid with the real world. From a technical point of
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view, Azuma defines AR as a combination of virtual and real environments with partial over-
lay: “AR is about augmenting the real world environment with virtual information by improv-
ing people’s senses and skills. AR mixes three-dimensional virtual characters with the actual

world in real time” (Azuma, 1997, p. 2).

Milgram and Kishino sort the different realities shown in Figure 6 by having the real environ-
ment on one side and the virtual environment on the other. The area in between is called mixed
reality and ranges from augmented reality to augmented virtuality (Milgram & Kishino, 1994,

p. 1321).

| Mixed reality |

Real Augmented Augmented Virtual
environment reality virtuality environment

Figure 6: Milgram's Reality-Virtuality Diagram (Milgram & Kishino, 1994, p. 1321).

The technologies around AR are applied in various ways with regard to Industry 4.0. For
example, augmented virtuality is used for product and production planning. Products or the
entire production system are simulated in such a way that, with AR glasses, it feels as if one
is currently in reality. This enables it to evaluate dimensions and measurements much better
than drawings. A use case, for instance, is preventing errors that could be seen in advance.
Another application of AR is the display of information for production employees. The appli-
cation can be used for training, quality control, logistics, maintenance, remote assistance, and
many other areas. The advantage is that information can be displayed in relation to objects,
reducing the potential for errors, and that the hands are free physically when using AR glasses

(Oztemel & Gursev, 2020b, pp. 151-152).

Virtual manufacturing (VM): Initial VM developments included designing and testing pro-
duction equipment and machines. This was expanded over time so as to be able to test pro-
cesses and products. Nowadays, VM offers a suitable possibility to fully develop and test
entire production facilities. VM can be used to model production facilities and thus to also
test the manufacturability of products in virtual environments (Oztemel & Gursev, 2020b, pp.

159-160).

Intelligent robotics: Robots are continuously being further developed and can thus be used
in additional applications. The computing power of controllers is increasing, which means
that artificial intelligence can be used. An example of this is to increases the quality, efficiency
and effectiveness of automation tasks. Furthermore, robots can use artificial intelligence in

conjunction with sensor technology to recognise components and determine components'
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positions. This also facilitates machine-human interaction and reduces the risk of human error.
Not only has the control of robots improved in recent years, the manipulators, sensors and the
shape of the robots have also been further developed. For example, there are lightweight ro-

bots and autonomous mobile robots (Khorasani et al., 2022, p. 1469).

3.1.3 RAMI4.0

RAMI 4.0 is a reference architecture model for Industry 4.0. It is intended to provide an overview of
the essential building blocks of Industry 4.0. It thus creates a common understanding of standards,
norms and Industry 4.0 technologies. The model has a three-dimensional structure. One of the three
axes is the "Hierarchy Levels" axis. This represents the different hierarchy levels for factories and
plants from the IEC 62264 standard, which forms standards for the integration of company IT and
control systems. The lifecycle of products and plants is mapped on the "Life Cycle & Value Stream”
axis. The "Layers" axis describes the IT representation of a machine in layers (Hankel & Rexroth,

2015, pp. 1-2).

3.1.4 Further developments and trends

Industry 4.0 technologies have already brought about many improvements in companies in recent
years. The improvements range from increased efficiency to mass customisation, which is intended
to enable the mass production of customisable products at mass prices. Now that the first technologies
have been developed and tested, the following trends are emerging for the future (Lu, 2021, pp. 14-
15):

= Standards: When the term Industry 4.0 was created and the first technologies started to be
developed, isolated solutions were created that were not based on almost any standard. Com-
panies also exploit this lack of standards in order to be able to sell all of their products. To be
able to use different systems, machines, sensors and other Industry 4.0 components together
and to achieve the most significant possible benefit, initiatives are now being created to stand-

ardise Industry 4.0 technologies.

= Al-relevant process and system improvement & management: Data processing and eval-
uation play a significant role in Industry 4.0. For example, sensors, ERPs and production sys-
tems allow a large amount of data to be collected, but often no computer-generated conclu-
sions can be drawn from it. If comprehensive standards allow data to be collected from the

entire production system, then artificial intelligence can be used to monitor the parameters
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and continuously improve the system holistically.

The cooperation of humans and robots: Whereas robots had to be hidden behind protective
fences in the past, they can now work together with humans if they are equipped with the
necessary sensor technology and certification for this purpose. This is made possible by new
types of force sensors and protective skins that recognise humans. Through the cooperation
of man and machine, manufacturing processes and quality can be optimised, and ergonomics
improved. A distinction is made between different degrees of interaction, ranging from coex-

istence, synchronised, cooperating and collaborating (Bauer et al., 2016, p. 9).

5G: To be able to use data-sending devices everywhere, wireless technologies are required.
With 5G, a standard for networks and network functions has emerged that can also be used
for Industry 4.0 technologies. With 5G, a fast, real-time, mobile, and secure 10T can be im-

plemented, accelerating companies' digital transformation (Lu, 2021, p. 15).

3.1.5 Challenges

Challenges for Industry 4.0 are issues in security, educational, interoperability, Digital Twins, infra-

structures, human-machine cooperation and ethical aspects.

Security: Through networked devices, data storage in a cloud and remote maintenance, there
are many possible risks for cyberattacks. Until now, it was not possible to access production
equipment outside the factory premises, but now it is possible to access the machines from
anywhere in the world. In the event of a cyberattack, production facilities can fail for an ex-
tended time, resulting in high costs and even endangering human lives through remote control.
This means that machine manufacturers need to have the competencies to plan and implement
strategies for the cybersecurity of machines and systems. An active risk management to avoid
cyberattacks is proposed by (Hajda et al., 2021, pp. 3-7). (Ferencz et al., 2021, p. 245) pro-
poses to bundling these competencies in a Security Office Centre (SOC) and creating a re-
sponsible department that monitors the security of the devices, centrally managing corporate
security and able to react to threats in real-time. The main tasks of the SOC are to integrate
smart devices into the industrial system, manage a platform for security information and event
management, identify and control vulnerabilities in the system, and perform preventive steps

to minimise the vulnerability (Ferencz et al., 2021, pp. 245-247).

Education/Training: To successfully implement Industry 4.0 technologies, companies need
competent personnel (Karadayi-Usta, 2020, pp. 973-978). The required skills are currently in
great demand which results in difficulties for companies to find suitable employees. Many of
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these job types (e.g., big data analyst) did not even exist ten years ago (Leopold et al., 2018).
For this reason, companies need to provide training to enable their employees to learn new

necessary skills (Leitdo et al., 2020, pp. 304-305).

Interoperability: As described in section 3.1.4, “Further developments and trends”, the
standardisation of machines, interfaces and networks is a trend and currently a challenge for
companies. In order to successfully use Industry 4.0 technologies, all devices and systems

must be able to interoperate and communicate with each other (Leitdo et al., 2020, pp. 305-

306).

Digital Twins: The most significant challenges of digital twins technology are based on the
previous challenges. These challenges include the use and correct analysis of big data, as well
as the creation of the necessary infrastructure for digital twins. This infrastructure makes the
successful and realistic simulation of products and production facilities possible in the first
place. To use the data, systems must be standardised, and a cyber security concept must be in

place to prevent the loss of secret company information (Leitdo et al., 2020, p. 306).

Processing and communication infrastructures: For the success of Industry 4.0, a high-
performance infrastructure is necessary, via which data can be communicated and used. This
also includes data centres for storing and processing these data packets (Leitdo et al., 2020,

pp. 306-307).

Human-machine cooperation: Humans have the most flexible role in a smart factory. There-
fore, collaboration between automated robots and humans is an important task. The correct
use of human capacities in cooperation with machines is a challenge. A distinction is made
between using humans as human-in-the-loop (HitL) or human-in-the-mesh (HitM). With
HitL, the human is directly involved in the production process (e.g., quality control). With
HitM, the human is used as a production planner. Especially when engaged as HitL, human

safety is a challenge (Leitao et al., 2020, p. 307).

Ethical aspects: As the shift to Industry 4.0 changes people's working conditions, many eth-
ical questions need to be answered. For example, automation is replacing jobs, and Big Data
and sensors can be used to monitor the performance of individual employees. Industry 4.0
will create areas where employees are needed and others where employees are replaced by
robots. Including the individual human being in this workforce, transformation is an important
task that will have a significant impact on the success of Industry 4.0 (Leitdo et al., 2020, pp.
307-308).
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3.1.6 Digital Twin

Depending on the focus of the research, there are different definitions of Digital Twins. A general
definition is that the Digital Twins consists of an intelligent combination of a unique instance of a
universal digital template model and the individual digital shadow (Stark, 2017, p. 1). A Digital Twin
is a coupled virtual representation of physical assets, which makes the data provided by the physical
object useful for several use cases. The Digital Twin virtually represents products, processes and the
whole production system. Another definition of the term “Digital Twin” is given by (Kunath &
Winkler, 2018, pp. 225-231): “The Digital Twin of a physical object [is] the sum of all logically

related data, i.e. engineering data and operational data, represented by a semantic data model.”

Digital twins support, on the one hand, the development, and, on the other hand, the use of a product
through simulation. In addition, another area of application has also been seen during recent years in
product lifecycle management. This means that digital twins can be used in all phases of a product
lifecycle within the areas of the product concept, design, development, production, transport, sales,

commissioning, after-sales, and recycling (Klostermeier et al., 2020, p. 4).

3.2 Smart customisable product families

The development of smart customisable product families is part of the research goals. Therefore,
smart products, mass customisation and customisable product families are described in this section

3.2.

3.2.1 Smart products

Generally, a smart product has most of the following features: It has a unique identity, it communi-
cates with the environment, it stores data relating to itself or the environment, it uses a language to
represent properties (e.g., production requirements), and it has a (partially) autonomous decision-

making function (Raff et al., 2020, p. 385; Wong et al., 2002, p. 7).

Smart objects can be classified into different classes based on their software and hardware capabili-

ties. The classification based on (Raff et al., 2020, p. 392) is shown in the following Figure 7.
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Figure 7: Framework of Smart Product Archetypes (Raff et al., 2020, p. 392).

Starting with the "(0) Analogue" class, additional properties are added at each stage.

The first class after analogue products are digital products. These are characterised by the fact that
they have basic hardware and software for basic operation. They are equipped with IT, have a storage

space, can use, and analyse data and provide and transmit data.

The second class, "(2) Connected", is characterised by the fact that it also has connectors. It also has
a unique identification, can interact in the network, connect, and communicate with other devices,

and exchange data and information.

In the third class, "(3) Responsive", the products are equipped with sensors and actuators. This ena-
bles the products to react to circumstances and act automatically. Furthermore, they have predefined

programmes to sense and respond.

In the fourth and final class, "(4) Intelligent", the products have the ability to learn and improve with
the help of artificial intelligence. They can draw conclusions from situations and react to them. The

products are autonomous and can manage themselves proactively (Raff et al., 2020, pp. 391-397).

For this research, the product has to be at least in the third stage. This is because the product has to

be connected to the network to send sensor data during production and use.
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3.2.2 Mass customisation & customisable product families

Mass customisation means the automated manufacturing of bespoke products (Kull, 2015, p. 1). The
term was first defined by (Pine, 1993a, p. 47) saying that mass customisation is the “development,
production, marketing and delivering of affordable goods and services with enough variety and cus-
tomisation that nearly everyone finds exactly what they want”. The intention is to build individual
products with lot size one on a large scale at costs of mass products (Thomassen & Alfnes, 2017, p.
27). It differs from mass production in the aspect that the mass products can be customised. Moreover,
mass customisation differs from mass configuration due to the fact that in configuration there is a set
of solutions in advance, which the customer can choose from, whereas in customisation, the number
of possible solutions is unlimited. In order to implement mass customisation, fundamental changes
in the company are necessary. These concern business processes in development, production, sales,

and after-sales processes.

For mass customisation a combination of technologies from digital manufacturing and smart factories
is necessary. The concept offers new business models with the individualisation of products and cus-

tomers receive an individualised product, which corresponds exactly to their needs.

The requirements for mass customisation can be viewed from two sides. Looking at the internal view
of the company, mass customisation capabilities need to be built. These include, for example, the
development of components in solution spaces, robust process design and selection navigation. Look-
ing at the external view of the company, the basic requirements can be divided into technological
progress and market demand. For example, new production and development technologies, as well
as automation, play a major role in technological progress. Regarding market demand, as mentioned
in the section 1.2 “Research problem statement and questions”, an increased demand for individuali-

sation of products can be observed (Wabia et al., 2020, p. 163).

The types of mass customisation can be sorted into different categories. (Gilmore & Pine, 1997, pp.
1-8) have fundamentally classified the sales types of mass customisation based on the change of the

product and its representation. The four approaches are shown in the following Figure 8.

When the product and its representation change, the customisation can be classified as collaborative
customisers. The company enters into dialogue with its customers in order to design exactly the right
product. This approach is relevant for customers who need a lot of consultation when creating the
product. In the case of adaptive customisers, a standard product is set as the basis, which the custom-
ers can subsequently configure themselves. With cosmetic customisers, a standard product is pre-
sented differently to customers but can be used in the same way. Transparent customisers sell the
customer an individual product without the customer knowing that it is tailor-made for her or him

(Gilmore & Pine, 1997, pp. 1-8).
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However, often in some instances not only one approach fits, but a mixture of different approaches

1s useful.

change Transparent Collaborative

Product

no chonge

 —
no change chonge

Representation

Figure 8: The four approaches to customisation (Gilmore & Pine,
1997, pp. 1-8).

According to (Hu, 2013, pp. 3-8), a large variety of products can only be implemented if the produc-

tion system is reconfigurable and the product is based on a product family architecture.

In customisable product families, a range of products is derived from a standard product platform to

meet different market applications (Gauss et al., 2021, p. 256; Meyer & Lehnerd, 1997).

The main characteristics of product families are that the products can be customised while having a
uniform basis. Thus, the product is a variant of the product family. The product is defined on the basis
of the parameters of its product family and the product family description. The difference from con-
ventional products, however, is that the focus of the product definition should be the individual cus-
tomer specification. Another characteristic of product families is that there are complex internal rela-
tionships between the generations in the development of a subsequent generation. This is the case
because there is a much larger solution space for the products (Pan et al., 2014, p. 869). According to

(Shao et al., 2012, pp. 2612-2614), the end of product families cannot be predicted.

It requires an advanced information and data management system as product families play an im-
portant role in mass customisation, and interrelationships become more complicated due to the inter-
faces in and between individualised products and the product family. Because information is hetero-
geneous and depends on the generation and variant of a product, it is complicated and time-consuming

to make it analysable and usable as a whole for all phases of the product lifecycle. However, to
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improve product properties and the efficiency and effectiveness of processes around the product fam-
ilies, it is imperative to use the data and information from the entire lifecycle (Huang et al., 2007; Pan

etal., 2014, pp. 869-870).

3.3 Product lifecycles

In this subchapter the terms product lifecycle and product lifecycle management are defined. After-
wards, the main phases of product lifecycles are described. In the following sections product lifecy-
cles are classified and differentiated from other business processes. Then the lifecycle design is char-
acterised. After building this basis requirements for reference processes are defined, and reference

processes are presented and evaluated.

3.3.1 Definition of product lifecycle

The product lifecycle refers to the phases a product goes through in its lifespan, and it is the subject
of product lifecycle management (Stark, 2022, pp. 1-32). The definition and the main phases are
described in this section. Furthermore, a differentiation is made from other business processes and

the lifecycle from marketing point of view. The final part describes the lifecycle design.

3.3.1.1 What is the Product Lifecycle?

The lifecycle of a product ranges from the initial product idea, through conception, development,
production and use, to the point at which the product becomes unusable and is disposed of (Stark,
2022, pp. 1-32). Other sources declare that the start of a product lifecycle is marked by the recording
of customer requirements and the end is reached when the product is disposed of (Pan et al., 2014,

pp. 869-886).

3.3.1.2 Product Lifecycle Management

In product lifecycle management, the entire lifecycle of a product is managed (Duda et al., 2022, pp.
171-185). The product lifecycle management is increasingly influenced by smart products and smart

factories due to new possibilities with data analysis (Zhang et al., 2019, p. 6758).
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3.3.1.3 Main phases of product lifecycles

There are different definitions for the main phases of a product lifecycle. Consistently, these always
include the phases beginning of life, middle of life and end of life. (Stark, 2011, pp. 1-2) defines the

main phases of a lifecycle as shown in the following Figure 9.

Beginning of Life Middle of Life End of Life
Imag- | Define | Realise | Support/Maintain/Use Retire/Dispose
ine

Figure 9: The five phases of product lifecycles and BoL, MoL and EoL based on (Stark, 2011, p. 2).

In his theory, product lifecycles have five phases. It begins with the imagine phase, in which an idea
is generated. This is followed by the define phase, in which the idea is defined and linked to objec-
tives. Afterwards, the realisation of the idea in the realise phase takes place. Once the idea has been
realised, the utilisation, maintenance and support phase follow. The retire/disposal phase builds the

end of a product lifecycle when the product becomes unusable.

(Ding et al., 2022, pp. 1641-1642) define the product lifecycle as shown in the following Figure 10.
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Product manufacturing stage

Product life cycle }

Figure 10: Product Lifecycle (Ding et al., 2022, p. 1642).

According to (Ding et al., 2022, pp. 1641-1642), the product lifecycle starts with product design, in
which, among other things, the product, the assembly and the structure are designed, and parameters
are defined and simulated. Within this phase, the design department essentially assumes the leading
function. After the product design has been created, the process design follows. This is essentially the
plan of how the product will be manufactured. This includes work steps, process plans, bill of mate-
rials (BOM) and tool production. Product design and process design are the superordinate product
design stages. The third phase is manufacturing assembly. This includes all the tasks for manufactur-

ing and assembling the product, as well as its distribution and quality documents. The product
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manufacturing phase is superior to the product design phase and the manufacturing assembly. The
final phase is operation and maintenance. This includes, among others, the product's delivery, use,

maintenance and disposal.

In the context of this work, the product lifecycle is divided into six main phases, namely; (1) pre-
development, (2) product engineering, (3) process engineering, (4) production, (5) use and (6) end-
of-life:

1. Pre-development includes product and project definition, product strategy and the definition
of organisational roles (Khurana & Rosenthal, 1998, p. 61). These activities can be realised
according to (Costa & Toledo, 2016, p. 715) with the phases opportunity identification, op-
portunity selection, idea generation, idea selection, concept development, concept selection

and project planning.

2. Product engineering includes the design of the product in terms of assembly design, structure

design, construction and much more (Ding et al., 2022, pp. 1641-1642).

3. Inprocess engineering, the manufacturing process is planned, and production plans are drawn

up. In addition, tools are manufactured (Ding et al., 2022, pp. 1641-1642).

4. In the production phase, the product is manufactured and assembled. In addition, the quality

of the product is checked before delivery to the customer (Ding et al., 2022, pp. 1641-1642).

5. In the use phase, the product is delivered to the customer and users. In the process, it is also

maintained and repaired (Ding et al., 2022, pp. 1641-1642).

6. In the end-of-life phase, the end of the product is reached. It can then either be restored, recy-
cled or disposed of (Stark, 2011, pp. 1-2).

3.3.1.4 Classification and differentiation from other business processes

A product is not created by one step but by many small steps of a product engineering process. The
product idea, which emerges from the market, is developed into a product ready for production with
the product engineering process, which is divided into many different processes. These processes are
generally similar but differ in detail between companies and product types. Processes consist of sev-
eral working steps (Feldhusen & Grote, 2013b, p. 11). The product engineering process is often as-
sociated with the product lifecycle. To make the differences visible, the two processes are compared

below.

