Lecture Notes in Production Engineering

Konrad von Leipzig
Natasha Sacks
Michelle Mc Clelland Editors

Smart, Sustainable
Manufacturing in
an Ever-Changing

World

Proceedings of International Conference
on Competitive Manufacturing (COMA "22)

@ Springer



Lecture Notes in Production Engineering

Series Editors

Bernd-Arno Behrens, Leibniz Universitaet Hannover, Garbsen, Niedersachsen,
Germany

Wit Grzesik @, Opole, Poland

Steffen Thlenfeldt, Institut fiir Werkzeugmaschinen und, TU Dresden, Dresden,
Germany

Sami Kara, Mechanical & Manufacturing Engg, University of New South Wales,
Sydney, NSW, Australia

Soh-Khim Ong, Mechanical Engineering, National University of Singapore,
Singapore, Singapore

Tetsuo Tomiyama, Tokyo, Japan

David Williams, Loughborough, UK


https://orcid.org/0000-0003-3898-5119

Lecture Notes in Production Engineering (LNPE) is a new book series that
reports the latest research and developments in Production Engineering, comprising:

Biomanufacturing

Control and Management of Processes
Cutting and Forming

Design

Life Cycle Engineering

Machines and Systems

Optimization

Precision Engineering and Metrology
Surfaces

LNPE publishes authored conference proceedings, contributed volumes and
authored monographs that present cutting-edge research information as well as
new perspectives on classical fields, while maintaining Springer’s high standards
of excellence. Also considered for publication are lecture notes and other related
material of exceptionally high quality and interest. The subject matter should be
original and timely, reporting the latest research and developments in all areas of
production engineering. The target audience of LNPE consists of advanced level
students, researchers, as well as industry professionals working at the forefront of
their fields. Much like Springer’s other Lecture Notes series, LNPE will be distributed
through Springer’s print and electronic publishing channels. To submit a proposal or
request further information please contact Anthony Doyle, Executive Editor, Springer
(anthony.doyle @springer.com).


mailto:anthony.doyle@springer.com

Konrad von Leipzig - Natasha Sacks -
Michelle Mc Clelland
Editors

Smart, Sustainable
Manufacturing
in an Ever-Changing World

Proceedings of International Conference
on Competitive Manufacturing (COMA °22)

@ Springer



Editors

Konrad von Leipzig Natasha Sacks

Department of Industrial Engineering Department of Industrial Engineering
Stellenbosch University Stellenbosch University
Stellenbosch, South Africa Stellenbosch, South Africa

Michelle Mc Clelland

Department of Industrial Engineering.
Stellenbosch University
Stellenbosch, South Africa

ISSN 2194-0525 ISSN 2194-0533 (electronic)
Lecture Notes in Production Engineering
ISBN 978-3-031-15601-4 ISBN 978-3-031-15602-1 (eBook)

https://doi.org/10.1007/978-3-031-15602-1

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2023

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-031-15602-1

International Program Committee

Conference Chair

K. Von Leipzig, Stellenbosch University, South Africa (kvl@sun.ac.za)

Co-chairs

V. Hummel, Reutlingen University, Germany (Vera.Hummel @Reutlingen-
University.DE)
N. Sacks, Stellenbosch University, South Africa (natashasacks @sun.ac.za)

International Program Committee

F. Ansari, Technical University of Vienna, Austria

L. Bam, Stellenbosch University, South Africa

A. H. Basson, Stellenbosch University, South Africa

T. Becker, Stellenbosch University, South Africa

D. Blaine, Stellenbosch University, South Africa

A. Braun, Reutlingen University, Germany

J. B. Byiringiro, Dedan Kimathi University of Technology, Kenya
I. Campbell, Loughborough, England

P. Conradie, Stellenbosch University, South Africa

O. Damm, LHA Management Consultants, South Africa
C.J. du Plessis, Spatial Edge, South Africa

N. du Preez, Stellenbosch University, South Africa

C. J. Fourie, Stellenbosch University, South Africa

R. Genga, University of the Witwatersrand, South Africa


mailto:kvl@sun.ac.za
mailto:Vera.Hummel@Reutlingen-University.DE
mailto:Vera.Hummel@Reutlingen-University.DE
mailto:natashasacks@sun.ac.za

