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Preface

Sadly, just one year after the publication of the fourth German edition
in 1997, my co-author Wolfgang Beitz died after a short but severe
illness. His many outstanding contributions to engineering design,
including his contribution to this book, were honoured in a memorial
colloquium held in Berlin. It would have made me very happy if he
had been able to see the continuing success of our book, including
its translation into Portuguese. Our collaboration was a perfect one—
always fruitful, always beneficial. I am deeply grateful to him.

The book, “Pahl/Beitz—Konstruktionslehre”, has now been trans-
lated into eight languages and recognised as an international reference
text. For reasons of continuity, our publisher Springer wanted to pub-
lish a fifth German edition of the book. To assist with this task two
former students of Wolfgang Beitz became involved: Professor Dr.-Ing.
Jorg Feldhusen and Professor Dr.-Ing. Karl-Heinrich Grote, both of
whom have continually promoted and expanded his ideas. Professor
Feldhusen worked for many years as a senior designer in the auto-
motive industry and is now at RWTH Aachen University, succeeding
Professor Dr.-Ing. R. Koller. Professor Grote has considerable expe-
rience of teaching design and running projects as a Professor in the
USA, and is now at the Otto-von-Guericke University in Magdeburg.
He succeeded Professor Beitz as the Editor of the Dubbel Handbook
for Mechanical Engineering.

Gerhard Pahl
Darmstadt



Authors’ Forewords

Sixth German Edition

The fifth German edition, which was published in March 2003, was so
well received that just a year later a sixth German edition was required.
The opportunity was taken to add some new developments to the
chapter on size ranges and modular products.

The authors would like to reiterate their thanks to all those involved
in both editions.

G. Pahl, J. Feldhusen and K.-H. Grote
Darmstadt, Aachen and Magdeburg, April 2004

Fifth German Edition

For the fifth German edition we have retained the well-established
pattern of the previous editions, but updated it with new material. Be-
cause of its widespread use, the basics of electronic data processing’,
including CAD, have been moved into the chapter on fundamentals.
The chapter on the product development process has been expanded
and strengthened by adding new perspectives. As aresult, Chapters 1-4
now fully represent the necessary basic knowledge, including cogni-
tive aspects, needed to underpin a systematic approach to engineering
design. Chapters 5-8 describe the application of this basic knowledge
to product development from the task clarification phase, through
conceptual design up to the final embodiment and detail design’
phases, supported by many detailed examples. Chapter 9 describes
some important generic solutions including composite structures”,
mechatronics and adaptronics. Basic knowledge about machine ele-
ments is, as always, assumed. Chapter 10 covers, as in previous editions,
the development of size ranges and modular products. The increas-
ing importance of achieving high quality is reflected by additions to

“The starred topics do not appear in this third English edition and as a consequ-
ence some chapter numbers have changed—see Editors” Foreword.
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Chapter 11. The important theme of estimating costs can be found, as
before, in Chapter 12. Because the basics of data processing technology
have now been included in the chapter on fundamentals, Chapter 13
focuses on general recommendations for designing with CAD". Chap-
ter 14 provides an overview of the recommended methods, and reports
on experiences of using the approach in industrial practice. The book
closes with a definition of terms” as they have been used in this book.
The index supports a rapid search for specific themes.

In this way, the systematic approach to engineering design has been
brought to a level that provides a basis for successful product devel-
opment. Throughout, fundamentals have been emphasised and short-
term trends avoided. The approach described also provides a sound
basis for design education courses that help students move into design
practice. The literature has been updated, offering those who are in-
terested in more detail or in the historical background a rich source of
information.

The authors have to thank many individuals. Frau Professor Dr.-Ing.
L. Blessing, successor to Professor Wolfgang Beitz, kept the original
figures and made them available to us. Professor Dr.-Ing. K. Lan-
dau, TU Darmstadt, helped us update the literature on design for er-
gonomics. Professors Dr.-Ing. B. Breuer, Dr.-Ing. H. Hanselka, Dr.-Ing.
R. Isermann and Dr.-Ing. R. Nordmann, all from TU Darmstadt,
contributed to the sections on mechatronics and adaptronics with
suggestions, examples and figures. In this connection we also thank
Dr.-Ing. M. Semsch for his contribution. Emeritus Professor Dr.-Ing.
M. Flemming, ETH Zurich, greatly supported us with suggestions
and figures on the themes of composite construction” and structron-
ics. Last but not least, we thank all those hardworking assistants,
such as Frau B. Frehse at the Institut fiir Maschinenkonstruktion-
Konstruktionstechnik, Universitdt Magdeburg, who prepared and re-
worked the electronic transformation of the text and figures. Finally
we warmly thank our publisher Springer, in particular Dr. Riedesel,
Frau Hestermann-Beyerle, Frau Rossow and Herr Schoenefeldt for
their continuous support and for the excellent printing of the text and
figures.