A product engineering process describes a predefined methodology to control and manage product

development activities. It includes the complete realisation cycle of a product from the idea through
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the various development stages to the marketable product (Raff et al., 2020, p. 385; Wong et al., 2002,
p. 7). According to (Browning et al., 2006, p. 114), “product development is an endeavour process of
multifunctional activities between defining a technology or market opportunity and starting produc-
tion” (Albers et al., 2016, p. 2). According to (Albers et al., 2016, p. 2), product engineering includes
not only product development, but also the development of the production system and processes and
other activities throughout the product lifecycle that influence product development (e.g., sales and
disposal). In order to break down a problem, to develop solutions in parallel depending on expertise,

and bring them together to form an overall solution, higher-level coordination of tasks is necessary.

In the following Figure 11, the product engineering process is compared with the product lifecycle.

Product Lifecycle

Product Engineering Process

Product Process Ressource .

Figure 11: Product Engineering Process and Product Lifecycle comparison based on (Hauf3mann, 2012, p. 2).

The product engineering process ends when the product is marketable. This is illustrated in Figure 11
from the phases highlighted in blue. In addition, the product lifecycle includes the phases of market-

ing the product, use, after-sales, and disposal of the product.

3.3.1.5 Distinction from the product lifecycle in the marketing field

From a marketing point of view, a product also has a limited lifespan and goes through different
stages during this time. According to this marketing perspective, it is divided into four stages, and
each stage presents a different challenge to which the marketing mix responds. The four stages are
launch, growth, maturity and decline (Steinhardt, 2010, p. 80). The product lifecycle model and its

stages are shown in the following Figure 12 with time on the horizontal axis.
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Figure 12: Product lifecycle model stages in business administration (Steinhardt, 2010, p. 80).
Significant differences can be seen if one compares the product lifecycle as a business administration
model with the phase model from the creation to the disposal of products. The product lifecycle as a
business administration model only considers the period in which the product is sold, i.e., from market
launch to end of sale. The product lifecycle as a phase model, however, also includes the previous
and subsequent phases and thus covers a much more extended period of time. It has more technical

topics such as the development of products and their disposal.

3.3.1.6 Lifecycle Design

Lifecycle design is when the product is developed based on requirements imposed by all phases of
the product lifecycle. These requirements can be, among others, technical, economical, and environ-
mental. The aim is to create products that perform well in every phase of the product lifecycle and
not only in the production and use phase. The focus in lifecycle design often lies more on the end-of-

life strategies than in other phases (Niemann & Pisla, 2021, p. 20).

3.3.2 Requirements for the reference process

As described in Section 1.2 “Research problem statement and questions”, there is a need to create a
comprehensive product lifecycle for the development and production of customisable smart product

families with different variants.
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The requirements for the comprehensive product lifecycle are derived from the input and output fac-

tors of the product lifecycle, which are presented in the following Figure 13.

Rk Product lifecycle: Output:

Customer requirements, data
from smart factories, use
data from smart products

High degree of automation in Smart customisable product
using data families

Figure 13: Input and output factors of the comprehensive product lifecycle.

To find a suitable reference process for the research problem, requirements for the reference process
must be defined first. The reference process is intended to provide a basis framework of current prod-
uct lifecycles used in the industry. With the help of the knowledge gained from the reference pro-
cesses a comprehensive product lifecycle should be defined. It will be based on a combination of the

reference processes with further optimisations.

Since the focus is on optimising the development of products, product engineering processes, which
can be used as part of the product lifecycle, were mainly collected and analysed from the literature.
The focus is on engineering, as product requirements from previous product variants and generations
are incorporated into the design and definition of new products, and the development of smart cus-

tomisable product families is the core of the research problem.

In order to address the research problem as accurately as possible, the following requirements are set

as criteria to evaluate the reference processes:

= The product lifecycle should take into account the development of modular product structures

or product families.

= The processes of the product lifecycle should not be designed for products with only one
generation, but for products with several generations. This is to be considered as over 80 %

of the products are offered in generations (Albers et al., 2014, p. 2).

= The product lifecycle takes into account the comprehensive development of an individualisa-

ble product family or smart products with their external and internal diversity.

= The smart products are produced in a smart factory and have at least the smart product arche-

type class three (responsive).
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The defined requirements are not expected to be fully met by any product lifecycle. However, they
are used to search for processes with a focus on these requirements. As a result, the next step is to
describe different product lifecycles and development processes and to check which requirements
they fulfil. Based on the evaluation, the reference processes that fulfil the most requirements are se-

lected.

3.3.3 Reference processes

There are many concepts for product lifecycles and engineering processes in the literature. How a
product lifecycle or product engineering process is laid out often depends on the product and the
industry. Products with highly complex electronics need to be developed differently than products
with simple mechanics. Therefore, a wide range of product lifecycles and engineering processes exist.
Most of the processes in the literature are for developing only one product generation without any
variants. This addresses only indirectly the challenges that arise in the development of intelligent
product families. In addition, the literature rarely describes methods for using data from production.
This section aims to get an overview of the most common product lifecycles and product engineering

processes and how to use them for research.

3.3.3.1 VDI 2221: Methodology for Developing and Designing Technical Systems and Prod-

ucts

VDI 2221 is a basic process description of the Association of German Engineers (VDI). The proce-

dure is divided into seven steps as shown in the following Figure 14.

The first step of this procedure is to clarify and specify the development tasks. After that, functions
and their structures are to be determined. Based on that, solution principles, and their structure are
sought. These solution principles are structured in the next steps in realisable modules. Those ele-
mentary modules are designed afterwards. Whilst having separate modules, they are combined into
the complete product. As the last step, the execution and use information is worked out (Krause &

Gebhardt, 2018, pp. 245-247).

The described procedure can be used as a general procedure for practice. Nevertheless, it is only
suitable for products without modular product structures and with one generation and no variants.
Moreover, it is also not suitable for complex and smart products. It also offers only rough develop-
ment steps and no exact processes. Furthermore, it is not designed to develop products that are pro-

duced in a smart factory.Based on this, VDI 2221 cannot be used as the primary reference process.
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Only the basic process steps in the construction phase can be used as input.

Stages Results Phases
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Figure 14: Systematic approach to the development and design of technical systems and products VDI 2221 (Jinsch &
Birkhofer, 2006, p. 49).

Tl

3.3.3.2 Integrated Product engineering Model (iPeM)

The integrated Product engineering Model (iPeM) is a generic meta-model that was first introduced
by (Albert & Mirko, 2007, pp. 1-9) with the integrated product development process management
model that was based on systems engineering and systematic problem-solving. Since then, it has been
continuously developed through application and feedback from research and practice. It builds on the

main steps of VDI 2221 (Albers et al., 2016, p. 1). The model is shown in Figure 15.

This model has better usability through a phase model and a designation of a system of objectives, a
system of resources and an operation system. The interaction of these three systems is called system

triple of product engineering by (Ropohl, 1975).

In the system of objectives, all requirements and objectives of the product are specified. These also
include dependencies, interrelationships, and boundary conditions. To ensure that the target system
applies entirely to the product at the end of a development process, there is the system of operation,
which lists the activities, methods and processes necessary to achieve the target. A distinction is made
between micro (repetitive activities) and macro activities (areas of product development). (Albers et
al., 2016, pp. 2-3)
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Figure 15: Integrated Product engineering Model (Krause & Gebhardt, 2018, pp. 247-248).

phase model

system of objectives
system of resources
system of objects

The SPALTEN (German for "to split") problem-solving process is used to deal with the micro activ-
ities. Each letter of SPALTEN stands for an activity to be carried out in the order of the letters. In the
beginning, the situation is analysed (S), then the problem contained (P), and finally, alternative solu-
tions are sought (A). From these solutions, promising ones are selected (L), the consequences are
analysed (T), and a solution is decided on and implemented (E). In the last step, an overall evaluation

and lessons learned are formulated (N) (Albers et al., 2005, pp. 3-7).

Macro activities include project planning and controlling, profile detection, idea detection, modelling
a principle solution and embodiment, validation, production system development, production, market
launch, utilisation analysis, and disposal analysis. The timing of the activities is presented in a phase

model (Albers & Braun, 2011, pp. 6-25).

In order to be able to map the development of generations as well as other business and project areas,
the iPeM was revised in 2016 on the basis of empirical studies and literature analysis. It is shown in
the following Figure 16. In the process, the fundamentals of the model stayed the same, but the ac-

tivities in the operation system were adjusted, and the model was mirrored on several layers.

The activities in the operation system are quantitative expanded and restructured in the cluster “prod-
uct engineering activities” and “basic activities”. In the second adaptation, the approaches for gener-
ation development and different perspectives of product engineering are represented in layers. Each
layer has exactly the same structure, but the activities can be shifted in the phase model. Each product
generation and each perspective (product strategy, production system and validation system) form its
own layer. The "Product" layer forms the first layer and contains the activities for the development
of the product itself. Additional layers can be added per product to represent a further generation. The
layer "Validation system" contains all activities necessary for the development of the validation
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environment. The layer "Production System" develops the production system for manufacturing the
product. The "Strategy" layer deals with all business activities that ensure the long-term success of

the company (Albers et al., 2016, pp. 4-5).
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Figure 16: The integrated Product engineering Model (iPeM) in the context of product generation engineering (Albers
etal, 2016, p. 5).

As with VDI 2221, iPeM does not consider the simultaneous development of multiple variants in a
product family. However, this model considers the development of product generations, which allows
modular product structures to be created for product variants. In addition, iPeM shows a way to de-
velop smart production systems and embeds these development steps as a fixed layer. In this model,
it is assumed that products are based on reference products and that new development never occurs

due to existing production systems and employee knowledge (Krause & Gebhardt, 2018, pp. 247-
248).

The iPeM can be used as a general procedure for practice with a proposal for the chronological ap-
plication of the processes. It has better applicability through a phase model and application of objects,
operations and resource systems. It is possible to model the entire company processes comprehen-
sively. "SPALTEN" is a helpful method toolbox for micro activities. However, the iPeM only illus-

trates rough steps and, with the multiple layers, it is a complicated application.
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3.3.3.3 VDI 2206: V-Model for development of mechatronic systems

The V-Model for the development of mechatronic systems is based on the V-Model of the software
industry and adapted in VDI 2206. It describes the macrocycle of the development of mechatronic
systems and generally needs to be executed several times to get a complete product. The different

steps are shown in the following Figure 17.

requirements

product

assurance of properties

4
<

A

domain-specific design
) mechanical engineering
) electrical engineering

> information technology

modeling and model analysis

Figure 17: VDI 2206: V-Model for development of mechatronic systems (Vahid & Wang, 2017, p. 16).

In the first step, the overall requirements are broken down into sub-functions as well as their assign-
ment of solution elements. Those solutions will be concretised within the subject area (mechanical
engineering, electrical engineering, and information technology). In the last phase of the V-Model,

those specific solutions are combined in the system integration phase.

The V-Model gives an excellent basis for developing smart and customisable products with a module
platform due to the division of subject areas. However, the development of multiple generations is
not considered. There is also a risk of failure when different developing areas do not work together
due to the separation of system responsibilities. However, the VDI 2206 does not consider the devel-
opment of a production system, but this is considered by various adapted V-models. An adapted V-
model that takes integration into production and assembly into account during system integration is

shown in the following Figure 18 (Krause & Gebhardt, 2018, pp. 248-249).
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Figure 18: V-Model in the context of CPS (Biffl et al., 2017, p. 38).

3.3.3.4 Model of architecting steps

The model of architecting steps is tailored to develop products with variants and modules. The Model

of architecting Steps is a generic procedure model that defines steps for the development of those

products. The different steps are shown in the following Figure 19.
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Figure 19: Model of Architecting Steps (Otto et al., 2016, p. 30).

Although the model is developed with the help of literature and companies, the lack of main devel-

opment steps makes it difficult to apply in practice. Nevertheless, the model shows the overarching

activities for developing modular product structures in all development phases, but does not address

the development of smart products (Krause & Gebhardt, 2018, p. 249; Otto et al., 2016, p. 30).
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3.3.3.5 Process for Production Planning

The production planning process according to (ProSTEP, 2010, pp. 4-14) is part of the overall product
creation process. It is shown in the following Figure 20. It begins with the release of the product idea,
followed by the concept development also starts. The production planning process is divided into
preliminary planning (concept planning, rough planning and detailed planning) and series planning.
In the first activity of production planning, the product specifications and predecessor products serve
as a basis. The first work plan and production parts list are created as soon as the first product-defining
data are available. The routing and the bill of materials form the preconditions at the start of produc-
tion (SOP). The production planning process ends when the product is discontinued and the end of

production (EOP) is reached (ProSTEP, 2010, pp. 9-10).
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Figure 20: Production planning process (PPP) (Macke et al., 2012, p. 540).

The production planning process considers processes related to production which makes it only usa-
ble as an add-on to the reference processes. It contributes to a consistent understanding of phases and
processes in the product planning process as well as the definition of interfaces and milestones. It
gives a basis for a rapid implementation of products and process changes and for defining own com-
pany-specific planning processes. However, it only has a rough structure and does not consider smart

modular product families with multiple generations.
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3.3.3.6 Product Engineering Process by Feldhusen & Grote

According to (Feldhusen & Grote, 2013a, pp. 22-23), a product development process ranges from the
planning to the manufacturing of a product. In between are the steps of development, concept devel-
opment, concept design, design, and documentation. The procedure is shown in the following Figure

21.

In development, solutions are worked out, evaluated, and selected. In the next step, concept develop-
ment defines the preliminary product architecture, functional scope, costs, and interfaces between
different technical disciplines. This is followed by concept design, in which the product structure,
main parameters of the main assemblies (e.g., design, installation space or weight) and the service
and production concept are created. After that follows the design phase, in which the main assemblies
are divided into components and these, including their interfaces, are then designed. When these steps
have been completed, the associated processes are documented. In addition, parallel processes are
running that include project, quality, risk and change management, as well as norming, procurement

and production planning (Feldhusen & Grote, 2013a, pp. 22-23).

Project management

PEP (Product engineering process)
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Figure 21: Product Engineering Process by (Feldhusen & Grote, 2013a, p. 23).

(Feldhusen & Grote, 2013a) also consider the development of products with multiple generations,
variants and product families, but it is not their main focus. A detailed description of processes is also
given. However, no consideration of smart products and smart factories is done. In addition, only the
product development process up to manufacturing is considered, not the use and the end-of-life

phases.
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3.3.3.7 Product Lifecycle by Niemann & Pisla

Niemann and Pisla describe in their work published in 2021 that a product lifecycle consists of three
phases the "design phase", "usage phase", and the "end-of-life phase". The design phase describes
activities from conception to production and installation. The usage phase includes the products' op-
eration and maintenance, and the end-of-life phase includes product updates, recycling and disposal

(Niemann & Pisla, 2021, p. 11).

In the design phase, Niemann and Pisla use the general four-phase problem-solving circle approach
and the procedure model according to VDI 2221. The four phases include the analysis of the problem
and situation (I); the formulation of the problem and goal (II); the synthesis of the systems (III); and
the evaluation and decision of the solution (IV). The four phases are transferred to the procedure

model of VDI 2221 and are shown in the following Figure 22.

Phases Work sections Work results
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Figure 22: Design phase model (Herrmann, 2010; Niemann & Pisla, 2021, p. 18, VDI, 1993).

From the company's point of view, the main component in the use phase is maintenance. This consists
of service, curative maintenance, corrective maintenance and improving the maintainability of the

product.

The end-of-life phase consists of recycling and disposal. Four strategies are proposed for this, which
are shown in the following Figure 23. In the direct reuse strategy, products are returned directly to
the use phase and reused for the same application for which they were originally intended. In the
remanufacturing strategy, used products are refurbished through manufacturing processes (e.g., repair
or cleaning). In the recycling strategy, products are broken down into their raw materials in order to
be reused in a new lifecycle. The worst end of the lifecycle from an environmental point of view is
the end as waste. This is where products or their components end up if they cannot be directly reused,

remanufactured or recycled (Niemann & Pisla, 2021, pp. 37-42).
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Figure 23: The four end-of-life strategies in circular economy (Niemann & Pisla, 2021, p. 37).
Furthermore, Niemann and Pisla present a framework that shows which phases of the lifecycle pro-
cess information provided by the design phase and which phases provide information as feedback for
the design phase of new products (Niemann & Pisla, 2021, pp. 57-58). This framework is shown in
the following Figure 24.

) Information feedback { New products }

[ Design J
Design Phase
Production

Usage Phase .
:

- Upgrading S ————
End-of-Life Phase

Figure 24: Information flows in a product lifecycle (Niemann & Pisla, 2021, p. 58).

The product lifecycle by Niemann and Pisla considers the complete product lifecycle from idea to

end-of-life. It also gives a toolbox of methods for the phases of the product lifecycle. It can be used
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for the development of smart, modular, customisable product families, even if this is not the focus of

the model.

However, it only provides rough steps for the different lifecycle phases and does not describe the
activities in detail. It also does not consider the development of smart products and their integration

into the smart factory in particular. Thus, it puts production in the centre.

3.3.3.8 Engineering in Product Lifecycle by Jiang

According to (Jiang, 2015, p. 11), the product lifecycle is divided into the main phases pre-manufac-

turing, manufacturing, and post-manufacturing.

The pre-manufacturing phase can be divided into two parts. It starts with the front-end stage, where
the need is identified, and the project plan and the product's requirements are defined. The product is
designed and developed in the design and development process stage. The stage ends with the testing

and optimisation of prototypes of the product.

In the main manufacturing stage, the production system (including supply chain design, production
planning, system layout and tool selection) is designed, the production system is operated, and the

quality of the production system is monitored.

The post-manufacturing phase is divided into marketing, post-sale support (spare parts support, in-
stallation service) and retirement (recycling, refurbishing and remanufacturing) (Jiang, 2015, pp. 11-

24).

Jiang describes a model in which the entire product lifecycle is described with a focus on manufac-
turing. Information on the main phases and individual activities is given, but not in detail. Further-
more, it is not apparent whether the model has been tested in practice. It is suitable for modular prod-
uct families but does not provide explicit guidance on the development of modules, platforms, and
their architecture. Through the descriptions of data types, it forms a basis for the development of

smart products and productions.

3.3.3.9 Virtual product development based on systems engineering and RFLP

Systems engineering is used to solve complex problems at the system level (Stark et al., 2012, pp. 1-
4). In the mechatronic field, systems engineering is divided into three main phases. These are system
analysis, system development and system integration. In this model, the V-model, according to Sys-
tems Engineering, was combined with the RFLP approach for the development of mechatronic prod-

ucts. RFLP stands for requirements engineering (R), functional design (F), logical design (L) and
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physical design (P) (Kleiner & Kramer, 2013, pp. 93-98).

In the system analysis, requirements (R) are defined, functions (F) are analysed, the logical architec-
ture (L) is developed, specifications are described, and the physical design (P) of the product is
formed. In the system development phase, product development data, e.g. CAD models, are created.
In the system integration phase, the components are validated, tested, and integrated into the overall
system, where they are further validated and verified (Kleiner & Kramer, 2013, pp. 93-98). This

model is illustrated in the following Figure 25.

Virtual product development based on Systems Engineering and RFLP

Rl e ‘ ' e Validation
Engineering : Simulation
Requirements
) Results
F Fulictional: Verification
Design
Logical- \ Engineering I .
L Desigh Data Integration

Physical- Component
Design Testing

Product Lifecycle Management 2.0

Figure 25: Virtual product development based on systems engineering and RFLP (Kleiner & Kramer, 2013, p. 95).

The development model is suitable for the development of customisable modular product families. It
is also suitable for the development of smart products. However, the model stops after the validation

of the products and therefore does not span the entire product lifecycle.