vi International Program Committee

J. L. Jooste, Stellenbosch University, South Africa

R. Knutsen, University of Cape Town, South Africa

K. Kruger, Stellenbosch University, South Africa

L. Louw, Stellenbosch University, South Africa

D. Lucke, Reutlingen University, Germany

E. Lutters, University of Twente, The Netherlands

R. Machaka, CSIR, South Africa

C. Machio, CSIR, South Africa

S. Matope, Stellenbosch University, South Africa

A. N. Mindila, Jomo Kenyatta University of Agriculture and Technology, Kenya
S. Moseley, Hilti Corporation, Liechtenstein

K. Mpofu, Tshwane University of Technology, South Africa

O. M. Muvengei, Jomo Kenyatta University of Agriculture and Technology, Kenya
R. Ndeda, Jomo Kenyatta University of Agriculture and Technology, Kenya

J. Niemann, Hochschule Diisseldorf, Germany

P. Nunthavarawong, King Mongkut’s University of Technology North Bangkok,
Thailand

E. Olakanmi, BIUST, Botswana

O. Omonigho, Federal University of Petroleum Resources, Nigeria

D. Palm, Reutlingen University, Germany

A. Pisla, Technical University in Cluj-Napoca, Romania

P. Plapper, Technical University Luxembourg, Luxembourg

S. Schlund, Technische Universitit Wien, Austria

K. Schreve, Stellenbosch University, South Africa

W. Sihn, TU Vienna, Austria

V. Stich, RWTH Aachen, Germany

J.-M. Tarrago, Hilti Corporation, Germany

L. Tshabalala, CSIR, South Africa

K. Tuchinda, King Mongkut’s University of Technology North Bangkok, Thailand
L. van Dyk, North West University, South Africa

A. Venter, NECSA, South Africa

K. Wegener, ETH Zurich, Switzerland



International Program Committee vii

About CIRP

CIRP was founded in 1951 with the aim to address scientifically, through inter-
national cooperation, issues related to modern production science and technology.
The International Academy of Production Engineering takes its abbreviated name
from the French acronym of College International pour la Recherche en Produc-
tique (CIRP) and includes some 600 members from 50 countries. The number
of members is intentionally kept limited, so as to facilitate informal scientific
information exchange and personal contacts.
CIRP aims, in general, at:

e Promoting scientific research, related to

— manufacturing processes,

— production equipment and automation,
— manufacturing systems, and

— product design and manufacturing

e Promoting cooperative research among the members of the academy and creating
opportunities for informal contacts among CIRP members at large

e Promoting the industrial application of the fundamental research work and simul-
taneously receiving feedback from industry, related to industrial needs and their
evolution.

CIRP has its headquarters in Paris, staffed by permanent personnel, and welcomes
potential corporate members and interested parties in CIRP publication and activities
in general.

CIRP Office, 9 rue Mayran, 75009 Paris, France. Web: http://www.cirp.net.
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Foreword

Welcome to the eighth International Conference on Competitive Manufacturing
hosted by the University of Stellenbosch and organized by the Department of
Industrial Engineering.

The recent COVID pandemic yet again illustrated the interconnectedness of coun-
tries, companies, and individuals and also highlighted the dependencies on one
another. In a small world where global trade is a given, international competitiveness
stays a challenge. It requires high-quality products manufactured with state-of-the-
art technologies at low cost under the assumption of highly efficient operations
management as well as clear corporate goals and strategies. This in turn is facilitated
by and dependent on improved engineering training, education, and relevant applied
research, fueled by active interaction between academia and industry.