G. Pahl, J. Feldhusen and K.-H. Grote
Darmstadt, Aachen and Magdeburg, June 2002

Fourth German Edition

The third edition of our book proved to be so popular that after a rel-
atively short time a further edition was required. A reprint was not
considered appropriate as several important new concepts and meth-
ods for the product development process had emerged, and these could
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not be ignored. Furthermore recently published findings needed to be
taken into account.

The structure and content of the third edition forms the basis of
the fourth edition. The topic of product planning has been extended
through the integration of methods such as portfolio analysis and
scenario planning. New sections have been introduced on effective
organisation structures, on applying simultaneous engineering, on
leadership and on team behaviour. The increasing importance of qual-
ity assurance has reinforced the need to adopt systematic engineering
design as a primary measure. This should be extended through the
application of secondary measures, such as Quality Function Deploy-
ment (QFD) using the House of Quality. Developments in the area of
sustainability have led to modifications in the section on design for
recycling. Because of its general technical and economic importance,
a new section on design to minimise wear has been introduced. The
method of target costing has been included in the chapter on design
for minimum cost. Finally, the chapter on CAD required updating’.

The third edition, slightly abridged, has been translated into English,
Engineering Design: A Systematic Approach (2nd Edition, Springer-
Verlag, London), under the leadership of Ken Wallace, who was sup-
ported by Luciénne Blessing and Frank Bauert. We thank them warmly.
A Japanese translation has also been published, and a translation into
Korean is in progress. These translations significantly increase the
international influence of Konstruktionslehre.

The employees of both our institutes have again supported our work
on the fourth edition in their usual trusted and willing way. For their
help we are deeply grateful. Our publishers have again to be thanked
for the excellent advice we have received, as well as for their careful
realisation of the book. Finally, we thank our wives for their continuous
understanding, for without their support this book would never have
been possible.

G. Pahl and W. Beitz
Darmstadt and Berlin, January 1997



Editors’ Foreword

Background

The first German edition of Konstruktionslehre was published in 1977.
The first English edition entitled Engineering Design was published in
1984 and was a full translation of the German text. Both the German
and the English editions of the book rapidly became established as
important references on systematic engineering design in industry,
research and education. International interest in engineering design
grew rapidly during the 1980s and many developments took place. To
keep up-to-date with the changes, a second German edition was pub-
lished in 1986. It was too soon after the publication of the first English
edition to consider a second edition. However, since the translation
was being extensively used to support engineering design teaching,
aslightly abridged student edition entitled Engineering Design - A Sys-
tematic Approach was published in 1988.

When preparing the student edition, the opportunity was taken to
review the translation and the contents of the first edition. No changes
in terminology were thought necessary and the contents were the same
as the first English edition except for the removal of two chapters.

The first chapter to be removed was the short chapter on detail de-
sign. It must be emphasised that this does not mean that detail design is
considered unimportant or lacking in intellectual challenge. Quite the
reverseis true. Detail design is far too broad and complex a subject to be
covered in a general text. There are many excellent books covering the
detail design of specific technical systems and machine elements. For
these reasons, the German editions did not discuss technical aspects of
detail design, but only dealt with the preparation of production docu-
ments and the numbering techniques required to keep track of them.

The second chapter to be removed dealt with computer support for
design, including CAD. Again, this chapter was clearly not removed
because the topic is unimportant. Computer support systems are used
universally and develop rapidly. Many specialist texts are available.

In 1993 an updated and extended third German edition of Kon-
struktionslehre was published. It was considered timely to produce
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asecond English edition to bring the translation into step with the latest
thinking. The new layout of the German edition was incorporated,
along with the important discussions of psychology and recycling.
The new chapters on design for quality and design for minimum cost
were included, but, for the reasons given above, the chapters on detail
design and computer support were again omitted.

The third German edition also contained a new chapter that de-
scribed selected standard solutions (machine elements, drives and
controls) in line with the systematic approach and concepts presented
in the book. This knowledge is covered comprehensively in the trans-
lation of the German Dubbel [Dubbel Handbook for Mechanical En-
gineering, Springer-Verlag, London, 1994]. This chapter was therefore
also omitted.

There are now six German editions of Pahl/Beitz (4th 1997; 5th
2003; 6th 2005)—so it is timely to produce a third English edition. The
structure has changed compared to the previous English edition and
is described below.

Structure of the Third English Edition

Introduction—Chapter 1

The book starts with the historical background to modern systematic
design thinking in Germany. The work of influential design researchers
and practitioners is reviewed briefly.

Fundamentals—Chapter 2

This chapter discusses the fundamentals of technical systems and of the
systematic approach, including cognitive aspects. The fundamentals
of the use of computers to support product development were omitted
for the reasons mentioned above.

Product Planning, Solution Finding and Evaluation—Chapter 3

In this chapter the flow of work during the process of planning is
described, see Figure 3.2, along with general methods for finding and
evaluating solutions that can be used not only for planning but also
throughout the product development process. These methods are not
linked to any specific design phase or type of product and include
a range of intuitive and discursive methods.