3.4 Generative design

Because humans can only remember a certain number of variables, they are inferior to machines in
various tasks. Since a large number of variables can exist in a design process and a constructor is
limited by his imagination and experience, computer-assisted support lends itself. This can go far
beyond the computer only calculating constructions until it determines the construction itself. Espe-

cially in mass customisation, an automatically developed design could speed up the design process.
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3.4.1 Definition of generative design

Generative design is a design process, which generates novel, but efficient and buildable designs
based on defined requirements with computer support (Krish, 2011, p. 90). Basically, there are two
main advantages of generative design. On the one hand, shapes are proposed that a designer could
not have imagined and that new complex forms are possible in combination with additive manufac-

turing. On the other hand, time can be saved through automation.

In contrast to conventional design, in which the designer considers the shape of the product on the
basis of the given requirements, the first step in generative design is to describe the requirements for
the component. For instance, the installation space, forces, dimensions, moments and material can
exist as requirements. Based on this, the algorithm calculates possible buildable constructions without
human interaction that meet the requirements and provides a solution space of multiple constructions
from which the designer can select the most suitable solution according to shape, weight, material
consumption and many other factors (Autodesk, 2022; Krish, 2011). According to (Trautmann, 2021,
p. 94), generative design enables the customer to become a designer. He can choose the most suitable

solution without having deep knowledge of design technology.

3.4.2 Application of generative design in product lifecycles

In general, generative design is used in the product design and production phase of mechatronic prod-
ucts. It can be used in various industries such as automotive, architecture or clothing (Trautmann,

2021, pp. 87-94).

Generative design is predominantly located in product development but also partly in production
planning. (Li & Lachmayer, 2018, pp. 1-3) developed an approach that uses generative design to
generate design alternatives in order to support the designer later in the creation of designs. Due to
the fact that the design procedure has not been widely described in the literature, a framework has

been developed by (Li & Lachmayer, 2018, p. 2), which is shown in Figure 26.

The approach begins by defining the design requirements for the product. Then the product is divided
into individual design zones, and the design is structured in this way. Once the product characteristics
and functions have been defined, a design skeleton is developed. Based on this skeleton, the model-
ling structure, connecting elements, and the assembly structure are developed. Based on the configu-
ration and parametrisation, a variety of solutions can be proposed using generative design, and a
solution can be selected using design knowledge (e.g., about the design process and production prop-
erties). The design model is iteratively validated and further improved until an appropriate solution

emerges (Li & Lachmayer, 2018, pp. 1-3).
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Figure 26: Generative Design Approach (Li & Lachmayer, 2018, p. 2).

3.5 Cause-and-effect relationships

Cause-and-effect relationships represent interrelationships in the object of investigation. In the con-
text of this work, cause-and-effect relationships are used to identify the relationships in a product

lifecycle and, as a result, to develop a new type of product lifecycle.

3.5.1 Definition of cause-and-effect relationships

In a cause-and-effect relationship, there is a relationship between one variable and one or more others.
The relationship is characterised by the fact that a change in one variable causes a change in the other
variable. A cause-and-effect relationship is said to exist when the change in the variables occurs at
the same time, or one event immediately precedes the other, or when it is unlikely that variable two
will change even though variable one has not changed. In order to identify a cause-and-effect rela-
tionship, it must be ensured that there is a connection between the cause and effect and that they are

not just closely linked (Kent, 2006).

One process that builds on cause-and-effect relationships is quality problem-solving (QPS), which is
used in the manufacturing industry. This process consists of problem definition, problem analysis,
cause identification, solution generation and selection, and solution implementation and testing
(MacDuffie, 1997, p. 481). The data that exists in a QPS system includes the problem, the causes,
different types of solutions and a solution evaluation. If the problems and causes are represented

graphically, the result is a bipartite graph (Xu & Dang, 2020, p. 5359).
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The cause-and-effect diagram (CED) is a qualitative analysis tool used for QPS to graphically show
and analyse the relationship and causality between problems and causes. The CED (also known as
Ishikawa or fishbone diagram) method was first introduced by a Japanese Manager called Ishikawa.
A distinction is made between the abstract cause-and-effect diagram (ACED) and the detailed cause-

and-effect diagram (DCED) (Xu & Dang, 2020, pp. 5360-5362).

3.5.2 Development procedure of cause-and-effect relationships

In the first step, all problems and causes are identified in a bipartite relationship. This mostly happens
with the help of brainstorming and personal experience. Then the problems (problem groups) and
causes (main cause cluster or rib branch label) are both clustered as a preparation for the CED. Sub-
sequently, the bipartite relationship between problem class and cause class is determined based on

the predefined relationships and clustering (Xu & Dang, 2020, p. 5360).

When creating a CED, the first step is to create the main cause categories for the problems, also called
rib branches. Then, with the help of brainstorming and personal experience, all possible causes are
identified. The next step is to classify the causes and sort them into classification categories. This
clarifies the affiliation between the causes and main categories. The final step is to analyse the causes,
select them and evaluate how they affect the problem. Subsequently, the two-way relationship be-
tween problem class (pc) and cause class (cc) is determined based on the predefined correlations and
clustering. In the Ishikawa, the respective problem class is then represented as the head and the re-
spective rib branch labels with its causes as the bones. The DCED differs from the ACED in that in
the DCED only the problems are clustered (Xu & Dang, 2020, p. 5360). The generation of a DCED

is shown in the Figure 27.

In the context of this work, cause and effect relationships can be applied to identify interrelationships
in a product lifecycle. This involves investigating which problems can exist in a product, what the
possible causes are and what solutions to these problems might look like. After identifying the inter-
relationships, processes can be derived from them to see through which areas information flows to

implement solutions, as well as how problems can be eliminated or avoided automatically.
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Figure 27: Generation of a DCED (Xu & Dang, 2020, pp. 5360-5364).

3.6 Conclusion

New technologies and developments by companies offer a variety of potentials for the product lifecy-
cle. In order to provide a theoretical basis about the environment and current trends, Industry 4.0,
smart factories and smart customisable product families are described in this chapter. Industry 4.0
technologies and smart factories provide a basis for collecting data about production and the overall
company. The trends and the development of standards create the possibility to use data for business
processes. One of the elements of Industry 4.0, which is expected to have a high potential, is mass
customisation. Smart customisable product families play an important role in mass customisation,
and interrelationships become more complicated due to the interfaces in and between individualised
products and the product family. To exploit the possibilities of smart products and smart factories, it
requires an advanced data management system that can handle the heterogeneous data and make it
usable for all phases of the product lifecycle. However, to improve product properties and the effi-
ciency and effectiveness of processes around the product families, it is imperative to use the data and

information from the entire lifecycle (Huang et al., 2007, pp. 292-306; Pan et al., 2014, pp. 869-870).

On the topic of the product lifecycle, theoretical foundations about product lifecycles and current
product lifecycles and product engineering processes were described and evaluated. As there is only
little process automation in the process models presented, generative design was introduced as a tech-

nology for automating product and process development.

The cause-and-effect relationships serve as the basis for describing a methodology for the creation of
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the new model. Cause-and-effect relationships and their procedure were presented. Cause-and-effect
relationships can be used to analyse complex relationships in a system. These relationships can be

used to identify areas where processes are relevant.
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lationships and relevant data types

The overall objective of this chapter is to form a basis for creating processes that solve problems that

exist in conventional product lifecycles.

4.1 Procedure for determining cause-and-effect relationships and solution ap-

proaches

The procedure for identifying problems and their causes and transforming them to Ishikawas is shown

in the following Figure 28.

Identification of cause-and-effect relationships

1. Problem identification

Problem identification based on literature + brainstorming

2. Cause identification

Cause identification based on literature + brainstorming

¥

3. Clustering and classification
Thematic classification of problems and causes based on literature

A4

4. Development of Ishikawas
Graphical representation of cause and effect relationships

A4

5. Solution approaches & relevant data
Development of solution approaches and identification of relevant data

Figure 28: Procedure for determining solution approaches and relevant data on the basis of CERs based on (Xu &
Dang, 2020, pp. 5360-5364).

The procedure is based on the CED creation process of (Xu & Dang, 2020, pp. 5360-5364) and is
extended by the creation of solution approaches and the identification of relevant data. In the first
step of the procedure, the problems and causes are identified and classified using literature. This is
also enriched by personal experience through brainstorming. From this, Ishikawas are generated, and

solution approaches and relevant data are developed.
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In the context of this work, the identification of cause-and-effect relationships is focused on the tech-

nical area of a company.

4.2 Cause-and-effect relationships in a product lifecycle

Cause-and-effect relationships from pre-development, product and process development, resource

engineering, use phase and end-of-life phase are identified and listed in the following.

4.2.1 Cause-and-effect relationships in pre-development

While there is still a high degree of uncertainty, primary framework conditions for the product are
defined in pre-development. These framework conditions include product characteristics, material,
assembly concepts and production concepts (Kohlbeck et al., 2020; Kohlbeck et al., 2021, p. 119).

The cause-and-effect relationships are shown in Figure 29.

Pre-development Process engineering \Use phase

Organisational

- Lack of support
mechanisms to support
collaboration

- Fewer number of
datasets due to
qualitative database

- Feedback from customers
is considered qualitative
and not quantitative

- Feedback from
customers does not
represent the entire
customer base

- Functions cannot be
put in relation due to
a lack of usage and
customer data

> Problem class:
Pre-development
- Developers don't accept | - Less data about the - Pre-developed ideas

pre-development ideas and | producibility of products do not consider End-
hold on to ideas based on | in the smart factory of-Life requirements
their personal opinion - Less data about the
- Feasibility check restricts | production costs of the
creativity smart factory

- Wrong estimation of the - Pre-developed ideas do
value of respective functions\ not consider Process

- No automated mechanisms, Engineering requirements
to measure the value of - Feasibility check restricts
functions creativity

- Developers do not trust the
idea evaluation
mechanisms

- The functional scope of a
product include functions
that do not add value

- feedback from
customers is missing

Product engineering Production

Figure 29: Cause-and-effect-diagram for problem class "pre-development".

According to (Moeckel & Forcellini, 2007, p. 477), portfolio management is often subjective, and
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there is less repeatability in the results of pre-development. These are problems in the process of pre-
development. This subjectiveness in pre-development comes from a lack of support mechanisms to
support collaboration and knowledge transfer in this phase. Subjectivity is also partly shaped by lim-
iting considerations about feasibility testing of the product engineering and process engineering
phase. As the causes fall into the processes of knowledge management and project management, these
can be ascribed to the rib branch label (RBL) organisational processes. One solution to this is to invest
in the technological infrastructure to turn intangible aspects into tangible ones and to work collabo-

ratively on decision-making (Moeckel & Forcellini, 2007, p. 477).

In most companies, the pre-development phase is the phase in which it is decided whether a product
idea should be developed further or not. The decision is based on the expected estimated value (which
is made up of several factors). One problem is that companies often do not know how much respective
functions are worth and thus continue to pursue the wrong product ideas. This is because mostly the
database for the estimation of the value is fed by qualitative data, which keeps the number of data
sets low. This creates a high risk of error in the evaluation of the idea. This risk exists because there
is a lack of mechanisms to measure customer value in the assessment of production capability. The
reason for companies not knowing the value of functions of the product is that they do not have

mechanisms to measure the customer value of functions (Johansson et al., 2015, pp. 58-59).

Furthermore, there are no mechanisms that consider previous generations' experience in production
to include producibility and production costs in the value of the idea. Data collection mechanisms are
needed to determine the value of features in a product. Smart product technologies enable one to
collect and analyse data directly from the product. Furthermore, the data of a smart production, which
consists of a Digital Twin and historical data, provides a basis for evaluating the ideas from a pro-
duction perspective. This makes it possible to demonstrate customer benefits and quantify functions

(Johansson et al., 2015, p. 59).

Often, developers hold on to ideas based on their personal opinion because they do not trust the eval-
uation mechanism. In addition, feedback from customers is usually missing in pre-development. Cus-
tomers are involved in a preliminary study in small numbers, if at all. This means that feedback from
customers must be considered qualitative and not quantitative. This usually involves asking only one
group of customers, resulting in qualitative information about the idea but not representing the entire
customer base. In order to represent the entire customer base, quantitative data on customer feedback
should exist. The data recording of the smart products can be used for this purpose, whereby conclu-
sions can be drawn about user behaviour. For instance, sensor data from a chassis can be used to
initiate new products in pre-development, as a need can be identified. On the other hand, this user

data can also be used as a product requirement. For instance, temperature data from an insulation box
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can be used to define the wall thickness of a product in advance (Johansson et al., 2015, pp. 58-59).

Another problem is that the functional scope of the product is usually defined in pre-development,
which means that functions are included that do not add value. This also leads to the development of
functions that many users do not need. Often, the broadest possible range of functions is integrated
into the product to cover all possible user needs since the individual functions cannot be put in relation
to each other. If detailed user data were available from previous generations on the use of functions,

this could be included in the selection of the range of functions (Johansson et al., 2015, p. 61).

4.2.2 Cause-and-effect relationships in product engineering

The trend shows that more and more products are to be launched on the market. The survival and
profitability of companies now depend on the number and quality of newly developed products. It is
also proven that a fast introduction to the market results in a longer product lifecycle due to the higher
market share that is gainable if the product is launched before that of the competition (Lieberman &
Montgomery, 1988, pp. 41-58). This requires a fast development of products, and for this, all slow
processes have to be accelerated (Ali Yassine & Sally Souweid, 2021, p. 1). The resulting and further

problems, as well as their causes, are shown in Figure 30.
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data in the development of the production data obtained by smart
- No integration of sensors /environment products in End-of-Life
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Figure 30: Cause-and-effect-diagram for problem class "product engineering”.
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Problems that stand in the way of the rapid development of products are lengthy processes for their
introduction. These can be caused by the lack of automated integration of the production environment,
which can lead to profound changes in production (e.g., new tools, new mountings), being required
for new products, or the lack of automated integration of requirements for the product. These can be
attributed both to customer requirements and based on experiences from previous use phases. One
solution could be the integration of a uniform platform in which all requirements for both the produc-
tion and the use phase can be assigned to the product. Another solution can be a functioning
knowledge management system, which provides the knowledge from the future phases in the product
lifecycle for product development. However, a prerequisite for knowledge management is that data
is also recorded for this purpose. This data should be as relevant as possible and collected from all
phases of the product lifecycle. In particular, problems can arise with the transfer of information from
the use and prototype phase to the engineering phase. For this purpose, it must be planned in advance

where sensors are additionally necessary and useful for data collection.

Another problem that arises with the acceleration of development processes is that traditional design
processes are too time-consuming. In the conventional design process, time is consumed by the man-
ual creation of designs. Generative design can provide a remedy through the automated creation of
designs (Autodesk, 2022). Deriving from this, however, a comprehensive requirements list is needed
from the knowledge management system, which sets out the requirements for production, use and
disposal. Moreover, a problem that accompanies with a rapid market launch is that the quality and
performance of products suffer as a result. By working through issues as quickly as possible, details
are left out, and the product is not extensively validated. This can lead to problems and product recalls
during use (Querbes & Frenken, 2017; Suarez & Lanzolla, 2005; A. Yassine & S. Souweid, 2021, p.
1). One approach to solve this problem is, on the one hand, to let the details flow into the product
requirements automatically via a platform and, on the other hand, to validate the product on the basis

of user data in precisely the same way as it is used.

Nevertheless, for product engineering there are restrictions from process engineering. For example,
specifications from process engineering can restrict the design. The solution is a close exchange in

which an overlapping of the requirements is sought.

A general problem is that there is no feedback of data collected from smart products and smart facto-
ries from other phases of the product lifecycle in product engineering. This is also accompanied by
the problem that the user experience is not incorporated into the product design. There is no return
flow of data from smart factories and smart products from the production phase and no return flow
of data from the smart product from the use and end-of-life phase. The reason for this in each case is

that there are no mechanisms for analysing and using the data obtained by the smart product or smart
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production. This could be remedied by developing and integrating mechanisms in product develop-

ment for analysing and using the data (Roto et al., 2018; Tomiyama et al., 2019, pp. 12-13).

During the development of products, the problem can arise that decisions are made on the wrong
knowledge basis. This is usually the case when various complicated processes run in parallel;
knowledge is not managed, and a higher-level understanding of the development processes is lost. To
prevent this, processes in development must be structured so that knowledge can be developed, dis-
tributed and used in a company (Ahmed et al., 2020, p. 246). Instead of making wrong decisions
about possible solutions, the problem can also be that the best solution has not been identified at all.
This is usually since not all possible solutions can be worked out and evaluated because of the limited
time available. This problem can be solved through a combination of precise product requirements

and process automation.

In the development of products, functions are often developed in many improvement loops to such
an extent that they are ready for all applications and situations. Sometimes the customer does not
need the full scope and is already satisfied with a part that provides the most significant added value.
All further product improvements that cover even more situations and use cases offer no added value.
However, it is difficult for companies to assess whether the necessary range of functions has already
been achieved, as mechanisms for collecting customer feedback are not in place during the introduc-
tion of the functionalities (Bosch-Sijtsema & Bosch, 2015; Johansson et al., 2015, p. 61). One solution
would be to collect and analyse data on user behaviour during the introduction and use phases of the

functionalities.

4.2.3 Cause-and-effect relationships in process engineering

In order to bring a product to market as fast as possible, the time required for process engineering
must also be reduced, so that little time is lost in preparing for production. Several factors (e.g., tool-
ing time, productivity, tooling outlay) can increase the number of working days in the process engi-
neering phase (Hillnhagen et al., 2021, pp. 889-890). These factors and other causes are shown in
Figure 31.

On the one hand, the process of implementing a new product can be lengthy if the production envi-
ronment is not considered in the product development, and thus the product or production must be
changed extensively. On the other hand, during the implementation of the production site, the product
is often changed. This happens when the producibility of the product is not checked in advance. Even
if the production environment was considered manually in the product development, errors could
occur due to the manual process (A. Yassine & S. Souweid, 2021, pp. 1-16). Therefore, an automated
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process for considering the production environment during development is recommended.

This should contain not only the dimensions and tools but also quality data from which design rec-
ommendations can be derived. The solution approach would also reduce the risk of new tools being
needed for new variants. Additionally, it reduces the risk that adaptation measures are necessary in
production when a new variant is introduced, which at the same time can also reduce the number of
production prototypes. This is because completely new designs are often created rather than building
on previous products. Conversion measures and a high number of production trials also result in costs,
which are based on the fact that synergies with other variants were not used. In addition, pre-devel-
opment can lead to the problem that production technologies are selected that are not yet in use or
have not been tested. Also, historically established paradigms lead to the whole solution space not

being considered (Jagusch et al., 2019, 2020; Jericho et al., 2020, pp. 890-891).

Pre-development Process engineering \Use phase Organisational

- Development of a completely
new variant and no further
development of existing
variants
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of the production
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- Non-functioning knowledge
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process and store the data
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- Process technologies were \- Manual processes when
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Figure 31: Cause-and-effect-diagram for problem class "process engineering".
Basically, knowledge management is also an elementary component in process engineering because

it requires information from nearly every lifecycle phase (Gernhardt et al., 2018, p. 181). The problem
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could be that knowledge about the production of previous products is not passed on. The causes for
this are a non-functioning knowledge management system, where data in the production of other
variants are either not included or not used for subsequent generations. Another reason for this can
be a lack of software for processing the data or that no sensors are installed in the various components.
One approach to solve this problem would be to provide a comprehensive knowledge management
system in the form of a database that can process the data from production and make it available to

process engineering (Gernhardt et al., 2018, p. 199).

4.2.4 Cause-and-effect relationships in production

The production phase is an important problem class in a product lifecycle, as this is where the product
becomes real. Within this phase, problems arise that are primarily internal in origin and whose causes
usually lie in the previous phases of the product lifecycle. In addition, it offers many opportunities
for problem elimination, as it is the last internal phase before the utilisation phase and data exists
from both the smart product and the smart factory for analysis and evaluation. The cause-and-effect

relationships are shown in Figure 32.