The main objective of COMA ’22, the International Conference on Competitive
Manufacturing, is to present recent developments, research results, and industrial
experience accelerating improvement of competitiveness in the field of manufac-
turing. The close to 80 papers and presentations invited or selected to be delivered
at the Conference deal with wide aspects related to product design and realization,
production technologies and systems, operations management as well as enterprise
design and integration. The worldwide participation and range of topics covered
indicate that the Conference is truly a significant meeting of people striving for
similar aims. The event is an additional opportunity for communication between
paper authors and attendees, which undoubtedly will serve as a further step toward
exciting developments in the future. It also provides ample opportunities to further
exploit international research collaboration and collaboration between academia and
practice. As in the past, we hope that the event will lead to tangible new outreach
endeavors not only between existing collaborators, but also opening new opportu-
nities to stimulate increased productivity and entrepreneurial ideas, so vital for an
economy challenged by the COVID pandemic.

The chairmen and the organizing committee express heartfelt thanks and gratitude
to the members of the international program committee, who have given their help
and expertise in refereeing the papers and will chair the plenary and technical sessions
during the Conference, as well as to the authors for participating and ensuring that
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the high standards required on an International Conference were maintained. These
thanks and gratitude are extended to our highly regarded plenary speakers.

The chairmen convey sincere thanks to the conference sponsors for their generous
support, which made this event possible.

The International Academy of Production Engineering (CIRP) is gratefully
acknowledged for the scientific sponsorship given to the Conference.

Finally, the tremendous effort of the organizing committee is appreciated. Grateful
thanks are due particularly to the Conference secretariat for ensuring the success of
COMA "22.

We hope that you will find the Conference interesting and stimulating!

Stellenbosch, South Africa Mr. K. H. von Leipzig
Conference Chair



Submission Review Process

A formal “Call for papers” for the 8th International Conference on Competitive
Manufacturing (COMA ’22) was issued in May 2021 to submit an ‘Abstract’ within
the identified tracks/themes. Abstract submissions were subjected to an internal
reviewing process, whereby successful submissions were notified and invited for
presentation to the conference. Authors were subsequently invited to submit the ‘Full
Paper’, which was published as a conference proceeding. Both the Abstracts and Full
Papers were submitted online through the EasyChair submission page https://easych
air.org/my/conference?conf=coma22 where acknowledgement of receipt was sent to
authors. Authors were informed that a double-blind review process is applied to Full
Paper submissions.
The following dates were set by the organising committee:

Call for papers (1st May 2021)

Submission of abstracts (12th July 2021)

Notification of acceptance of abstracts (16th July 2021)
Submission of full papers (28th January 2022)
Feedback on paper reviews (8th February 2022)
Revised paper submissions (15th February 2022)

Abstracts were required to be a maximum length of 400 words. Full Papers were
required to be a maximum length of 6 pages, but leniency was given for the Author
biographies and references. Full Paper submissions were required to adhere to a
specific template and format which was placed on the conference site here: https://
blogs.sun.ac.za/coma/callforpapers/.

A double-blind reviewing process was used for the Full Paper submissions. As
such, both the reviewer and author identities are concealed from the reviewers, and
vice versa, throughout the review process. Each Full Paper submission was sent
to a minimum of two reviewers, with a third reviewer being requested in case of
non-consensus between the first two reviewers. The reviews were completed by
national and international academics, and experts in the respective field, listed on the
International Programme Committee page.
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xii Submission Review Process

A total of 45 reviewers participated in the review process, each reviewing between
two and five papers. Reviewers were asked to review submissions according to the
following criteria and were encouraged to provide recommendations and suggestions

Does the title reflect the contents of the paper?

Does the paper relate to what has already been written in the field?

Do you deem the paper to be proof of thorough research and knowledge of the
most recent literature in the field of study?

Is the paper clearly structured, easy to read and with a logical flow of thought?
Are the arguments employed valid and supported by the evidence presented?
Are the conclusions clear and valid?

Does the paper conform to accepted standards of language and style?

Any other recommendation(s)?

Select reviewer recommendation: ‘Accept Submission’, ‘Revision Required’, or
‘Decline Submission’

Reviewer feedback was saved on the submission system, where acceptance emails
together with review comments were sent to the authors, allowing them to revise the
submission. The authors were given between 2 and 4 weeks to incorporate changes,
after which the final document was submitted for approval and publication as a
conference proceeding.