In mass customisation, an innumerable number of variants are produced in the production process.
This poses a significant challenge to the people in production, as almost every product is new to them.
The problem is that the quality of a product can suffer due to a large number of variants (Beckschulte
et al., 2021, p. 189). As a result, it can happen that a product or its component is defective, and this
defect is not detected. The reason for this is that employees must perform different work steps for

each variant.

On the one hand, the employee can be overburdened with the assembly or handling of the different
variants and, on the other hand, with the quality control of variants (Liu et al., 2020, p. 554). One
approach to solve this problem is to reduce the complexity of the variants by developing product
families with uniform interfaces (Beckschulte et al., 2021, p. 189). Also, in production itself, the
employee can be supported by trainings, display panels or augmented reality. This can be realised,
for example, by displaying instructions for the work steps during assembly and quality control close
to the employee’s working area. These additional instructions for the worker must be planned during

the process engineering phase.
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Figure 32: Cause-and-effect-diagram for problem class "production”.

Quality data from previous generations or variants can be used to evaluate where there is a need for
support for the employee. The correct installation and presence of customisable components could
also be checked by sensors, which must be planned in the process engineering phase. To avoid costly
sensors, Poka-yoke, which is a methodology to avoid faults through specific construction guidelines
(Klanitz, 2022), could also be planned in the product engineering phase in the design of the compo-
nents or in the process engineering phase. In addition, a product defect or that a product dysfunction-
ality occurs when a production process is disrupted, or if there is a defect. Disruptions can occur, for
example, if manufacturing technologies that have not yet been tested are selected in pre-development
or product and process engineering. Maintenance plans of the relevant machine should be reviewed
if machine defects occur frequently. A product defect can also occur when the tolerances of a com-
ponent have been calculated incorrectly, resulting in damage to the product in the production process
(Wittmann & Stockinger, 2006, p. 159). Damage to the product or that components cannot be con-
nected together can also result from incorrectly selected material. However, product defects can also

result from faulty process engineering. For example, support technologies for reducing the
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complexity of manual work with many variants may not have been planned in during process engi-
neering, or tools and their tolerances may have been incorrectly designed so that they collide with the
components. In general, a suitable shop floor management system can be recommended within the
production phase, which controls and improves production by recognising deviations and problems

(Rauch et al., 2018, pp. 17-21).

Among the new production technologies offered by Industry 4.0 is additive manufacturing. This en-
ables the printing of topology-optimised shapes. Moreover, it is used in most cases of mass customi-
sation. However, process-dependent limitations can lead to problems between development and pro-
duction. For example, in the context of a lunchbox, a component may not be produced correctly or
may break during production if too little wall thickness was used, if the support material was calcu-
lated incorrectly, or if the available 3D printing material does not meet the requirements. These pa-
rameters can also be machine-type dependent, which means that consideration of the parameters of
the available machines should be planned for in the development in order to be able to manufacture
the product in the desired quality. A complicated design that requires a lot of support material, for
example, can also increase the cycle time of 3D printing. In order to avoid the problems of 3D print-
ing, the requirements of 3D printing should be known in the product engineering phase, and the design

should be aligned accordingly (Lange, 2021, p. 2).

In addition, problems that arise in logistics can originate in the product lifecycle. A factor that can
cause product defects is when the component is damaged in logistics, e.g., by inappropriate load
carriers. Additionally, due to the increasingly complex supply chain, the problem often arises when
delivery does not occur at the right time in the production phase. This is caused by a supply chain
that is too rigid and too complex. As a derivation, a solution approach to make the supply chain
flexible is the coupling of a reconfigurable supply chain with a reconfigurable product. The possibil-
ities for reconfiguring the supply chain should already be taken into account when developing the

possible variants (Lapusan et al., 2019, p. 377).

4.2.5 Cause-and-effect relationships in use phase

In the use phase, the product is delivered to the customers and used by them. Individual users differ
in the type of use, number of uses, and satisfaction. Depending on the use, problems may arise with
some or all of the users. Users are requiring ever higher demands on the quality and reliability of the
product. This means that companies must be able to react to defects as quickly as possible (Giinther
et al., 2022, p. 187). Until now, the return flow of this use data has only been possible in a cumber-

some way, even though this use data can provide enormous potential. The cause-and-effect
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relationships are shown in Figure 33.
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Figure 33: Cause-and-effect-diagram for problem class "use phase”.

A problem that can occur during the use of products is that the product or its components do not fulfil
the original function. As a result, the product cannot be used as intended by the customer. This can
have many causes, which may lie in product engineering, process engineering, production, or in the
use phase itself. Causes that can be traced back to a faulty pre-development or product engineering
phase are that the wrong requirements were placed on the product (e.g., inappropriate material, faulty
tolerances, faulty design), or that the actual customer needs were not defined as a requirement. Due
to the missing requirements, prototype tests might also not have been carried out realistically. In order
to achieve a better understanding of the customers in the product engineering phase, capabilities
should be created to include customer information. This can be realised, for example, through exten-
sive data-driven requirements engineering (Wei et al., 2022, p. 1). Problems can also originate from
production due to a faulty production process. On the one hand, this can be because the production
process is incorrectly designed due to faulty process engineering. Quality problems may arise in pro-
duction as a result, or they may not be recognised. On the other hand, the problem can be caused
directly from production, for example, if defective machines disrupt the production process. This

problem can be solved by a functioning quality management system that identifies the possible
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sources of disturbances already existing in process engineering and schedules testing of possible com-
ponent defects in quality management. This inspection plan should be iteratively adaptable through a

process that learns from the user data (Giinther et al., 2022, p. 187).

During the use phase itself, a product defect can occur if the user does not use the product properly
or a component breaks. Proper product use can be improved through user-led development and in-
structions, and to avoid the defect in the future, information about defective components can be sent

back to development.

Product defects can also occur when a product has been remanufactured or reused via an end-of-life
strategy. During remanufacturing, a defect may occur when components are replaced, or defective
components may not be detected, and during reuse, a defect may not be detected in quality control.
Furthermore, the product may become defective much earlier, as it has already been used for a more

extended period.

4.2.6 Cause-and-effect relationships in end-of-life

End-of-life concludes the product lifecycle. According to (Niemann & Pisla, 2021, p. 37), there are
four strategies that a company can follow. The product can either be directly reused, remanufactured,
the materials recycled, or thrown away. The cause-and-effect relationships for those four strategies

are shown in Figure 34.

Generally, a product’s lifecycle ends with recycling or disposal when there is a defect in the product,
or a component and the product can neither be reused nor remanufactured. If recycling is not possible,
disposal of the product is the only option, and this should be avoided as much as possible with the
core idea of the circular economy. If disposal is the only possibility, it makes the products themselves
a problem. For this reason, end-of-life strategies should already be integrated at the pre-development

phase.
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Figure 34: Cause-and-effect-diagram for problem class "end-of-life".

A component can only be directly reused if it still fulfils its functions. The reuse strategy cannot be
applied if components or the entire product is no longer functioning. Then it is to be checked whether
the product can be remanufactured. The problem can arise that the design or construction of the com-
ponent prevents remanufacturing. This is the case when a product is designed in such a way that it
cannot be repaired. The fact that a product is not repairable can also be done purposefully in some
cases so that a customer does not repair the product cheaply but buys a new one. However, this has a
significant, negative effect for the environment, and with such products, the profit is in the fore-
ground. But there are also non-malicious intentions, so that good repairability in product engineering
suffers due to a lack of requirements in pre-development or product engineering. Also, a good repair-
ability could affect the design too much. Process engineering also has an influence on the design or
assembly of products. In process engineering, the product is adapted to improve manufacturing. Re-
quirements for reuse or remanufacture are missing. The reuse or remanufacturing could also be im-
possible if the product is defective. To ensure that the requirement for repairability at least exists in

product and process engineering, requirements from the end-of-life phase should be brought back
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into the phases. The requirements can then lead to easily repairable designs, such as modular designs

(Niemann & Pisla, 2021, pp. 57-58).

If the product cannot be reused or remanufactured, at least the materials of which the product is made
can be recycled. The problem may be that the product is poorly recyclable. This may be because it is
difficult to disassemble it into its raw materials or because the materials used in the product are poorly
recyclable. Both are factors that could be taken into account in product engineering of the products.
This can be implemented by setting requirements for product engineering from the recycling phase.
These requirements can be newly established or based on historical data from previous products

(Niemann & Pisla, 2021, pp. 57-58).

If the product cannot be recycled, the only choice is disposal. This alone represents a problem, the
cause of which is that the product was not designed for a circular economy. In order to change this,
many approaches and methods are available under the topic "circular economy" to develop the prod-
uct in a reusable, recoverable or recyclable way. The fact that disposal of a product is the only option
also occurs in companies that have not built up capabilities to reuse or repair the product or recycle

its materials (Niemann & Pisla, 2021, pp. 57-58).

4.3 Relevant data types in product lifecycles

In order to be able to determine the relevant data in the product lifecycle, the procedure developed by
(Giinther et al., 2022, pp. 188-189) is used. This recommends using process analyses to identify the
relevant influencing factors and sources of problems. The problems from the creation of the cause-
and-effect relationships are used and build the basis for the creation of an overview of data streams
in the product lifecycle. A selection of relevant data sources is given for each of the data streams. The
resulting data sources are evaluated by means of criteria. The criteria include the relevance and reli-
ability of the variables, availability, characteristics of the data streams and aspects of data security for
the customer. It is also distinguished whether the data originates from previous generations or from
the current one. In the follow-up step, additionally required data sources are determined based on

requirements from systems (Glinther et al., 2022, pp. 188-189).

4.3.1 Data streams in a product lifecycle of a smart customisable product family

The data streams were developed using the cause-and-effect relationships from the previous Section
4.2. This involved looking at what problems exist in which phases of the product lifecycle, the cause

behind them and how these problems can be solved with the help of data from other phases. If data
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generated in the phase contributes to preventing or solving problems in other phases, this is labelled
with an output of data. If data from other phases is needed to solve problems originating from this

phase, this is labelled with an input of data.

The Figure 35 shows the data streams in a product lifecycle of a smart customisable product family.
In the horizontal plane the figure shows the six main phases of a product lifecycle from pre-develop-
ment to end-of-life. The blue boxes indicate each phase of the product lifecycle and give indications
to the vertical input and output data streams. At each stage, data is generated that can be further used
in the next generation in that stage as part of knowledge management. A distinction is made between

the input and output data streams as to whether they originate from the current or previous generation.

Data Streams in a Product Lifecycle of a Smart Customisable Product Family

Pre-development - +

A

Product engineering —

Process engineering -

Production

Use phase ——
End-of-Life -

Legend:

» &
» <

Output from current generation Output from previous generation I Input from current generation I Input from previous generation

Figure 35: Data streams in a product lifecycle of a smart customisable product family.

A detailed overview and description of the data types, including their characteristics, is given in the

following Sections 4.3.2 - 4.3.7.

4.3.2 Data types in pre-development

Within the pre-development phase, it can be seen that output data is only generated for product and
process engineering. These include the concept and architecture, among other data about the product
and production idea. Also, information is given about the corresponding stakeholders and use cases.
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However, if the perspective is changed to what input data can be used to improve pre-development,
the following can be derived: Data flows in from all other phases, because ideas for new products can

arise in any phase

On the one hand, this can be seen as a feedback loop in which pre-developers see what influence their
ideas have on the other product life phases (e.g., idea feasibility, test results), but also as a method for
implementing potentials in the other product life phases (e.g., potentials in production, quality, use
and end-of-life). Data from the use phase can also provide a basis for evaluating ideas more precisely.

The different data types are shown in Table 5 (Allmann, 2007, p. 1).

Table 5: Relevant data types in pre-development.

Lifecycle Phase Generation Data types Evaluation

- >

o > s "

2 T oy 3

5 =X =X S

Input Output Current  Previous Name e Z Z =
Pre-Development  Product Engineering X Product idea Medium Low High Low
Pre-Development  Product Engineering X Product concept Medium Medium High Low
Pre-Development  Product Engineering X Product architecture Medium Medium Medium Low
Pre-Development  Product Engineering X Stakeholder Medium Medium Medium High
Pre-Development  Product Engineering X Use cases Medium High Medium Low
Pre-Development Process Engineering X Production concept Low Low Low Low
Pre-Development  Process Engineering X Production technologies Low Low Low Low
Pre-Development Process Engineering X Production process Low Low Low Low
Product Engineering Pre-Development X Idea feasibility Medium High Low Low
Product Engineering Pre-Development X Prototype test results Medium High Medium Low
Product Engineering Pre-Development X Scope of adaptation of the idea Low Medium Low Low
Process Engineering Pre-Development X Feasibility of the idea in production Medium High Low Low
Process Engineering Pre-Development X Data of the production process High High High Low
Process Engineering Pre-Development X Predicted key performance indicators [High High High Low
Production Pre-Development X Key performance indicators High High High Low
Production Pre-Development X Quality data High High High Low
Production Pre-Development X Potentials in production High Medium Medium Low
Use Phase Pre-Development X Key performance indicators High Medium Medium Medium
Use Phase Pre-Development X Data about usage High Medium Medium High
Use Phase Pre-Development X Quality data High Medium Medium Medium
End-of-Life Pre-Development X Service life Medium High Low Low
End-of-Life Pre-Development X Quality data (Reason for lifetime end) [High High Low Medium
End-of-Life Pre-Development X Data of reusing, remanufacturing and [High Low Low Low
recycling

4.3.3 Data types in product engineering

Since product engineering makes key decisions affecting all phases of the product lifecycle, input and
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output data streams flow into all phases of the product lifecycle. As a result, this phase forms a core
for the exchange of data. Furthermore, it can also be observed that data can flow backwards from
product engineering to pre-development as feedback that improves pre-development and thus forms
an iterative process. As a basis for product engineering, it uses data from pre-development, which
includes general information on the idea, architecture and use cases of the current generation, as well
as data from all of the downstream phases of previous generations. This can be data about product
performance in the production and use phase or about the product ability in the context of reusability,
remanufacturing or recycling. In product engineering, data that provides essential product-related
data for the process engineering, production, use phase, and end-of-life phases are generated. Also,

data is generated as a basis for subsequent generations, e.g., to improve the interface between pre-

development and product engineering. The data types are shown in Table 6.

Table 6: Relevant data types in product engineering.

Lifecycle Phase Generation Data types Evaluation
2 z g g9
Input Output Current  Previous Name 2 F F g5

Pre-Development Product Engineering X Product idea Medium Low High Low
Pre-Development Product Engineering X Product concept Medium Medium High Low
Pre-Development Product Engineering X Product architecture Medium Medium Medium Low
Pre-Development Product Engineering X Stakeholder Medium Medium Medium High
Pre-Development Product Engineering X Use cases Medium High Medium Low
Product Engineering Pre-Development X Idea feasibility Medium High Low Low
Product Engineering Pre-Development X Prototype test results Medium High Medium Low
Product Engineering Pre-Development X Scope of adaptation of the idea Low Medium Low Low
Product Engineering Process Engineering X Product properties High High High Low
Product Engineering Process Engineering X Requirements for production High High High Low

processes
Product Engineering Process Engineering X Quality criteria High High Medium Low
Product Engineering Production X Product properties High High High Low
Product Engineering Production X Component handling High High Medium Low
Product Engineering Production X Quality criteria High High Medium Low
Product Engineering Use Phase X Instructions, manuals Medium High High Low
Product Engineering End-of-Life X Instructions for remanufacturing High High Low Low
Product Engineering End-of-Life X Instructions for recycling High High Medium Low
Product Engineering End-of-Life X Quality criteria for reuse and High High Low Low

remanufacturing
Process Engineering Product Engineering X Feasibility in production High High Medium Low
Process Engineering  Product Engineering X Production properties High Medium Medium Low
Process Engineering  Product Engineering X Production process properties High Medium Medium Low
Production Product Engineering X Key performance indicators High High High Low
Production Product Engineering X Quality data High High High Low
Production Product Engineering X Potentials in production High Medium Medium Low
Use Phase Product Engineering X Key performance indicators High Medium Medium Medium
Use Phase Product Engineering X Data about usage High Medium Medium High
Use Phase Product Engineering X Quality data High Medium Medium Medium
End-of-Life Product Engineering X Service life Medium High Low Low
End-of-Life Product Engineering X Quality data (Reason for lifetime end) [High High Low Medium
End-of-Life Product Engineering X Data of reusing, remanufacturing and |High Low Low Low

recycling
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4.3.4 Data types in process engineering

In the process engineering phase, on the one hand, product data from the previous phases and, on the
other hand, data from subsequent phases of previous generations are used. This can be, for example,
data about the product properties, about factors influencing the production capability, about the pro-
duction process and its quality data, about quality data from the use phase or about the remanufactur-
ing process. In addition, it generates data that can improve previous generations' pre-development
and product engineering and provides data for the production and remanufacturing of products. The

data types are shown in Table 7.

Table 7: Relevant data types in process engineering.

4.3.5 Data types in production

Lifecycle Phase Generation Data types Evaluation
2 = = S =
Input Output Current  Previous Name 2 = = g5
Pre-Development Process Engineering X Production concept Low Low Low Low
Pre-Development Process Engineering X Production technologies Low Low Low Low
Pre-Development Process Engineering X Production process Low Low Low Low
Process Engineering Pre-Development X Feasibility of the idea in production Medium High Low Low
Process Engineering Pre-Development X Data of the production process High High High Low
Process Engineering Pre-Development X Predicted key performance indicators |High High High Low
Product Engineering Process Engineering X Product properties High High High Low
Product Engineering Process Engineering X Requirements for production High High High Low
processes
Product Engineering Process Engineering X Quality criteria High High Medium Low
Process Engineering Product Engineering X Feasibility in production High High Medium Low
Process Engineering  Product Engineering X Production properties High Medium Medium Low
Process Engineering Product Engineering X Production process properties High Medium Medium Low
Process Engineering  Production X Data about production process High High High Low
Process Engineering  Production X Data about assembly process High High High Low
Process Engineering Production X Quality criteria High High High Low
Process Engineering  Production X Production volumes and shifts High High High Low
Process Engineering  End-of-Life X Data about remanufacturing process |Medium Medium Low Low
Process Engineering  End-of-Life X Data about disassembly process Medium Medium Low Low
Process Engineering  End-of-Life X Quality criteria for reuse and Medium Medium Low Low
remanufacturing
Production Process Engineering X Key performance indicators High High High Low
Production Process Engineering X Quality data High High High Low
Production Process Engineering X Potentials in production High Medium Medium Low
Production Process Engineering X Data about the properties of High Medium Low Low
production
Use Phase Process Engineering X Quality data Low Medium Medium Medium
End-of-Life Process Engineering X Feedback on the remanufacturing Medium Low Low Low
process

In the production phase, data from product and process engineering are required. This is because the
product is developed in the product engineering phase, and the production system in process engi-

neering phase. Also, quality data from the use phase can influence the production, e.g., if a production
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process should be changed due to product defects. In production, important data is generated to im-

prove subsequent products in terms of their producibility and quality in pre-development and product

and process engineering. The different data types are shown in Table 8.

Table 8: Relevant data types in production.

4.3.6 Data types in use phase

Lifecycle Phase Generation Data types Evaluation
2 = = 59
Input Output Current  Previous Name 2 Z = g5
Production Pre-Development X Key performance indicators High High High Low
Production Pre-Development X Quality data High High High Low
Production Pre-Development X Potentials in production High Medium Medium Low
Product Engineering Production X Product properties High High High Low
Product Engineering Production X Component handling High High Medium Low
Product Engineering Production X Quality criteria High High Medium Low
Production Product Engineering X Key performance indicators High High High Low
Production Product Engineering X Quality data High High High Low
Production Product Engineering X Potentials in production High Medium Medium Low
Process Engineering  Production X Data about production process High High High Low
Process Engineering  Production X Data about assembly process High High High Low
Process Engineering  Production X Quality criteria High High High Low
Process Engineering  Production X Production volumes and shifts High High High Low
Production Process Engineering X Key performance indicators High High High Low
Production Process Engineering X Quality data High High High Low
Production Process Engineering X Potentials in production High Medium Medium Low
Production Process Engineering X Data about the properties of High Medium Low Low
production
Use Phase Production X Quality data High Medium Medium Medium

In the use phase, data is generated that represents feedback and use from the customer. This data helps

in the (pre-)development of new generations and in improving product and production quality. Data

is also generated that provides information on the reusability of products. This is the case especially

when a product is remanufactured and quality data about the second use phase is generated. Also, in

the use phase, data from product engineering is used for instructions and user manuals. The relevant

data types are also shown in Table 9.
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Table 9: Relevant data types in use phase.

4.3.7 Data types in end-of-life

Lifecycle Phase Generation Data types Evaluation
= = = S F
Input Output Current  Previous Name ] = = g5
Use Phase Pre-Development X Key performance indicators High Medium Medium Medium
Use Phase Pre-Development X Data about usage High Medium Medium High
Use Phase Pre-Development X Quality data High Medium Medium Medium
Product Engineering Use Phase X Instructions, manuals Medium High High Low
Use Phase Product Engineering X Key performance indicators High Medium Medium Medium
Use Phase Product Engineering X Data about usage High Medium Medium High
Use Phase Product Engineering X Quality data High Medium Medium Medium
Use Phase Production X Quality data High Medium Medium Medium
Use Phase Process Engineering X Quality data Low Medium Medium Medium
Use Phase End-of-Life X Data about the condition of the High Low Low Medium
product
Use Phase End-of-Life X Quality data from reused or Medium Low Low Medium
remanufactured products

In the end-of-life phase, data from product and process engineering provide information on how a
product can be reused, remanufactured, or recycled. In addition and depending on the end-of-life
strategy of the product, various data are generated on the reusability of the product. Whether a product

performs well or poorly in the circular economy can be tracked back via data. A list of relevant data

types is shown in Table 10.

Table 10: Relevant data types in end-of-life.

70

Lifecycle Phase Generation Data types Evaluation
53 g g £
Input Output Current  Previous Name 2 F F g g

End-of-Life Pre-Development X Service life Medium High Low Low

End-of-Life Pre-Development X Quality data (Reason for lifetime end) [High High Low Medium

End-of-Life Pre-Development X Data of reusing, remanufacturing and |High Low Low Low
recycling

Product Engineering End-of-Life X Instructions for remanufacturing High High Low Low

Product Engineering End-of-Life X Instructions for recycling High High Medium Low

Product Engineering End-of-Life X Quality criteria for reuse and High High Low Low
remanufacturing

End-of-Life Product Engineering X Service life Medium High Low Low

End-of-Life Product Engineering X Quality data (Reason for lifetime end) [High High Low Medium

End-of-Life Product Engineering X Data of reusing, remanufacturing and |High Low Low Low
recycling

Process Engineering  End-of-Life X Data about remanufacturing process |Medium Medium Low Low

Process Engineering  End-of-Life X Data about disassembly process Medium Medium Low Low

Process Engineering  End-of-Life X Quality criteria for reuse and Medium Medium Low Low
remanufacturing

Use Phase End-of-Life X Data about the condition of the High Low Low Medium
product

Use Phase End-of-Life X Quality data from reused or Medium Low Low Medium
remanufactured products

End-of-Life Process Engineering X Feedback on the remanufacturing Medium Low Low Low
process




Stellenbosch University https://scholar.sun.ac.za

Chapter 4 - Identification of cause-and-effect relationships and relevant data types

4.4 Conclusion

In summary, in the first step of this chapter the cause-and-effect relationships in the product lifecycle
of a smart customisable product family in the context of multi-generational product development are
described. Problem classes are identified for each phase of the product lifecycle, and their causes, and
proposed solutions are identified. Based on this, a data stream diagram was constructed, which shows
the data streams within the product lifecycle of current product types and, depending on the direction
of the data stream, a classification into data processes for the current, previous, or next generation is

made. These data streams now serve as the basis for creating the product lifecycle in the next step.
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product lifecycle i’PLM

This Chapter 5 forms the core of the thesis and presents the i’PLM and its development. The proce-
dure is illustrated in Figure 36. In the first step, a reference process is developed based on the product
lifecycles and product engineering processes presented in the theory Chapter 3.3.3. In this manner,
three product lifecycles most suitable for the product characteristics are converted into a uniform

process diagram.

Identification of cause-and-effect relationships

1. Problem identification

Problem identification based on literature + brainstorming Creation of the new comprehensive product lifecycle i2PLM
2. Cause identification 1. Development of a reference process
Cause identification based on literature + brainstorming Development based on product lifecycles from literature
A4 )4
3. Clustering and classification 2. Simplification of the reference process
Thematic classification of problems and causes based on literature Reduction of duplicate process and summarising processes
A A
4. Development of Ishikawas 3. Optimisation of the reference process
Graphical representation of cause and effect relationships Implementation of optimisation potentials from the literature

5. Solution approaches & relevant data 4. Implementation of findings from cause-and-effect relationships
Development of solution approaches and identification of relevant data Implementation of processes based on cause-and-effect relationships

5. Further optimisation of reference process

Simplification of the applicability of the overall process

6. Description of the i?PLM

Description of the sections, phases and processes of the new i2PLM

Figure 36: Procedure for the creation of the new product lifecycle #PLM based on (Xu & Dang, 2020, p. 5364).

In the next step, the three product lifecycles are combined into a single reference process that serves
as a basis for further adjustments and optimisations. In the following step, general optimisation sug-
gestions from the literature are implemented. In the next step, the transfer from Chapter 4 takes place,
whereby the Ishikawa's and solution approaches are converted into processes of the i?PLM. In this
step, the relevant data streams are also included in the overall process diagram. Then the i’PLM is
further simplified by mainly optimisations. At the end of this chapter, the structure and processes, in
general, are explained in general, and the implementation of a database solution using an i?’PLM tool

1s described.
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5.1 Development and simplification of the reference process

In order to determine a reference process that can serve as the basis for the i?’PLM, the first step is to
select at least one from the multitude of product lifecycles in the literature that best meets the existing
requirements. In the process, the requirements from Section 3.3.2 “Requirements for the reference

process,” are used as evaluation criteria when assessing product lifecycles. The evaluation is shown

in Table 11.

Table 11: Evaluation table for comparison of product lifecycles.

Comparison Product Lifecycles Development | Products with [ Development | Development Process
of modular multiple of a product of smart engineering
product generations family products for a smart
Name of PLC Authors Published structures factory
VDI 2221: Methodology for |VDI Verein 2019 No No No No No
developing and designing |Deutscher
technical systems and Ingenieure e.V.
products
Integrated Product Albers, Albert; 2016 Yes Yes Yes Yes Yes
Engineering Model (iPEM) |Reiss, Nicolas;
Bursac, Nikola;
Richter, Thilo
VDI 2206: V-Model VDI Verein 2004 Yes No Yes Yes No
Deutscher
Ingenieure e.V.
Model of Architecting Otto, Kevin; 2016 Yes Yes Yes No No
Steps Holtta-Otto, Katja;
Simpson, Timothy;
Krause, Dieter;
Ripperda,
Sebastian;
Moon, Seung
Process for Production ProSTEP iViP e.V., 2010 No No No No Yes
Planning Darmstadt
Product Engineering Feldhusen, Jorg; 2013 Yes Yes Yes No No
Process Grote, Karl-
Heinrich
Product Life Cycle Niemann, Jorg; 2021 Yes Yes Yes No No
Pisla, Adrian
Engineering in Product Life |Jiang, Renyan 2015 Yes No Yes Yes Yes
Cycle
Virtual product Kleiner, Sven; 2013 Yes No Yes Yes No
development based on Kramer, Christoph
Systems Engineering and
RFLP

Among the processes presented in the literature, only the integrated product engineering model
(iPeM) meets the requirements. It offers methods for developing products and product families with
a modular product structure and several generations. The model can also be used to develop smart

products and processes for manufacturing in a smart factory.

However, crucial disadvantages of the model are identified. First, it is strongly focused on the
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development of products and does not take much into account of the phases from the use phase till

end-of-life. For this reason, the iPeM is extended to include phases of the product lifecycle by Nie-

mann and Pisla. This is to balance the focus of the phases of the product lifecycle. In addition, the

Niemann and Pisla model is suitable because it includes a proposal for information processing and

feedback within the product lifecycle and for new products.
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Sources:

(1] Feldhusen, J., & Grote, K.-H. (2013). Pahl/Beitz Konstruktionslehre, pp 21-23. Springer.

[2] Albers, A., Reiss, N., Bursac, N., & Richter, T. (2016). iPeM — Integrated Product Engineering Model in Context of Product
Generation Engineering. Procedia CIRP, 50, 100-105. https://doi.org/10.1016/j.procir.2016.04.168

[3] Niemann, J., & Pisla, A. (2021). Life-Cycle of

and

pp.17-47. Springer.

Figure 37: Reference processes for the comprehensive product lifecycle based on (Albers et al., 2016, p. 5; Feldhusen
& Grote, 2013a, pp. 22-23; Niemann & Pisla, 2021, p. 58).

Another disadvantage of iPeM is that the phases of product development are only roughly indicated,

and it does not describe when the phases start and end. This is because the iPeM rather specifies
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which activities are necessary and covers less as how they are scheduled. Furthermore, no assignment
to superordinate main phases is given. Therefore, the Product Engineering Process by Feldhusen &
Grote is used as an additional supplement as it has a focus from pre-development to production. In
Figure 37, the phases of the three reference processes are classified into the identified main phases.
In order to be able to use the three reference processes for a reference process, they have to be merged.

In the first step, duplicates and contradictions are removed. Then the processes are arranged in a

waterfall diagram. The simplified reference process is shown in Figure 38.
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[2] Albers, A, Reiss, N., Bursac, N., & Richter, T. (2016). iPeM — Integrated Product Engineering Model in Context of Product
Process: == Generation Engineering. Procedia CIRP, 50, 100-105. https://doi.org/10.1016/j.procir.2016.04.168
[3] Niemann, J., & Pisla, A. (2021). Life-Cycle of Machines and isms, pp.17-47. Springer.
Sub-process:

Figure 38: Simplified reference process for the comprehensive product lifecycle based on (Albers et al., 2016, p. 5,
Feldhusen & Grote, 2013a, pp. 22-23; Niemann & Pisla, 2021, p. 58).
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To simplify matters, the first step is to combine the three reference processes into one process image.
iPeM is used as the primary process. In addition, the superordinate phases of the product lifecycle,
according to Niemann and Pisla, are used for the iPeM, as these provide a uniform overview of the
entire product lifecycle. The product engineering process developed by Feldhusen and Grote is in-
serted in the phases from pre-development to production. The phases "Documentation" and "Produc-
tion" were removed, as these are already used in the other two models ("Knowledge Management" &
"Production"). Since the information flows are fundamentally rebuilt on the basis of the cause-and-
effect relationships and relevant data, the proposed information flows of the product lifecycle, ac-
cording to Niemann & Pisla, are also removed in this step. In addition, the processes were graphically

adapted for clarity.

5.2 Optimisation of the reference process

After all reference processes were inserted into a process diagram and combined into a reference
process at the beginning, the fundamental adjustments to the model can now be made in the third
step. For this purpose, three main adaptations were identified based on the literature analysis. These

main adaptations include:

1. The development of processes with which data is recorded in the various phases of the product

lifecycle for the current and/or subsequent generation.

2. The development of processes to analyse and process data in the different phases of the prod-

uct lifecycle from the current and/or previous generation.

3. Connecting the development phases from production through iterative product and process

engineering processes with feedback from production.

In the case of the main adaptations (1) and (2), the product lifecycle is shaped predominantly based
on the cause-and-effect relationships and their resulting data streams. A uniform product lifecycle
database is introduced to record, store and process a large amount of data. This database has the task
of classifying enormous amounts of data in a uniform way, and drawing conclusions and analyses for
current or future product generations. Thereby, it is essential to make the analyses accessible in a

user-friendly way in the respective phase.

The rigid separation of the development areas from production and all subsequent areas is to be elim-
inated through an iterative process. This involves constant iteration between pre-development, prod-
uct engineering, process engineering and production. The product is to be continuously improved

over time. This is accomplished through an improvement process that incorporates data from the
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production, use and end-of-life phases from several generations as feedback in the iterative part of
the product lifecycle. An iteration can take the form of the introduction of a new variant or a new
generation, as well as through a continuous improvement process. The product lifecycle continues to
start with pre-development and runs through the phases to end-of-life. The iterations in the product

lifecycle are shown schematically in Figure 39.

Product | Process

engineering engineeering

Pre- ==) production » Use » End-of-Life
development

m Data

Figure 39: Schematic illustration of the iteration in a product lifecycle.

An iteration loop is difficult to depict in a phase model. The representation in a phase model also does
not consider that iterations can also take place earlier than in the production phase. For this reason,
the model can also be provided with several layers analogous to the iPeM of (Albers et al., 2016). In

this case, each level would stand for a new variant, generation or version as shown in Figure 40.

Product generation 2
Reference Process: Comprehensive Product Lifecycle based on data of Smart Factories and Smart Products

Benedikt Schnabel Verzion V1.1

Product generation 1

Benedikt Schnabel Version V1.1

Devel | Concept  Concept
Planning opme| develop constructi Embodiment
nt ment

Figure 40: Schematic illustration of multi-layer view of the reference process.

However, the multi-layer view makes the model complex and difficult to apply. For this reason, a

line is inserted that shows in which phase other generations, variants or versions are currently found.
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The adapted reference process is shown in Figure 41. In the adapted reference process, the product
lifecycle database is located in a green shape, and for the illustration of other phases, orange rhom-

buses with example data are used.
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Main phases: | ] Input: » [1] Feldhusen, J., & Grote, K.-H. (2013). Pahl/Beitz Kenstruktionslehre, pp 21-23. Springer.
[2] Albers, A_, Reiss, N, Bursac, N., & Richter, T. (2016). iPeM — Integrated Product Engineering Model in Context of Product
Process: | | Output: Generation Engineering. Procedia CIRP, 50, 100-105. https://doi.org/10.1016/].procir.2016.04.168
[3] Niemann, 1., & Pisla, A. (2021). Life-Cycle Management of Machines and Mechanisms, pp.17-47. Springer.
Sub-process: Process flow:  ————

Data management: (D Product: *

Figure 41: Optimised reference process for the comprehensive product lifecycle based on (Albers et al., 2016, p. 5;
Feldhusen & Grote, 2013a, pp. 22-23; Niemann & Pisla, 2021, p. 58).
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5.3 Implementation of findings from cause-and-effect relationships

The main adjustments to the reference process are made in this Section. In the process, the cause-
and-effect relationships and the resulting data streams are integrated into the reference process. It is
essential to allocate the data streams not only to the main phases but also to the processes. A detailed
allocation takes place in this step. It is necessary to consider for each phase which data is needed, and
which is created. The Figure 35, in which the data streams are shown on the basis of cause-and-effect
relationships, is used as a guidance. Wherever there is a process flow, data is transferred from the

previous process to the subsequent process of the current generation.

If data is generated for one of the following main phases, this is represented via the product lifecycle
database. Likewise, the data flow for subsequent generations takes place via the product lifecycle
database. The background of this is that all data generated in one product lifecycle is stored in a
database and can be used for all subsequent product lifecycles. For this reason, the database is also

represented across all phases and all product lifecycles.

Based on the cause-and-effect relationships, several process-specific adjustments were made. In the
first step, the processes for building the prototypes were moved to the end of the modelling of the
principle solution and embodiment in pre-development and product engineering. The final phase for
building the prototypes takes place at the start of production. This is the case when production has
been set up or adapted, and the first components can be manufactured on it. Although these compo-
nents are prototypes, they are already close to the series production status. These components are also

used to check whether they can be produced.

Furthermore, the validation and verification processes have been adapted to every main phase. This
is the case because prototypes, the entire product or process sequences can be tested in each phase.
Moreover, it has the advantage that the product or processes can be tested at the end of the product

lifecycle, providing important feedback for subsequent generations.

Since the reference processes do not depict a process engineering phase, a phase for developing or
adapting the production environment was added in this step. This is comparable to general production
planning or process planning. It is placed in the main process engineering phase and runs parallel to
the product design phase. This parallelisation is important because the product could still be adapted

depending on the production environment. For this reason, close interaction is necessary.

The decommissioning analysis is also adapted and runs in parallel to the design of the principle solu-
tion, but in a shortened format. This change has been implemented in pre-development, product en-
gineering and process engineering. The parallelisation is necessary because adjustments can be made

to the product throughout the design phase that affects its ability to be remanufactured, recycled, or
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reused.

The analysis of the utilisation of the product is carried out in parallel with the modelling of the prin-
cipal solution. This allows the construction and embodiment of the product based on its analysed
utilisation. Also, the product’s utilisation can be analysed and checked against the specifications at
the end of the pre-development and product engineering phases. This provides a basis for validation
and verification. During validation and verification in pre-development and product engineering, the

use environments or the use cases can be enhanced for realistic testing.

As the project management must be carried out throughout the entire product lifecycle, the corre-
sponding phases have been inserted into all main phases. In this way, the project management keeps
an overview of the use and end-of-life phases and can actively steer feedback from them and use them

in the next generation.

In addition, the processes of the product engineering process, according to Feldhusen & Grote, were
merged with the processes of iPeM. The planning phase for the product, variant or generation is
included as a sub-process in managing knowledge and managing the project. Furthermore, the pro-
cesses of development, concept development, concept construction and embodiment are to be under-
stood as sub-processes of model principle solution. As a result, these resolve duplications and con-
tradictions and makes the phases more user-friendly to design and manage the product based on the

cause-and-effect relationships.

In the context of reducing duplication and implementing cause-and-effect relationships, the design
phase of the product lifecycle, according to Niemann & Pisla, is removed. This phase is understood
as a superordinate phase from pre-development to process engineering and is represented by more

detailed phases.

Since end-of-life involves different processes for upgrading the product depending on the strategy,
this phase was divided into reuse and remanufacturing. This is more suitable for the circular economy

strategy and reflects the effects of end-of-life.

The adjusted product lifecycle is shown in Figure 42. To improve the overview, subprocesses are not
shown. The structure of the product lifecycle corresponds to the usual structure but has been restruc-
tured to improve clarity. In the beginning, the six main phases are presented. Then the manage project,
manage knowledge and market launch can be formed into organisational processes. The product
lifecycle database is at the centre of Figure 42, as this is the core of the i?’PLM model. Data streams
come from this database as input to specific processes; conversely, data streams come from processes
as output to the database. As a result, information is exchanged across the lifecycle, which is repre-

sented by orange and green arrows at the corresponding processes. In addition, there are also process
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flows within the lifecycle that are driven by data. Grey arrows represent these flows. The multi-layer

view is not shown in Figure 42 for clarity but is an integral part of the overall model.
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(1] Feldhusen, J., & Grote, K.-H. (2013). Pahl/Beitz Konstruktionslehre, pp 21-23. Springer.

[2] Albers, A., Reiss, N., Bursac, N., & Richter, T. (2016). iPeM — Integrated Product Engineering Model in Context of Product
Generation Engineering. Procedia CIRP, 50, 100-105. https://doi.org/10.1016/j.procir.2016.04.168

[3] Niemann, J., & Pisla, A. (2021). Life-Cycle of and pp.17-47. Springer.