Topics

Papers were invited in the following areas relevant to the conference themes:

Product Design and Realisation:

Design for manufacturing and assembly, reverse engineering, CAD/CAE, concur-
rent engineering, design for additive manufacturing, biologically inspired design
approaches, virtual prototyping, networks in product development, open design.

Production Technologies:

Expert systems in manufacturing, CAD/CAM Systems, HSC, EDM, forming, addi-
tive manufacturing, casting, metrology, mechatronics, precision manufacturing, bio-
manufacturing, robotics, sensing, assembly, automation, intelligent manufacturing,
biologically inspired manufacturing processes, non-conventional machining, envi-
ronmental aspects, machining of materials, abrasive processes, hybrid processes,
laser-based manufacturing, green manufacturing, coating technology.

Production Systems and Organisations:

Production planning and control, logistics, modelling and simulation, SW-
applications, communication networks, 5G network applications, social manu-
facturing, learning factory, digital factory, biological transformation in produc-
tion systems, cyber-physical approaches, big data, predictive maintenance,
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asset management, human-machine collaboration, employee qualification, human
resource management, IoT in manufacturing, manufacturing digitization challenges,
augmented and virtual reality, lean manufacturing, sustainable manufacturing.

Enterprise Design and Integration:

Knowledge management, product life cycle, human interface, integrated design
and manufacturing, technology and innovation management, total quality manage-
ment, distributed control systems, socio- economic and environmental issues, artifi-
cial intelligence and machine learning, digitals twins, virtual setup, subscription vs
selling.

Supply Chain Management:

Supply chain track and tracing; digital supply networks, blockchain in supply chains,
circular economy, artificial intelligence for supply chains, biological transformation
in supply chains.

COVID-19: Manufacturing and Supply Chain:

Post-pandemic business models, Supply chain localisation, manufacturing as
a service, Rapid medical device manufacturing, Distributed manufacturing,
Constrained supply chains, Resilient supply chains.

Materials and Manufacturing:
Smart materials, Recycling, Remanufacturing, Future materials, Biomaterials,
Sustainable materials, Nanomaterials, Coatings, Metal matrix composites.
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Identification of Residual Development )
Efforts in Agile Ramp-Up Production L

Thomas Bergs, Sebastian Apelt, Malte Becker, Alexander Beckers,
and Sebastian Barth

Abstract Agile product development is increasingly finding its way into the devel-
opment of physical products. The subsequent transfer of a planned and still unstable
manufacturing process into stable series production after the design freeze is the goal
of ramp-up production, but confronts manufacturing companies with different chal-
lenges. A currently high level of changes to the product geometry and the planned
manufacturing sequence due to not achieved requirements in late phases of the ramp-
up production (Residual Development Efforts—RDE) results in time-consuming
and cost-intensive changes to the product and manufacturing sequence, which leads
to failure to achieve ramp-up targets. The goal of current research is therefore to
increase the agility of ramp-ups and to integrate the ramp-up production into the
phase of agile product development. This offers the potential to use the increased
dynamics of the product development process and the knowledge already gener-
ated for the validation and stabilization of the manufacturing process. However, due
to the integration of ramp-up production into product development, there are addi-
tional far-reaching effects of product and technology uncertainties prevalent in agile
product development on the design of agile ramp-up production. Additional uncer-
tainties regarding the product geometry due to non-finalized designs and the resulting
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uncertainties regarding the probability of use and achievement of the requirements
of the manufacturing technologies initially result in additional residual development
efforts. Furthermore, the interactions between the manufacturing technologies in the
manufacturing sequence are thus subject to additional uncertainties, which also leads
to increased RDEs. To meet this challenge, it is necessary to analyze prevailing uncer-
tainties and predict their impact on potential changes in agile ramp-up production.
Therefore, a methodology is presented, which enables the analysis of product and
technology uncertainties and thus the identification of product and process-related
changes (RDE) in agile ramp-up production.