Figure 42: Product lifecycle with implemented findings of cause-and-effect relationships based on (Albers et al., 2016,
p. 5; Feldhusen & Grote, 2013a, pp. 22-23; Niemann & Pisla, 2021, p. 58).
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5.4 Further optimisations

In this step, the applied product lifecycle is further optimised, and data is placed in the core of the
model. In order to make the best use of data, a fundamental data strategy must be anchored in the
entire product lifecycle. The processes related to the data strategy are called manage data in the model
and are based on the core components of the framework for big data-driven product lifecycle man-
agement by (Zhang et al., 2017, p. 233). These start with defining what data is to be collected over
the product lifecycle and how they are to be collected. Structured, semi-structured and unstructured
data can be relevant in each phase of the product lifecycle. The next step is to develop and integrate
the sensor technology for the product or production and integrate it into the lifecycle processes. For
example, data can be collected via smart sensors, tags, smart meters or other devices, but these must
first be developed or adapted to the use case. Then, data is generated, processed, and stored. Real-
time and non-real-time data is collected, cleansed, reduced, transformed, and stored depending on its
type. This data is then used for analyses and to optimise the product and processes. For example,
various data mining methods such as clustering, classification or product design improvement can be
carried out. From the results, improvements are applied to the entire product lifecycle in the next step.
For instance, the product design or manufacturing processes can be improved in the development
phases based on these results; predictable maintenance can be carried out in the use phase, or an

improvement in reusability can be made in the end-of-life phase (Zhang et al., 2017, p. 233).

In addition, knowledge management was extended to the use and end-of-life phase. As a result, there
is also a process that actively tracks the use phase and derives knowledge from it. This also provides
knowledge for service, maintenance and end-of-life strategies. Figure 43 shows a part of the product

lifecycle with the implemented changes in the manage data and manage knowledge processes.

Reference Process: Comprehensive Product Lifecycle based on data of Smart Factories and Smart Products
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Figure 43: Further optimised product lifecycle based on (Albers et al., 2016, p. 5; Feldhusen & Grote, 2013a, pp. 22-
23, Niemann & Pisla, 2021, p. 58).
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5.5 The new integrated and intelligent product lifecycle management i’PLM

The new integrated and intelligent product lifecycle i*PLM consists of six components and is struc-
tured as a phase model. The six components are described and detailed in the following Sections

5.5.1-5.5.6 and are shown in the following schematic Figure 44.

Gen n, Ver n, Var n
i2PLM — Integrated and intelligent Product Lifecycle Management
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i2PLM — Integrated and intelligent Product Lifecycle Management
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Figure 44: Structure of the i>PLM.

The first component serves as a classification in the product lifecycle and represents the main phases

of a typical product lifecycle. The phases range from pre-development to end-of-life.

The second component, portfolio radar, provides an overview of the product portfolio in the com-
pany. This component shows which phase of the product lifecycle the other products are currently in.
A distinction is made between generations, versions and variants. The current status is shown as a
rhombus and serves as orientation in the overall context. An example of a use case would be in the
product engineering phase. For the functional development or validation of the product, user behav-

iour from other products can be taken as a basis. The portfolio radar then shows which products are
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currently in the use phase.

The third component is organisational processes, which stand for project management, knowledge
management, market introduction and data management. They serve more as support processes for

the business processes.

The fourth component is the core of the model and includes the product lifecycle database. On the
one hand, this database contains data from all products and, on the other hand, it represents the data

streams as well as the processing and analysis of the data.

The fifth component is business processes. All processes that are necessary for a product lifecycle
are anchored in this component. These processes range from the development of ideas, construction

and design, validation, production, tot he use and end-of-life strategies.

The sixth component represents the multi-layer of the model. Since, in most cases, a product consists
of several generations, versions and variants, and these are in different phases of the product lifecycle,
layers are represented for each product type. The current product type is shown at the top of each

layer.

5.5.1 Component 1: Main phases of the product lifecycle

The first component of i*PLM provides the user with guidance on the main phases of a product lifecy-
cle. The phases serve as the headings of the columns. The component is shown in the following Figure
45. The product lifecycle is divided into six phases. It begins with the pre-development phase, in
which the product idea is generated. In addition to the technology development, the implementation
of the product is initiated, and its feasibility is tested in this phase. This is followed by product engi-
neering. Within this phase, the idea is implemented in a developed product. For this purpose, the
concept is generated, and the product is constructed. Furthermore, prototypes are created and tested.
The next phase is process development, in which the processes for manufacturing the product and for
logistics are developed. In this phase, the product can also be adapted again. When the production
processes are planned, the production phase follows. In the production phase, components are manu-
factured and assembled into the final product. The product is then delivered to the customer and used
in the use phase. This continues until the product is no longer used for its original function, for ex-
ample, due to a defect, and thus it enters the end-of-life phase. In the end-of-life phase, the product

can either be directly reused, remanufactured, recycled or disposed of.
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Figure 45: Component 1: Main phases of the i’ PLM.

5.5.2 Component 2: Portfolio radar

The portfolio radar illustrates an additional support for all employees of the company, from the plan-
ners of the product lifecycle to the employees from the respective phases. The component is shown

in Figure 46.
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Figure 46: Component 2: Portfolio radar.

The portfolio radar provides the user an overview of the current status of different product types.
Since in product families with several generations, there are many different product types at the same
time, the overview is frequently missing, whereby the transfer and learning from other product types
suffer and mistakes are made repeatedly. Through the radar, for example, an employee from product
engineering is able to see which product type is currently in use and read out the data from this prod-

uct.

It is crucial to update the portfolio radar continuously. Therefore, central storage in the cloud with the

implementation of tools is recommended.

5.5.3 Component 3: Organisational processes

In the third component, all organisational processes are listed. These are divided into project man-
agement, knowledge management, market launch and data management. The Figure 47 shows the

respective phases, including the main phases for reference.

Project management lists all activities that contribute organisationally to the administration of the
project. This starts in pre-development, where on the one hand, the entire product lifecycle is roughly
planned as a project. Framework conditions for the respective phases are defined, as well as their
target dates and budgets. On the other hand, pre-development is finely planned, and targets and dead-
lines are set for this phase. In the subsequent phases, the rough project planning is translated to the
phases and fine-tuned. The resources from the different departments are planned, and the progress,

as well as the achievement of objectives, are evaluated. In order to translate the rough project planning
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to the phases and to evaluate the current progress, data from the product lifecycle database is needed.

In addition, lessons learnt should be made in each phase, which is additionally stored in this database.
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Figure 47: Component 3: Organisational processes.

Knowledge management is responsible for storing knowledge from the phases and making it availa-
ble in other situations. It is closely linked to the product lifecycle database, because all knowledge
that is generated should be stored and made available in the database. This allows knowledge to be
shared across product types. In order for this to happen, the knowledge management for the phase
has to be planned at the beginning of each phase. This involves determining which paths and sub-
processes can be used to transfer knowledge to the knowledge database and how it can be retrieved

from there.

The market launch represents the organisational processes around the introduction of the product. On
the one hand, planned figures for the number of units are determined, and the production runtime on
the other. In addition, all processes that are necessary from a sales perspective before the sale of the
product and the planning of pre-series components for pre-series production are located in this sec-

tion.

Data management is a signification part of the new i?’PLM. Since data forms the basis of the data-
driven product lifecycle, planning processes are needed for data generation, analysis and storage. For
this reason, data management is also part of every phase of the product lifecycle. Activities of data
management start in pre-development, where a holistic data strategy for the product is developed and
thus lays a foundation. The data strategy includes defining data types that can be used as a basis for
engineering, the process how this data is processed, which data should be recorded for product im-
provement, and how it is stored. In addition, existing functions between variables are transferred to

the use case or newly developed on the basis of knowledge.

In the product engineering phase, technologies are used to develop processes for recording data of
the product. All variables from relevant functions should be detectable. For example, concepts for

sensors in the product are developed in this phase for the production, use, and end-of-life phases.
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Within the process engineering phase, technologies for recording data in the smart factory are devel-
oped and integrated. For example, the sensors used in the smart factory to check the quality of the

product are defined.

In the production, use and end-of-life phases, data management is used to manage the recording and
analysis of data. These analyses can trigger a new type of product. In the end-of-life phase, data from
product and process engineering is used to remanufacture, recycle or dispose of the product. Data is
also recorded for the respective scenarios, such as the ability to remanufacture the product. Another
topic that should be addressed in the context of data management is data security. For this reason, the
Security Office Centre proposed by (Ferencz et al., 2021, p. 245) should be located within this phase
as the department responsible for data security in order to take preventive steps to minimise vulnera-

bilities and to monitor security.

5.5.4 Component 4: Product lifecycle database

As a central database, the product lifecycle database is responsible for storing, analysing and making
available data on the entire product lifecycle. The database covers all product types. The following
Sections 5.5.4.1 — 5.5.4.4 describe the analytics and functions for lifecycle data, exchange of data,

and 12PLM software tools.

5.5.4.1 Analytics of lifecycle data

In order to use the amount of data, a system must first analyse it. There are many ways to analyse the
data. (Niemann & Pisla, 2021, p. 58) summarise these ways in four categories for product lifecycle
management. There is descriptive analytics, in which the data is analysed in pure form and presented
in a usable way. In diagnostic analytics, causes and developments are analysed from the data. In
predictive analytics, developments in the future are predicted from the data. Finally, in prescriptive
analytics, forecasts and optimisations, as well as their effects, are suggested. Depending on the appli-

cation in i*PLM, one should select the most suitable analysis category.

However, in order for this data to be available in its entirety, the storage of the data should be con-
sidered. Data can be generated at any phase of the product lifecycle. To avoid isolated solutions, a
uniform data platform should be used. For example, a cloud would be suitable, in which each depart-
ment can import, and export data. It is also essential that the applications the employees work with

also function with this cloud and can exchange data (Niemann & Pisla, 2021, pp. 58-60).
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5.5.4.2 Functions for lifecycle data

Since data can be used differently at each point in the product lifecycle and, in addition, data is created
at different points in the product lifecycle, a concept must be created that describes these relationships.
In a product lifecycle, data can be interconnected in different ways. This is a component for adapting
the i*PLM to the use case. Since every company and product has specifications, the first step should
be to adopt the cause-and-effect relationships from Chapter 4. For this, the interrelationships in the
company should be identified. However, the process is never finished. New products, technologies,
and knowledge can lead to new correlations being identified, or old ones becoming useless. In this

process, the knowledge gained should be incorporated iteratively.

In the next step, functions emerge from the cause-and-effect relationships, from which data streams
can be developed. For example, a temperature sensor in production can be the trigger for component
changes in development, or data on the feasibility of ideas from product engineering can flow into
improving pre-development. For this, however, it is still important that the data in a product lifecycle
comply with a standard in order to be usable in every phase. Many associations are currently estab-
lishing standards. For instance, the International Federation for Information Processing lays an im-

portant foundation for standards.

5.5.4.3 Data exchange

The required data streams include the data exchange and are derived based on the functions in the
next step. Data streams always take place where functions connect different parameters. The data
streams of the product lifecycle database are shown in Section 4.3.1 Data streams in a product lifecy-
cle of a smart customisable product family at phase level. Within this section, the main data streams
are also shown across generations. The data streams are used to set up the database. As shown in
Figure 35, most of the phases are connected with each other, which emphasises the importance of a
database in the form of a cloud. To illustrate in which process in the phase data flows in and which
process delivers data as output, the data streams are integrated into i’PLM and are shown as arrows.
The following Figure 48 shows an example of a section of the i’PLM in which data streams are

visible. The other data streams in the i?’PLM are created in a similar way to this illustration.

88



Stellenbosch University https://scholar.sun.ac.za

Chapter 5 - Creation of the new comprehensive product lifecycle i’PLM

I

v

product
lifecycle

database

profiles

B
i

)
©

S8
Lo
Y 32l Legend:
Main phases: El Input: >
o3 . * Process: | — Output:
© c ©
e}
82 || N | st [ Processfiow:  ——p
o o
2 Data management: | S Product: ‘

Figure 48: Example data streams of i>PLM.

The data streams should be customisable, since the world of digitalisation and companies themselves
continue to develop and new data streams can emerge. Through customisability, new functions can

be integrated and implemented more quickly (Niemann & Pisla, 2021, pp. 62-63).

5.5.4.4 i?’PLM Software Tools

There is a wide range of tools for using functions from the database. The tools can be used in different
areas of the company. There are tools for data and document management through which the recorded
data can be distributed. This correlates with knowledge management, which facilitates collaboration
between employees with the help of tools. From an organisational point of view, it is also essential
to have tools for project management in which the data from the phases and their status are visible.
To link the recorded data with quality management, there are also tools that evaluate production and

use data and identify errors.

Furthermore, especially in product and process engineering, it is important to integrate the database
with computer aided design (CAD) in order to be able to use data for design and to make design data
accessible to other parties. In the process engineering and production phase, asset management tools
are particularly important to map the existing production facilities as a Digital Twin. In addition, in
the course of the circular economy, there are tools for the environment, health and safety in the com-

pany.

In order to develop products more quickly, qualitatively and efficiently and to incorporate feedback
from previous generations and variants, the novel i*PLM-tool is developed as part of this work. The

focus is on analysing data from the production, use, and end-of-life phases in the pre-development,
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product and process engineering phase.

The Figure 49 shows the process flow of the i’PLM-tool. The process starts with the user choosing
between manual and automated problem analysis. The user also selects data types to be analysed in
the automated problem analysis. This data is transferred from the database and analysed in the next
step. With the help of the four different analysis methods, problems in the data sets can be identified.
In addition, the user also has the possibility to select problem classes and problems of the product
manually. With the help of functions that are based on cause-and-effect relationships, possible causes
are derived from the problems. Behind each cause are proposed solutions, and the user can select
from these. After selecting the solution, the associated parameters are automatically changed via the

cloud. For example, when changing a design parameter, possible solutions can be proposed via gen-
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erative design, and a new design can be created.
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Figure 49: Process flow of i?PLM Tool.

manual

The following figure also shows the input mask of the i?PLM tool. The tool implements manual and
automated cause identification. The upper two selection fields are used for the manual identification
of the problem. With the upload file & read function, data can be uploaded for automated analysis.
The user can then analyse the data and receives proposals for causes and solutions.
eoce #PLM

raESB g st
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Figure 50: The user interface of the i?PLM-tool.
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5.5.5 Component 5: Business processes

The business processes represent all activities directly linked the product. These include the idea
generation and development of the product, the production, the use phase and the various end-of-life
strategies. Since the processes depend on the respective phase of the product lifecycle and are linked

to other processes from the phase, the processes are described below in a phase-oriented way.

The business processes are shown in Figure 51. In order to be able to assign the processes to the main
phases, these have also been added as column headings. In general, the processes are structured ac-
cording to their order in the product lifecycle. It starts with processes for the (pre-)development phase

and ends with processes for the end-of-life strategy.
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Figure 51: Component 5: Business processes.
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5.5.5.1 Pre-development

In the pre-development phase, the processes detect profiles, detect ideas, model principle solution &
embodiment, built up prototype, validate & verify, analyse utilisation and analyse decommission are
located. In the beginning, the product users are analysed in the detect profiles process and user profiles
are created for the product. Furthermore, the utilisation of products from previous product types is
analysed. In these processes, data mainly from the use phase of previous product types flow in. These
can be, for example, product quality data, use data and other Key Performance Indicators (KPIs).
Potentials are discovered from this use data and use cases are created that form the basis for idea

detection in the next step.

In the idea detection process, product, concept and production ideas are generated from these use
cases. The scope depends on whether it is a new version, a variant or a generation. In the next step, a
rough solution is modelled and embodied from the ideas. Framework conditions from the subsequent
phases already flow in. For example, a framework condition from process engineering can ensure that
the idea is also producible. Once the idea has been implemented as a design, a first prototype is built,

which is still far away from the final product, but it nevertheless allows conclusions to be drawn.

Conclusions are generated by validating and verifying the prototype. To ensure a realistic evaluation
of the prototype, the evaluation cases are also fed with use data. This forms the basis for the simulative

evaluation of prototypes.

In order to include the core ideas of the circular economy in the early phase and thus set the course
right from the start, the decommissioning capability is analysed. This is done on the one hand based
on the design of the product and on the other hand, through data from the end-of-life phase of previous

products.

The results of design, prototyping, validation & verification, utilisation and disposal are fed into the

product lifecycle database.

5.5.5.2 Product engineering

The product engineering phase starts with detecting profiles from the pre-development being revised
and detailed through the prototype tests and the adapted use cases. This is done with the analysis of
the utilisation on this basis. The adapted profiles and utilisations are then used as a basis for idea
generation, where the idea from pre-development is adapted and the specifications are more detailed.
Based on this and with the conceptual design from the pre-development, the product is designed and
constructed. The design and design processes are based on systems engineering. Within this process,

the procedure is divided into the concept development, and concept construction & embodiment.
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Afterwards, the constructed product is validated and verified either at component level and at product
level, or in some cases directly at product level. The validation strategy depends on the product and
can be iterative. In addition, the product should also be tested for decommissioning capability. This
is carried out through close cooperation between the processes model principle solution & embodi-

ment and analyse decommission.

The designed product, the results from prototyping, the validation and verification results, as well as

the use cases and decommissioning strategy are stored in the product lifecycle database.

5.5.5.3 Process Engineering

In process engineering, the focus is on how the product can be produced. Here, the customer's profiles
and the use cases are not needed anymore. The two main processes are model solution & embodiment
and create production environment. They are closely linked because, on the one hand, the product
often has to be adapted to be more producible, and, on the other hand, the production must be adapted
to the product. It is important to check what effect product changes have on production and vice versa.
In order to achieve a balance and to cause as few changes to the product and production as possible,
both processes should work together iteratively. Also, the logistics planning is part of the creation of
the production environment. In addition, product changes and assembly processes can influence end-
of-life strategies. For example, products can be specially built what makes them easily repairable.
Once the product and production are designed, prototypes are built, which are validated and verified.

In addition, the pre-series production starts after successful tests in production.

From the processes model solution & embodiment, create production environment, built up proto-
type, validate & verify and the analysis of the decommission, data for subsequent phases and subse-

quent product types flow into the product lifecycle database.

5.5.5.4 Production

In the production phase, the product is manufactured and assembled in a smart factory. In the process,
data is collected during production that provides conclusions about the KPIs of the smart factory, the
quality of the product and the manufacturing processes. This results in many potentials that can be
implemented in subsequent generations. As a result, production is constantly improving. In addition,
components and products from production are used for validation and verification to check the quality
of the manufactured products. The goal of the production phase is to generate a product that can be

delivered to the customer and fulfils all functions.
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For continuous improvement, respective processes should be implemented that can adjust the pro-
duction environment based on the data collected in series production. These data flow in the process

engineering processes.

The production phase ends with the last built product of the corresponding product type.

5.5.5.5 Use phase

In the use phase, the product is at the customer’s side and thus in the operation process. The smart
product collects customer data during the use of the product. Which data is collected depends on
which sensors, tags and other devices are planned and integrated in the product in the previous phases.
In addition, there should be an indirect path through which customer satisfaction, product defects and
other variables that cannot be measured directly via sensors can be retrieved. In this phase, verifica-
tion and validation is also implemented through direct product use. This process can then be com-
pared with the previous validation and verification processes. This can lead to an improvement in
validation & verification for subsequent generations as a more realistic test environment can be es-

tablished.

In addition, maintenance measures are also carried out in the use phase in order to extend the lifetime.
These activities are usually necessary when there is a defect in the product. The data on defects and
their causes should be collected and can yield potential for new product types and new cause-and-

effect relationships in due course.

Furthermore, the end-of-life strategy direct reuse also takes place in the use phase. In this case, the
product is transferred to a second user when it is no longer needed by the first user. This also generates
relevant data, since on the one hand different types of applications are observed, and, on the other,

different applications can exist.

Remanufacturing and recycling are to be considered between the use phase and the end-of-life phase.
In remanufacturing, components of a product are exchanged in order to either fulfil the previous
functions or to obtain a new range of functions via an upgrade. In both processes, the extent to which
the interchangeability and modularity of the products has been implemented can be checked. This

serves as a basis for concept design and for analysing the decommissioning of subsequent product

types.
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5.5.5.6 End-of-Life

The lifecycle of the product ends with disposal. Within this phase, the product is disposed of either
by the customer himself or by the company. Disposal breaks the circular economy because no part of
the product is used any further. Nevertheless, important data can still be collected through the verifi-
cation and validation of the end-of-life strategies. The reason for the disposal of the product is dis-
posed of can be documented. For example, this may be because the functions are no longer needed,
there is a defect that cannot be repaired, or the materials cannot be recycled. In order to better imple-
ment the circular economy in the next product types, the data can be transferred and used as require-

ments in the following product developments.

5.5.6 Component 6: Multi-layer for product portfolio

Since most products are developed in generations and these generations have variants and versions,
a multi-layer view has been integrated into the i’PLM. The multi-layer component is shown in the
following Figure 52. It is based on the multi-layer view of iPeM but does not look at the process

model from different angles like production system or strategy.
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Figure 52: Component 6: Multi-layer for product portfolio.

A new layer is generated with each new run of the product lifecycle. Every layer’s structure is the
same and includes the described components. This is the case when a new generation, variant or
version is to be created. The multi-layer view is used to link the development phases with production,

use, and end-of-life.

The layer view has the advantage that time deviations from the i*PLM can be transferred from previ-
ous product types to the current one. This allows the i*PLM to be iteratively adapted to individual

products with individual process efforts.
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5.6 Chapter summary

In this chapter, the novel integrated and intelligent Product Lifecycle Management i?PLM is created.
The first step is the generation a reference process. Since iPeM meets all the requirements, it is used
as the reference process. The reference process is extended to include the Product Engineering Pro-
cess and the Product Life Cycle. In the Product Engineering Process, the phases of product and pro-
cess development are focused on, and in the product lifecycle, the phases after the production phase
are detailed. The three reference processes are combined into one reference process. In the following,
the reference process is simplified and optimised with the help of the literature work from Chapter 3.
After this basis is created, the data streams from Chapter 4, which are based on the identified cause-
and-effect relationships, are incorporated into the product lifecycle. In the next step, the product
lifecycle is optimised once again, resulting in the novel i*PLM. The i?’PLM consists of six compo-

nents, which are described in Section 5.5.
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In this chapter, the novel product lifecycle is validated. The first step is to classify the validation and
select the procedure. This is followed by a description of the experiment, showing the environment,
the product, the production, processes, and its limitations. This is followed by the results of the vali-

dation.

6.1 Selection of the validation procedure

In order to be able to review the product lifecycle, it must be defined at the beginning whether vali-

dation, verification or evaluation will be carried out.

e Verification checks whether the proposed solution matches the original specification. For

example, the question is asked whether the calculations are correct (Fenz & Ekelhart, 2010,

pp. 58-63).

e Validation is the process of checking whether the proposed solution meets the expected re-

quirements. The guiding question here would be whether the overall result is correct (Fenz &

Ekelhart, 2010, pp. 58-63).

e The outcome of an evaluation is the determination of the significance, meaningfulness, value
or condition of the proposed solution (Fenz & Ekelhart, 2010, pp. 58-63). An example ques-

tion would be what environmental changes caused by the proposed solution can be detected.

Due to the respective verification patterns, this work will focus on validation. This is based on whether
the product lifecycle as a whole is correct and applicable and whether it meets the expected require-

ments.

One method for validation is experimentation. The purpose of an experiment is the investigation in
which a specific assumption or conjecture is specifically tested and either proven or disproven. An
experiment was chosen to validate the developed product lifecycle. An experiment also has the ad-
vantages of being repeatable and, in most cases, practice oriented. A practice orientation is important

because the validation is to check the applicability of the model.
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6.2 Description of the experiment

In order to be able to carry out an experiment successfully and in a repeatable manner, the object of

investigation and the procedure must be defined in advance.

A distinction is made between the experiment environment, product, production, business process,

number of pieces and limitations.

6.2.1 Environment

Werk150 at Reutlingen University was chosen as the experimental environment. Werk150 is a re-
search environment where the latest production and logistics technologies are developed and used.
To ensure proximity to companies and to test use cases for the technologies, various products are
manufactured in Werk150. On the one hand, this involves a pedal scooter, and, on the other, a mod-
ular, intelligent mobility box (Reutlingen-University, 2022). Based on the technological advantage,
the realistic production environment and the industrial reference Werk150 represents an optimal en-

vironment for the experiment.

6.2.2 Product

The selection of the product is based on the product characteristics defined at the beginning, which
are named in the following: The selected product must be part of a product family. It must be cus-
tomisable and smart. It should reach at least level three of the smart products archetypes. This means
that it has basic hardware for storing, processing and analysing data. In addition, it is connected to a

network and it can send and receive data. The product also has sensors for predefined situations.

The modular intelligent mobility box (MIMB) is suitable as a basis product for the experiment. It is
shown in Figure 53. The modular intelligent mobility box is the latest product for the Werk150. It
consists of a basic module with a mini-computer and about 30 modules of which up to six can be
combined according to the customer's needs. The product is able to communicate with the environ-
ment and to interact with other devices through integration into a network infrastructure. The product
can collect data through sensors (e.g., temperature sensor, GPS sensor and presence detection mod-
ules). The data is stored and evaluated through an analysis tool. A rental model for the use of the box

is to be offered to students at the university.
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Figure 53: Prototype of modular intelligent mobility box
(Kunz, 2022, p. 64).

For validation, the focus is limited to one of the modules. Since the lunchbox offers the possibility of
customisation and can be found in smart products archetype class three due to its built-in sensors, it
is used in a modified form for the experiment. The adjusted smart lunchbox is shown in the following

Figure 54.

ian

Figure 54: Smart Lunchbox CAD.

In order to validate the Smart Lunchbox in a realistic use phase, a particular use case is defined. The
use case states that the Smart Lunchbox is to be leak-proof. During the use the sensor of the Smart
Lunchbox measures the temperature inside. For the use case the Smart Lunchbox should keep chilled
food fresh for one’s way to work. This means that it keeps temperature below 15 °C for one hour

after removal from the refrigerator. These features are also common in conventional lunchboxes

(Bundesamt, 2016).

The lunchbox consists of the 3D-printed top and bottom, a temperature and humidity sensor, from
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Milesight, a gateway from LoRaWan, and a velcro. The bill of material (BOM) of the product is

shown in the appendix.

6.2.3 Production

The production of the Smart Lunchbox takes place at Werk150. To reduce complexity, only the smart
lunchbox as a module is considered and not the entire modular intelligent mobility box. The produc-
tion essentially requires a 3D printer and assembly workstations. The precedence graph is shown in

Figure 55.

Pre-Production Assembly

3D-printing

Final Assembly

0000000

Pre-Assembly

3D-printing rework

50000

600

ions: Time specifications in
minutes

o o ° i

3D-printing Logistics Rework Assembly

Figure 55: Precedence graph of Smart Lunchbox in Werkl50.
The production starts with 3D printing the parts — shown with the yellow dots in Figure 55. Then the
3D printed parts are reworked. The sensor is attached to the lid with a secondary line while the second

component is being cleaned. Afterwards all parts are assembled in the final assembly.

STORAGE: Semi- 9
m finished
v products

30 printing:
Stratasys
Objet
Connex3

MATERIALFLOW

Figure 56: Production layout of Smart Lunchbox in Werkl 50.
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The precedence graph is applied to the layout of Werk150 in the next step and thus the production
system is designed with the material flow. In Figure 56, the following four work stations of production

are shown: the Stratasys 3D printer, the 3D printing rework, the pre-assembly and the final assembly.

6.2.4 Business process

The newly developed product lifecycle is applied as a business process. Since the product and the
production environment meet the requirements, it can be used for validation without modification in

the experiment.

Applied to the use case, the following procedure illustrated in Figure 57 arises:

Basis: Variant 1 Variant 2

Product Lifecycle Product Lifecycle

ULUINNY NN . i - .

Production quality Temperature sensor Wall thickness Production quality Temperature
control: Leakage test in lunch box adjustment control: Leakage test sensor in lunch
Output: Leak test Output: Data Input: New value Output: Leak test box

data temperature curve for wall thickness data Output: Data

Inpot: New values for Have the quality characteristics
speed and layer improved as a result of adapting the

thickness

product?

temperature
J curve
Adjustment 3D .
Printing Speed & Validation:
Layer Thickness

* In development and prod.-

Process flow [] quality feature

planning of variant 1
parameters are given — Data flow Changed parameter

Figure 57: Schematic diagram of the experiment procedure.

In the first step, it is assumed that Variant one has already been developed and the production plan-
ning has already been carried out. This is followed by the production of the smart lunchbox in
Werk150. During production, data is generated on the quality characteristic leak density in the quality
control. The product is used by experiment participants in the use phase. In the use phase, temperature
data is generated while carrying out the use cases. These data are converted into a temperature curve
which flows into an Ishikawa and triggers product and production changes for the subsequent gener-

ation (Variant two).

Variant two is a customised smart lunchbox. The changes in the product engineering of Variant two
are mainly incorporated by changing the wall thickness, as this significantly influences the tempera-
ture curve on the product side. In process engineering, information on 3D printing speed, layer height
and part position result into requirements for the 3D printing process. The volume of the compartment
changes based on a new simulated user requirement. Subsequently, the product is engineered, pro-

duced, and used. The same data types are recorded by the quality control and the sensor during the
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use phase. By repeatedly recording data, it is possible to indicate whether there has been an improve-

ment between the variants or not.

6.2.5 Number of pieces and repetitions

In an experiment, it is important to find the right quantity of repetitions. A partial mass is used to
represent the total mass. A partial mass is representative if it allows an accurate conclusion to be
drawn about the population (Berekoven et al., 1989, p. 48). The quantity of both built components

and conducted experiments depend on many different factors.

In order to determine the number of representative partial masses, a more differentiated consideration
is required. A distinction can be made between the number of components (mass of the production

study) and the number of users (mass of the utilisation study).

To determine the partial mass of the production figures, the full-factorial experimental design accord-
ing to (Siebertz et al., 2017, pp. 6-7) is used. The statistical full-factorial experimental design offers
a way to reduce the experimental effort which enables an investigation of many factors with reason-
able effort. The first step is to determine the number of factors (1) that can be specifically changed.
In this application, these are the part orientation (A) and material composition (B) of 3D printing. For
the factors, levels (n;) are selected in the next step. Since in this case, a production fault is to be
specifically provoked, a high (+) and low (-) value is selected. The experimental effort is calculated

according to the following formula:

n, = n (1)
This results in an experimental effort for this step amounting to four products to be built.

n.=n" =2%2=4 (2)

According to (Siebertz et al., 2017, pp. 6-7), the experimental plan is represented by a table in which
all possible combinations of the stages and factors are shown. The experimental plan for this step is

shown in the following Table 12.

To check the influence of the change in factors, the quality characteristic of the density of the lunch-
box is used. During production, a quality control is carried out in which the product is divided into

the defect categories "Product leaks - water leaks" and "Product is tight - no water leaks".
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Table 12: Full-factorial experimental plan based on (Siebertz et al., 2017, pp. 6-7).

A B Yx
+ + yi
+ - y2
- + NE
- - V4

To find the right quantity of users that are representative of the user base, the Cochran formula for
calculating sample sizes for smaller populations is used. The Cochran formula for sample size calcu-

lation of smaller populations is shown in the following. The values for the calculation are shown in

Table 13.

_ Z’p(1-p)

ne = 225 (3)
n
n= H(n—%v_l) (4)

Based on calculations of the team of Werk150, approximately 60 people will use the MIMB per year.
On average, six out of seven MIMBs have the smart lunchbox installed. The MIMB is rented out on

a yearly basis. With a life span of five years, this results in a total number of 258 users.

The Z-value describes the confidence and in this case a Z-Value corresponding to about 80 % confi-
dence is used. The aim of the sample is not to reflect the total population as accurately as possible,
but to test the product lifecycle and the associated cause-and-effect relationships. Therefore, a lower
confidence level can be chosen. The confidence level measures the degree of certainty in terms of
how well the sample represents the total population with the selected margin of error. The margin of
error refers to the amount of error allowed in the results. Within this experiment, a margin of error of
0.1 is used. This corresponds to 10 % errors allowed in the results. Since the value of the standard
deviation is difficult to determine before conducting the actual experiment, the value is set to 0.5.
This corresponds to 50 % standard deviation. Using this value ensures that the calculated sample size

is large enough to precisely represent the total population within the confidence level and interval.
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Table 13: Cochran formula for calculating sample size for smaller populations based on (Cochran, 1954).

Number of MIMB users/year 60 | user/year
Life span 5 | year
Percentage use of modules 85,71 %

Total number 258 | user
Total population (N) 258 | user
Z-value (z) 1,28

Margin of error (e) 0,1

Standard deviation (p) 0,5

Necessary sample size 36 | user

6.2.6 Limitations of the experiment

An essential part of experiment design is to identify and show the limitations of the experiment. The
first step is to identify the system to be investigated. This includes determining input variables be-
longing to the system and input variables lying outside the system. Furthermore, the expected results
of the system should be identified (Siebertz et al., 2017, pp. 3-6). To illustrate the system boundaries,

a block diagram is developed, which is shown in the following Figure 58.

Input variables that can be changed: Results/Quality Characteristics:
= Development/use phase: Wall thickness = Temperature in the lunch box
based on lunch box temperature data: Rapid = Density of the lunch box

temperature loss=> increase wall
thicknesses.

= Production phase: 3D printing speed & layer
height based on lunch box density

S ST _UTEl D
developed with i2PLM

Input variables that cannot be specifically
changed (or are unknown):

= Component: Material

= Production: Production process

= Use phase: Use case

Figure 58: Applied Schematic representation of the system based on (Siebertz et al., 2017, pp. 3-6).

In the context of this validation, the system to be examined is the Smart Lunchbox, which is developed
with the i?’PLM. The input variables that can be changed are chosen so that the experiment can offer
as many inferences as possible, but the procedure is still efficient. In the development phase, the wall
thickness of the smart lunchbox can be changed depending on the temperature data generated in the
use phase. For example, if a rapid temperature loss is identified during the use phase, the wall thick-
ness can be increased to counteract this. In the production phase, the 3D printing parameters can be

adjusted based on the product quality, which in this experiment is the leak-density. In the case where
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the lunchbox is not leakproof, the 3D printing speed and layer height can be adjusted at conventional
printers. The input variables that can be declared as non-changeable are thus outside the system. These
are on the one hand the material of the Smart Lunchbox. This is the case because the material
MEDG610 is the only usable 3D printing material that is compatible with food. If there were a wider
choice, the variable could be considered changeable. In addition, the change in wall thickness and
temperature profile can be correlated, but the change in material cannot be. The production process,
with its work steps, also remains unaffected. In order to create similar use cases, this should not be
changed. In addition, the characteristics of the use cases are outside the system, since a company has
limited possibilities in reality to influence the user. Furthermore, the end-of-life of the product is not
taken into account, as the average use phase of a lunchbox five years and therefore too long to be

covered by this work (Dallmus & Vollmer, 2016).

As measurable results, the system provides the temperature curve of the smart lunchbox in use phase

and the product quality (leak density) in production quality management.

6.3 Results of the validation

As a first step, Variant one of the Smart Lunchbox was produced. This was done in the production

environment of Werk150. The following Figure 59 shows the produced Variant one.

Figure 59: Smart Lunchbox Variant one.
In the production quality control, the first two production numbers are checked for density and surface
condition. It is noticed that number one, which is built in 0°, is leak-proof and number two, which is
built in 45°, loses water. It is also noticeable that the surface texture of number two had an irregular

surface due to the 45° rotation. These two features are documented in the i2PLM-tool.
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In addition, an increased amount of time is noticed in the rework of the 3D print when removing the
support material. The reason for this is an overhang in the interior of the box that is difficult to remove.
A proposed solution for this would be to adapt the design in Variant two so that support material is

used only in easily accessible places.

After quality control, the experiment takes place in a real environment in the verification & validation
process of the use phase. For this purpose, temperature data is recorded in use environments. The data
acquisition is done using the Milesight temperature and humidity sensor and The Things LoORaWAN
Gateway to store the data. The temperature and humidity curves that are recorded during the experi-
ment are made available via the LoRaWan Gateway in an online cloud. A screenshot from the console
of the online application is shown in the following Figure 60. An example of live data with their time

stamps and their related humidity and temperature are illustrated.

= = EU1 Communit
ﬁ‘ [’:f,,w‘mﬁ‘km‘f,‘ 23 Overview O Applications o Gateways % Organizations @ 4 schnabene ~

> te t un > Live data
B temperature lunch box
Time  EntityID Type Data preview osestream () B E NI Pa W Clea
BE Overview » eui-24e124136b145.. Forward uplink data message A 260BCD35 <> R P { humidity: 74, temperature: 4.2 } ©3 67 2A 00 04 68 94
» eui-24e124136b145. Forward uplink data message DevA 2608CD35 ¢ @ P { humidity: 75, temperature: 4.3 } @367 2B 08 04 68 96
A End devices
A eui-24e124136b145. Forward uplink data message DevA 2608CD35 ¢ @ { humidity: 78.5, temperature: 4.4 } | 03 67 2C 00 04 68
M Livedata
eui-24e124136b145.. Forward uplink data message 2608C035 © @ { humidity: 84.5, temperature: 4.6 } | 03 67 2E 60 04 68
<> Payload formatters v . - s o -
eui-24e124136b145. Forward uplink data message 2608CD35 © B { humidity: , temperature: 4.6 } | ©3 67 2E 00 04 68
J. Integrations ¥\l eui-24e124136b145.. Forward uplink data message A 2608CD35 <> || P { humidity: 93.5, temperature: 4.7 } | 03 67 2F 00 04 68
A% Collaborators » eui-24e124136b145.. Forward uplink data message DevA 2608CD35 ¢ @ P { humidity: 93, temperature: } 0367 2E 00 64 68 BA
O APLKER 2 eui-24e124136b145.. Forward uplink data message DevA 2608CD35 ¢ @ { humidity: 92, temperature: 4.5 } 03 67 2D 60 04 68 B8
eui-24e124136b145. Forward uplink data message 2608CD35 ¢ @ { humidity: 91.5, temperature: 4.5 } | 03 67 2D 60 04 68
£2 General settings
eui-24e124136b145. Forward uplink data message 2608CD35 © B { humidity: 91, temperature: 4.5 } 3 67 2D 00 04 68 B6
eui-24e124136b145.. Forward uplink data message DevA 2608CD35 ¢ @ P { humidity: 90, temperature: 4.2 } @3 67 2A 00 04 68 B4

Figure 60: The Things Network Console.

The data is recorded in JSON format and can be downloaded via the online application. Using a self-
developed interface in Python, the data is automatically converted into a .csv” table format so that it

can be processed by the Python-based i’PLM tool in the next step.

The 36-user data are shown in the following diagram in Figure 61. On the horizontal axis the time

after removal from the refrigerator is located and on the vertical axis the temperature in °C.

The blue temperature curve shows the average of the temperature curves of all 36 user tests. The
temperature curve shows that the Smart Lunchbox is not functioning properly in terms of keeping
food fresh for an hour. The average temperature one hour after removing from the refrigerator is 19.7

°C.
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Figure 61: Temperature curve of Smart Lunchbox Variant one.