Keywords Agile ramp-up production * Technology planning - Uncertainties -
Residual development efforts + Manufacturing sequence

1 Introduction

In the course of globalization, manufacturing companies are confronted with various
challenges in a dynamic competitive environment. These challenges include shorter
product life cycles, changing customer requirements and increasing product variety
[1]. In order to meet these challenges, an optimized product development process
and a controlled transition from product development to series production, which
is referred to as ramp-up production, are necessary [2]. The design freeze describes
the point at which no more changes to the developed product are allowed and at
which the release for the ramp-up production is set [3]. In conventional ramp-up
production, which follows the design freeze, ramp-up targets are often not achieved.
This means, for example, that the time-to-market and time-to-volume as well as
the ramp-up budget are exceeded [4]. The non-achievement is due to instabilities
in the manufacturing sequence, which are caused by fluctuating employee and tech-
nology capabilities on the one hand [5]. On the other hand, the instabilities are caused
by residual development efforts in the ramp-up production. Residual development
efforts are necessary subsequent developments to the product or to the technologies of
a manufacturing sequence, which are based on insufficient product and technology
maturity [2] as well as on an insufficient coordination between product develop-
ment, technology planning and ramp-up management [3]. Manufacturing sequences
describe the combination of value-adding process steps and handling technologies
for the manufacture of a component [6]. It is difficult to address these challenges in
the planning phase because manufacturing technologies are not physically connected
to generate a manufacturing sequence until ramp-up production. Only through this
connection previously unknown interactions between technology and product, but
also between the technologies themselves, become visible [4].

Residual development efforts (RDEs) in ramp-up production are similar to
constantly changing customer requirements in product development. Since the
concept of agile product development is finding its way into product development
to meet this challenge, current research focuses on the adaptation of agile methods
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to the ramp-up production [4]. In agile product development, the scrum approach
is widespread, which divides a development project into short development cycles,
referred to as sprints [7]. The increase in agility and the integration of ramp-up
production into agile product development is referred to as agile ramp-up produc-
tion. On the one hand, the integration aims to enable improved coordination between
product development, technology planning and ramp-up management. On the other
hand, the ramp-up production should become more agile through agile product devel-
opment, so that problems (like RDEs or instabilities of the manufacturing sequence)
can be identified earlier to be counteracted. Due to the integration, the ramp-up
production no longer starts after the design freeze. Therefore, uncertainties regarding
the product are present in the agile ramp-up production [4]. Since the technologies
for the manufacturing sequence are planned in parallel with product development,
there are technology uncertainties as well. The challenge for technology planning
in agile ramp-up production is to validate a manufacturing sequence planned under
uncertainty based on uncertain information. As a consequence of agile ramp-up
production, the existing uncertainties have to be analyzed to avoid additional residual
development efforts.

To address this challenge, the state of the art regarding existing methods for
ramp-up production and product development is analyzed and the objective of the
developed methodology is presented. Subsequently, the methodology is explained in
detail and validated in a case study.

2 State of the Art

For agile ramp-up production, it is necessary that both product development and
ramp-up production are considered. In addition, the manufacturing sequence and
residual development efforts must be taken into account. Due to the integration of
ramp-up production into product development, uncertainties are present in agile
ramp-up production, which must also be taken into account. In the scientific liter-
ature, a variety of approaches exist which address either the ramp-up production
or the product development. Most of the analyzed approaches addressing ramp-
up production describe it from an organizational and socio-technical point of view
and neglect the manufacturing sequence and residual development efforts, such as
the approaches of Laick [8], Winkler [9], Dyckhoff et al. [10]. The approaches of
Lanza and Stauder consider manufacturing technologies as a part of a manufacturing
sequences but handling technologies and residual development efforts are not suffi-
ciently addressed [3, 5]. It is concluded that existing approaches regarding ramp-up
production do not allow a comprehensive consideration of residual development
efforts.

The following section analyzes approaches from product development and their
transferability to agile ramp-up production. Examples of such approaches are Cooper
et al. and Sommer et al. However, these approaches describe product development
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from an organizational and socio-technical perspective [11, 12]. Rey’s disserta-
tion deals with the combination of technology planning and product development.
Handling technologies and instabilities during ramp-up production are not consid-
ered [13]. Summed up, the ramp-up production is not considered in any of these
approaches.

In addition to the described approaches, first approaches which consider both
product development and ramp-up production exist, e.g. from Basse and De Lange.
However, manufacturing sequences, modeling of uncertainties, and the identification
of residual development efforts are not or insufficiently discussed [14, 15].

Conclusively, existing approaches do not allow a cross-phase consideration of
product and technology uncertainties as well as a consideration of residual develop-
ment efforts in agile ramp-up production. Furthermore, existing approaches neglect
handling technologies in the manufacturing sequence. Therefore, a methodology is
needed that considers the manufacturing sequence, product and technology uncer-
tainties and the residual development efforts in the ramp-up production. This requires
modeling product and technology uncertainties as well as predicting and evaluating
residual development efforts in ramp-up production. The developed methodology is
described in detail below.

3 Objective

The objectives of the methodology presented are to increase the agility of ramp-up
productions and to enable users to systematically model existing uncertainties for the
identification of residual development efforts under consideration of planned manu-
facturing sequences. For this purpose, uncertainties resulting from the integration of
ramp-up production into product development must be taken into account in order
not to additionally threaten ramp-up targets. The methodology enables the identi-
fication of problems at an early stage in the ramp-up production and the initiation
of targeted measures to eliminate the problems. This improves target achievement
during the ramp-up production and reduces the development time to series maturity.

4 Case Study

For a better understanding of the methodology, the details are given by means of a
case study from industrial practice. As a consequence of the increasing demand for
vehicles with low CO; emissions, legal regulations for the reduction of CO, emissions
as well the high importance of a successful ramp-up production in the automotive
industry, the validation of the developed methodology is carried out on the basis of
a cylinder crankcase for an engine. One solution to the problem of reducing exhaust
emissions and fuel consumption is to reduce friction. There is potential in optimizing
the tribological system between the cylinder bore and the piston ring. The friction
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Fig. 1 Case study [16]
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is largely dependent on the contour of the cylinder bore surface [16]. The aim is to
manufacture the cylinder bore surface of the cylinder crankcase with a containment
contour, see Fig. 1.

The development of the cylinder crankcase is conducted agile. Uncertainties exist
with regard to the general use of a containment contour, the exact contour dimensions
and shape, position and dimensional tolerances. In the case study, the containment
contour could be realized by form honing (T6). However, there are uncertainties with
regard to the tool life and the handling step that transfers the cylinder crankcases to
the form honing technology. In order to achieve the shortest possible time to market,
the ramp-up production is carried out in parallel with agile product development.

5 Methodology

In this section, the developed methodology is described. Uncertain manufacturing
sequences and product characteristics represent the input of the methodology. The
conceptual design of the methodology consists of two steps (see Fig. 2). In the first
step, the uncertainty situation is modeled by collecting single information, which are
afterwards combined to aggregated information. In the second step, RDEs are iden-
tified based on the modeled uncertainties, which are finally evaluated for the prioriti-
zation for the execution of prototype tests and validation in the ramp-up production.
The output of the methodology are prioritized potential residual development efforts
for which countermeasures have to be determined. The determination of counter-
measures is not part of this paper. In the following, both steps are presented in
detail.
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Fig. 2 Conceptual design of
the methodology
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5.1 Modeling of Uncertainties

The understanding of uncertainty in this approach is based on the generalized infor-
mation theory, in which the terms information and uncertainty are linked with each
other. According to this theory, uncertainties are information deficits, which can be
reduced by appropriate additional information [17]. Furthermore, in this approach,
uncertainties are divided into product and technology uncertainties. Product uncer-
tainties result from uncertain product characteristics. Technology uncertainties are
information gaps for the manufacturing of product characteristics as well as for
handling. This step serves to quantify existing uncertainties regarding the devel-
oping product and the manufacturing sequence. This step is modeled based on the
methodology of Rey, which allows the combination of various individual pieces of
information into product requirement and technology capability profiles [13].