The data about the quality control in production and the temperature curves can also be analysed
automatically in the i*PLM tool. The problem class and the problem of the quality control are inserted,
and the temperature curves are transferred. The i?PLM tool identifies component misplacement as a
possible cause of leakage in quality control. Furthermore, the tool suggests to increase the wall thick-

ness to four millimetres (mm). The result provided by the i2PLM tool is shown in Figure 62.

] [ ] i*PLM

?E.s B :ml.lenmn

Welcome to i*PLM Tool

Select problem class: Froblems In production process e
Select problem: ompenent is not leakproof| e
Uplead Flle & read Upload Flle
Analyze data Wall thickness |s too low. The new recommended wall thickness Is: 4.0
Find CER The possible cause Is: 30 printing: cempenent Incorrectly positloned

The RBL Is: Productlon process
The proposed solutlon Is: Aveld thin webs at 45° to the print directlon

| Currant Wall thickness: 2 ‘
|

Exlt

Figure 62: *’PLM Tool in the validation use case.
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The results from the temperature measurement and from the production data serve as the basis for the

development of Variant two.

Variant two is developed and implemented according to the i?’PLM approach. This starts with identi-
fying the user profiles and utilisation in the pre-development phase. In order for the component to
result in a new variant, new requirements for the dimensions of the lunchbox are incorporated. Ideas
are generated from this, and the first rough drafts are emerged. A prototype is built digitally and thus
validated and verified. Then, in the product engineering phase, the user profile and the utilisation are
worked out in more detail. The customer's requirements to keep food fresh in the lunchbox for an
hour, food compatibility and, that the lunchbox should be waterproof are also taken into account. In
addition, the requirement for increased wall thickness from Variant one is also considered. To ensure
that the product can be decommissioned and remanufactured easily, respective care is taken in the
design of the product to ensure that each component is easily replaceable. The product is designed on
the basis of these requirements. Since the changes in comparison to Variant one are minor, the con-
struction of a prototype is dispensed with. The idea is digitally verified and validated. Afterwards, the
product and the production are aligned in the process engineering phase. The designed product is
checked against the requirements from production. In addition to the general production require-
ments, there are requirements that there be no overhangs in the interior of the product and that the
product not be printed at a 45° angle. The requirement for overhangs triggers a product design change,
which is implemented in the model solution & embodiment process. The 3D printing requirement is
implemented in the planning of the production environment. The new design is checked again for all
original requirements and is then produced in the next step. Within this step, the quality data from the
production is recorded again. The results from production quality control are that the Variant two is
leak-proof, the surface is smoother and the rework effort of the 3D printing is reduced. In the use
phase, the product was again tested by 36 users and temperature data recorded. The temperature
curves are shown in the following diagram in Figure 63. The average temperature is shown with a

blue line and meets the required temperature after one hour with 13.2 °C.

Deriving from this, it can be stated that the product in Variant two has improved by 6.5 °C compared
to Variant one. Improvements occurred in the product properties, as well as in the production time

and quality.
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Figure 63: Temperature curve of Smart Lunchbox Variant two.

In addition, the temperature curves of the Smart Lunchbox Variant two are also compared with a
conventional lunchbox. The conventional lunchbox is comparable due to its dimensions and intended
use. The Milesight temperature sensor is integrated into this conventional lunchbox in order to make
a comparative measurement of the temperature curve. The same use case is employed. One hour after
removal from the refrigerator the temperature of the conventional lunchbox (shown by the black line
in Figure 64) is 20 °C and the average temperature of the Smart Lunchbox Variant two (shown by
the dotted line in Figure 64) is 13.2 °C. Moreover, this confirmed that the Smart Lunchbox is superior

to a conventional lunchbox for this application.
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Figure 64: Temperature curve comparison of Smart Lunchbox Variant two and a conventional lunchbox.

6.4 Conclusion

The 1?’PLM is validated in the context of this work by building a product with two variants of a cus-
tomisable smart product family. In the case of Variant one, data on certain product properties are
recorded in the production and use phase. These data serve as the basis for improving the product in
the form of Variant two. As part of the validation, the integrated and intelligent mechanisms for con-
verting data from other phases into product requirements are checked. As described in the research

objective, the data from the smart factory and the smart product are primarily used.

It is detected that the mechanisms of the i?’PLM improved the product in Variant two compared to
Variant one. This is measured by an improvement in the quality indicators from production and by
improved temperature curves resulting from product characteristics. Additionally, this proved that
the correct data is recorded and analysed. In summary, the results confirm the fulfilment of the re-
search objective and hereby a successful implementation of an integrated and intelligent product
lifecycle that uses smart factory and smart product data for efficient development of customisable

smart product families.
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In this chapter, the research work is summarised and conclusions are drawn. The first Section 7.1
summarises the most important topics from the individual chapters as well as their procedures and
results. Then, in the second Section 7.2, the main results and the findings are presented, critically
analysed and main conclusions drawn. This also includes the degree of fulfilment of the research
objectives and the research answers to the research questions. In the third Section 7.3, the limitations

of the work are pointed out and recommendations for future research are given.

7.1 Summary

The thesis is divided into seven chapters, namely: (1) Introduction, (2) Research design and method-
ology, (3) Current state of research, (4) Identification of cause-and-effect relationships and relevant
data types , (5) Creation of the new comprehensive product lifecycle i?’PLM, (6) Validation of the
product lifecycle 1*PLM, (7) Summary and conclusion.

Chapter 1 describes the initial situation and background to the research on product lifecycles in the
environment of smart products and smart factories. Based on this, the research problem is elaborated
on the basis of the literature. In order to solve this problem, the research questions are posed, and the

goals of the research are defined for this thesis.

Chapter 2 outlines the research design and methodology. The research design “design science re-
search” according to Osterle is described and adapted to the research work. The scientific-theoretical

positioning and the methodology are described in the following for each phase of the research design.

In the third chapter, the current state of science and thus the theoretical state of knowledge is pre-
sented. First, the current status in the field of Industry 4.0 is discussed. Part of this is the analysis of
smart factories and smart products. Following this, a discussion about intelligent customisable prod-
uct families is illustrated. After this, the current state of the literature on product lifecycles is de-
scribed. This description includes the definition of the following range of topics: a product lifecycle
and product lifecycle management, the main phases of a product lifecycle, and a differentiation from
other business processes. Then product lifecycles and product engineering processes from the litera-
ture are described and compared. Generative design is described in the follow-up because it offers a
way to automate the design of products based on boundary conditions. Thus, it offers the potential
for a more efficient design of products in the product and process engineering phase. The following
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subchapter describes the theoretical foundations and the procedure for developing cause-and-effect

diagrams.

The fourth chapter focuses on the identification of cause-and-effect relationships. Within this chapter,
the procedure is first explained and in the next step cause-and-effect relationships are shown with the
aid of diagrams. From these cause-and-effect diagrams, the relevant data streams and data types in

product lifecycles are derived and presented for each phase.

Chapter 5 develops the novel product lifecycle i?PLM. The procedure is described first. This is fol-
lowed by the development and simplification of the reference process. This is optimised in the next
subchapter. Based on the optimised reference process, the cause-and-effect relationships and the data
flows are then incorporated into the reference process. After a further optimisation loop, the i*PLM

is generated from this. In the next subchapter, the seven components that make up the i*PLM are

described.

Chapter 6 contains the validation of the novel i’PLM. The first step describes how the validation
procedure was chosen. Then the experiment including environment, product, number of pieces and

limitations is described. Afterwards, the results are presented and conclusions are drawn.

Chapter 7 contains the summary and conclusion. In addition, the contribution to science, limitations

and recommendations for further research are described.

7.2 Conclusion and contribution to science

This section presents the main results, the findings for science and the main conclusions. In addition,
how the research objectives were achieved is described and an answer is provided to the research

questions. Moreover, the contribution to science is outlined.
Table 14: Primary objective.
Primary objective | Creation of an integrated and intelligent product lifecycle that uses smart

factory and smart product data for development of customisable smart

product families.

The primary objective is the creation of an integrated and intelligent product lifecycle that uses smart
factory and smart product data for development of customisable smart product families. It is described
in Table 14. The research work provides a newly developed process landscape called i*PLM. The

process landscape contains processes of product lifecycles. All six phases of a product lifecycle are
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represented, namely; (1) pre-development, (2) product engineering, (3) process engineering, (4) pro-

duction, (5) use and (6) end-of-life.

Based on the literature research, relevant product lifecycles are analysed and combined into a refer-
ence process. The elements of the reference processes that are relevant for product lifecycles of smart
customisable product families are adopted. In addition, cause-and-effect relationships within a prod-
uct lifecycle are identified phase by phase. For these cause-and-effect relationships, the relevant data
types and data streams are elaborated. From these modules, the i?’PLM is created. It is made up of six
components, namely; (1) main phases of the product lifecycle, (2) portfolio radar, (3) organisational
processes, (4) product lifecycle database, (5) business processes and (6) multi-layer for product port-
folio. Based on these components, the main research objective is achieved. Through the organisa-
tional processes, the portfolio radar, and the multi-layer representation, the i*PLM is integrated into
the entire company context, as it does not only contain one product type, but includes all product
types of the company in a process map. This allows processes to be aligned and knowledge to be
distributed across product types. The product lifecycle database collects and analyses data from all
phases of the product lifecycle. It is firmly integrated into the product lifecycle and into the company.
It predominantly uses data from smart products and smart factories. By making the data available at
a higher level, intelligent algorithms can draw conclusions from analyses and further optimisations
of the products. By using data from all phases of the product lifecycle, requirements can exist fully
at the start of development, reducing the number of iteration loops and allowing the product to be
developed more efficiently. In addition, the separation of organisational and business processes al-
lows for a higher-level view of the product lifecycle, which means that the phases are considered
equally. Based on the portfolio radar and the multi-layer structure, customisable product families can
also be developed with the help of this process landscape. Since the planning of sensors and other
data acquisition devices is integrated in the pre-development and product engineering, smart products

can also be developed.
Table 15: Research question I and secondary objective 1.

Research question 1 | What are the challenges in product and process engineering for customis-
able smart products, and which data and information from the smart fac-

tory and smart products can reduce these challenges?

Secondary objective 1 | ldentification of relevant data and information of smart factories and
smart products for the product and process engineering of smart customis-

able product families.

Research question 1 and secondary objective 1 are shown in Table 15. In order to identify the
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challenges in product engineering and production planning for customisable products and to deter-
mine which data can reduce these challenges, a cause-and-effect diagram is created for each phase of
the product lifecycle. First, problems and causes of the respective phases are identified based on lit-
erature and own knowledge. Then the problems were grouped into problem classes and the causes
are assigned to so-called rib-branches. This is graphically represented by the implementation of
cause-and-effect diagrams. In this way, for each problem class (corresponds to a phase of the product
lifecycle), it is possible to see from which phase the cause originated. For each cause, possible solu-
tions for eliminating the problems are suggested additionally. Data types relevant to the solution are
identified for the proposed solutions. The relevance, reliability, availability and data security of the
relevant data types are also evaluated. Thus, research question 1 is answered and secondary objective

1 is fulfilled.

Table 16: Research question 2 and secondary objective 2.

Research question 2 | What does an approach look like in which smart factory and smart product

data are collected and used in product and process engineering?

Secondary objective 2 | The development of an approach to use the smart factory and smart prod-

uct data in a product lifecycle.

Research question 2 and secondary objective 2 are shown in Table 16. To see what an approach could
look like in which smart factory and smart product data is collected and used in product development
the cause-and-effect relationships and relevant data is used as a basis. The cause-and-effect relation-
ships as well as the proposed solutions and data types are transferred to a self-developed data stream
network in this step. In this framework the relevant data streams become visible. The relevance, reli-
ability, availability and data security of the relevant data types are also evaluated. In addition, it is
shown whether the data streams are input or output for the respective phases and whether the data is

used by the previous, current or for the subsequent generation.
Table 17: Research question 3 and secondary objective 3.

Research question 3 | How can the approach for generating, storing and using smart factory and
smart product data be integrated into the product lifecycle for the devel-

opment of customisable smart products?

Secondary objective 3 | Integration of the approach into a product lifecycle which has processes
that generate, store and use data and information of smart factories and
smart products for the development of customisable smart product fami-

lies.
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Research question 3 and secondary objective 3 are shown in Table 17. The detailing of the data
streams and the implementation of the approach are executed as part of the i*PLM. Within this pro-
cess, the product lifecycle database and data streams connecting the processes and database are intro-
duced as a central overarching component. The approach envisages a central database that collects
data from all phases of the product lifecycle across all product types. The data streams for this are
illustrated in i*PLM and categorised into input and output. In addition, data exchange in the database
and analysis of data is supported by tools. An example of a tool called i?PLM-tool is developed in the
framework of this thesis. The focus lies on the analysis of data from the production, use and end-of-
life phases in the pre-development, product and process engineering phase. The tool can be used to
transfer data or manually enter problems that occur within the product lifecycle. The input data is
analysed, and solutions are proposed. This allows products to be developed more quickly, qualita-

tively, and efficiently and to incorporate feedback from previous generations and variants.

Due to the close integration of the product lifecycle database with the business processes, data can be
generated for the database on the one hand and data from the database can be used on the other. In
addition, the product tends to be designed to work as well as possible with the database. Thus, re-
search question 3 is answered, and the secondary research objective 3 is achieved with the integration

of the data streams into the i*PLM and with the product lifecycle database with its example tool.

In Chapter 3.3.2, criteria for evaluating the reference processes were defined. The following is an

assessment of how these criteria are met.
Table 18: Reference process evaluation criterion one

Criterion one | The product lifecycle should consider the development of modular prod-

uct structures or product families.

The reference criteria one, shown in table 18, states that the product lifecycle should consider the
development of modular product structures or product families. This criterion is fulfilled by compo-
nents two and six. Component two provides an overview of the other product types, thus establishing
a connection. The multi-layer representation of component six also makes it possible to develop sev-
eral product types in parallel. However, the development of a modular product structure could be

further emphasised and individual processes developed and integrated for this purpose.
Table 19: Reference process evaluation criterion two
Criterion two | The product lifecycle processes should not be designed for products with

only one generation but products with multiple generations.

Criterion two is shown in Table 19 and describes that the model should represent several generations.
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This is fulfilled by component six, where different product life cycles can be represented by the multi-

layer.
Table 20: Reference process evaluation criterion three

Criterion three | The product lifecycle considers the development of a customisable prod-

uct family.

Criterion three is shown in Table 20 and includes the development of customisable products. The
development of customisable products is given by the fact that data from previous variants are an-
chored in the process by the product lifecycle database (component four) and thus new variants can

be developed on the basis of the data in the processes of component five.
Table 21: Reference process evaluation criterion four

Criterion four | The product lifecycle considers the development of smart products. The

smart products are equipped with sensors and actuators.

The fourth criterion is shown in Table 21 and asks whether the development of smart products is
taken into account. Through the organisational processes (component three) with the management of
data, a data strategy is developed at an early stage that defines the requirements for the integration of
sensors and actuators into the smart product. These requirements are included in the business pro-

cesses of component 5. Thus, the development of smart products is actively managed.
Table 22: Reference process evaluation criterion five

Criterion five | The product lifecycle considers process engineering for a smart factory.

Criterion five, which specifies the process engineering of Smart Factory and is shown in Table 22, is
represented by the management of data in component three and the development of the production
environment in component five. In addition, the data from the Smart Factory flows into the product
lifecycle database. Thus, all five criteria for evaluating the reference processes are fulfilled by various

components of the i*PLM. For this reason, the i?’PLM is suitable for the use case.

The 1?PLM is applied in the validation chapter of the master thesis within the scope of an experiment.
The aim of the validation is to check whether the i?PLM is applicable and fulfils the requirements.
The experiment is carried out at the research facility of Reutlingen University on a smart lunchbox

with two variants.

By adapting the development of a product based on different data, the approach and the data streams
are checked to see whether this would improve the product. A component of this is to check whether
the correct data types are recorded and analysed and whether this results in an improvement of the
product. Thus, it can be stated that the validation confirms the applicability and correctness of the

data streams for this use case, but not whether the i?’PLM is generally applicable. However, it can also
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be seen that the result strongly depends on the definition of the functions, which are based on cause-

and-effect relationships.

7.3 Research limitations and recommendations for further research

First, the limitations of the i*PLM are presented, followed by recommendations for further research.

The aim of the i’PLM is to make the development of smart customisable product families more effi-
cient and thus to make mass customisation feasible in product lifecycle management. For this pur-
pose, cause-and-effect diagrams are created at the outset. The creation of the cause-and-effect dia-
grams is done manually within the scope of this work and is partly based on personal experience in
product lifecycles. This conventional approach describes more a qualitative approach than a quanti-
tative one. As little data from other companies is freely available, it is not yet possible to automatically
create cause-and-effect relationships. In addition, the i?’PLM is strongly dependent on cause-and-ef-

fect relationships.

Furthermore, within the i?’PLM framework it is not described how the i*PLM can be integrated into a
company and there is only limited literature about the introduction of new product lifecycles. Since
the cause-and-effect relationships in each company and in each sector can be individual, different
characteristics can arise. Also, cause-and-effect relationships can change over time. A procedure for

adjusting and updating the i*PLM is not described.

As a suggestion for further optimisation of the model, the cause-and-effect relationships can be cre-
ated automatically based on data. This reduces the manual effort and objectifies the relationships
through automated data analysis. In research, however, it should be investigated whether automated
generation delivers the desired results. Another advantage of automated data analysis is that not only
the relationships that cause problems are examined, but also all other relationships between variables.
This gives a broader view of the situation in a company and important connections between variables

can be detected.

Further research is needed to analyse a broader set of possible cause-and-effect relationships and
apply them to the i*PLM. Given the large number of cause-and-effect relationships, criteria can also
be established that describe the situations in which they apply. In addition, further research should be
conducted on how new cause-and-effect relationships can be efficiently integrated into the i*PLM

tools and how the existing PLM tools can be combined with the i?’PLM.

Until now, there has been only limited research on necessary steps for introducing a new product

lifecycle in a company, as well as for introducing new product platforms. Further research on a

117



Stellenbosch University https://scholar.sun.ac.za

Chapter 7 - Summary and conclusion

company's adaptation strategy to the i’PLM is recommended to make it easily applicable to users.
With good applicability, the i*PLM is used more widely and can be further optimised through the
multitude of use cases. In further research regarding the product lifecycle database, standards and

norms should be adhered to or adapted in the implementation.
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Appendix A

In the appendix the bill of material of the smart lunchbox is shown.

A.1 Bill of material of the Smart Lunchbox

Table 23: Bill of material of the Smart Lunchbox

8Lunchboxes

Position Level 1Level 2 Level 3 Type Name Amount Total Unit

Amount

1 100 Assembly Lunchbox 1 8Pcs.

110 Assembly Lunchbox bottom 1 8Pcs.
111Material 3D-printing material lunchbox bottom 400 3200¢g

120 Assembly Inlay long/short 1 8Pcs.
121Material 3D printing material Inlay long/short 170 13609

130 Assembly Compartment 1 1 8Pcs.
131Material 3D-printing material compartment 1 g

140 Assembly Compartment 2 1 8Pcs.
131Material 3D-printing material compartment 2 g

150 Assembly Lunchbox top 1 8Pcs.
131Material 3D-printing material lunchbox top g

160 Part Velcro 1 4Pcs.

170 Part Milesight IoT EM300-TH-868M 1 4Pcs.

2 200 Assembly Gateway 1 4Pcs.

210 Part Indoor Gateway TBMH100 Minihub 1 4Pcs.

220 Material 3M Adhesive 1 8Pcs.

129