5.1.1 Collection of Uncertain Single Information

The first step of the methodology is to collect information regarding product require-
ments and technological capabilities of the planned manufacturing and handling
technologies. A single Information (A) can be acquired from various sources such
as standards, journals, technical books or expert statements. The certainty of single
information (CI) describes how certain an information source is when providing a
single information. A certainty of 100% corresponds to the highest certainty of an
information source regarding a single information, whereas a certainty of 0% corre-
sponds to the lowest certainty. Furthermore, the user of the methodology determines
the reliability of a single information (RI), see Fig. 3.

The reliability of a single information describes the percentage of trustworthiness
of an information source. This is relevant, because different sources of information
have different credibility [13]. Subsequently, the collected information is modeled
using the evidence theory from Dempster [18] and Shafer [19].
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Fig. 3 Modeling on
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In this theory of plausible reasoning, evidence describes an immediate insight-
fulness of findings and unprovable statements, for which the correctness can only
be determined by their occurrence, or non-occurrence [20]. Evidence (also called
base dimension) results from the certainty and reliability of the occurrence of a
single piece of information (A). To do this, the certainty and reliability of a single
information are multiplied, see formula (1) [13].

m(A) = CI(A) - RI(A) (1)

For example, an evidence of 100% results if an expert provides a single information
with a certainty of 100% and the user of the methodology fully trusts this expert. In
the case study introduced, one of the uncertainties is the tool life of the honing stones
used in the manufacture of the cylinder crankcase. For this purpose, information is
obtained from the design and technology planning departments, which differ in their
credibility and in the specified interval range.

5.1.2 Combination of Uncertain Single Information

By combining different information from different sources, it is possible to generate
an aggregate information considering the reliability of each source of information
[20]. Thereby, fixed single values as well as value ranges can be specified by the
information sources. By combining this single information (in the form of value
ranges or single information), aggregated value ranges are evaluated with an uncer-
tainty (based on the evidence). The uncertainty thus provides information about the
certainty with which the final expression lies within the aggregated value (Interval).
For this purpose, the combination rule of Yager [21] is used. This combination rule
is a derivative of the combination rule according to Dempster [18], which is also
suitable for processing contradictory information [21]. The result of the step is a
combined information with a total certainty and uncertainty (U) [13]. Based on the
case study, the information regarding the tool life from design and technology plan-
ning are combined. The result is a value range with a specified uncertainty that the
actual tool life is assigned to. By acquiring more information, the range of values
can be narrowed or the uncertainty can be reduced.
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5.2 Identification an Periodization of Residual Development
Efforts

In the second step of this methodology, residual development efforts are identified
based on the previously modeled uncertainties. For this step, structural models are
presented below, which allow the systematic identification of RDEs based on modeled
uncertainties. The structural models offer the user a first point of reference for assis-
tance and must be adapted to the considered manufacturing task. Subsequently, the
identified residual development efforts are prioritized.

5.2.1 Identification of Residual Development Efforts

To identify RDEs, a fundamental distinction is made between product- and
technology-driven uncertainties. Both structural models (product and technology) are
analogous to a tree structure. The first level represents uncertainty classes to which the
present uncertainties are assigned. Uncertainty classes based on product uncertain-
ties are, for example, uncertainties regarding functionality fulfillment or geometric
uncertainties. Regarding the use case, product uncertainty classes are differentiated
into mechanical, hydraulic, pneumatic, electrical and magnetic, optical-physical,
medical-biological, acoustic, optical-physical [22] and tribological [23] functionali-
ties as well as geometrical uncertainties. Examples for classes of technology uncer-
tainties are uncertain manufacturability, uncertain handling and uncertain process
design (see Fig. 4).

The uncertainty classes are subdivided into subgroups (uncertain elementary func-
tion) on a second level, if possible. An elementary function is the smallest unit of a
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