Product Development Process—Chapter 4

This chapter presents the flow of work during the product development
process and describes the main phases: Task Clarification; Conceptual
Design; Embodiment Design; and Detail Design. The authors’ overall
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model is shown in Figure 4.3. New to this edition is a discussion about
the effective management and organisation of the design process.

Task Clarification—Chapter 5

This phase involves identifying and formulating the general and task-
specific requirements and constraints, and setting up a requirements
list (design specification). The steps of this phase are shown in Fig-
ure 5.1.

Conceptual Design—Chapter 6
This phase involves (see Figure 6.1):

e abstracting to find the essential problems

e establishing function structures

e searching for working principles

e combining working principles into working structures

o selecting a suitable working structure and firming it up into a prin-
ciple solution (concept).

This chapter concludes with two detailed examples of applying the
proposed methods to the design of a single-handed water mixing tap
and an impulse-loading test rig.

Embodiment Design—Chapter 7

During this phase, designers start with the selected concept and work
through the steps shown in Figure 7.1 to produce a definitive layout of
the proposed technical product or system in accordance with technical
and economic requirements.

About 40% of the book is devoted to this phase and the authors dis-
cuss the basic rules, principles and guidelines of embodiment design,
followed by a comprehensive example of the embodiment design of
the impulse-loading test rig introduced in Chapter 6.

The chapter on detail design has again been omitted, but a new
Section 7.8 outlining the steps of this phase has been introduced (see
Figure 7.164).

Mechanical Connections, Mechatronics and Adaptronics—Chapter 8

This chapter is new to the English series of Pahl/Beitz. Three classes
of generic solutions are presented in a way that is consistent with the
systematic approach presented in this book. Because of their overriding
importance in mechanical design, mechanical connections are the first
class to be discussed. Because of their growing importance, the other
two classes are mechatronic and adaptronic systems.



Xiv Editors’ Foreword

The decision was taken to leave out drives, control systems and
composite structures as these are covered extensively in the English
literature.

Size Ranges and Modular Products—Chapter 9

This chapter presents methods for systematically developing size
ranges and modular products to meet a wide range of requirements
while at the same time reducing costs. In this edition the concepts of
product architecture and platform construction are introduced.

Design for Quality—Chapter 10

The chapter on design for quality now includes a discussion of Quality
Function Deployment (QFD).

Design for Minimum Cost—Chapter 11

This chapter now includes a section on Target Costing.

Summary—Chapter 12

The short final chapter provides a summary of the ideas covered in
the book. Figures 12.1 and 12.2 provide a quick reference to the main
steps in the design process and the appropriate working methods.

Every design must meet both task-specific and general requirements
and constraints. To remind designers of these during all stages of the
design process, a set of checklists is used throughout the book. An
overview of these checklists is provided in Figure 12.3.

Translation Issues

The aim of the translation has been to render each section of the book
comprehensible in its own right and to avoid specialist terminology.
Terms are defined as they arise, rather than in a separate glossary,
and their meanings should be clear from their usage. On occasions
other authors have used slightly different terms, but it is hoped that no
misunderstandings arise and that the translation is clear and consistent
throughout.

Some terms, however, require special mention. The German method-
ology includes a standard concept introduced with the German prefix
‘wirk’. Translators have used a number of different English terms to
translate ‘wirk’, including ‘active’, ‘working’ and ‘effective’. After care-
ful consideration, we decided to continue to use ‘working’ as in the pre-
vious English edition, so, for example, ‘wirkprinzip’ becomes ‘working
principle’, ‘wirkort’ become ‘working location’, ‘wirkfliche’ becomes
‘working surface’ and ‘wirkbewegung’ becomes ‘working motion’. In
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English ‘working’ does not immediately convey fully the correct Ger-
man meaning. In German, the ‘wirk’ prefix is used to focus on the
principles, locations and surfaces, etc. that ensure the desired physical
effect takes place. So, for example, ‘wirkort’ (workinglocation) is where
the physical effect takes place using two or more ‘wirkflichen’ (work-
ing surfaces) and a ‘wirkbewegung’ (working motion). ‘Wirkprinzip’
brings these ideas together as the ‘working principle’. For example
‘clamping’ is the working principle that can realise the friction ef-
fect by preventing certain working motions through an appropriate
combination of suitable working surfaces (see Figure 2.12).

The term ‘drawing’ is used in this book to represent the output
of either a traditional design approach, i.e. a physical drawing, or
amodern computer-supported approach, i.e.a CAD model or drawing.

Of the four phases of the product design process, only the terminol-
ogy used for the third, ‘embodiment design’, requires some explana-
tion. Other translations, in a similar context, have used layout design,
main design, scheme design or draft design. The input to this third
phase is a design concept and the output is a technical description,
often in the form of a scale drawing or CAD model. Depending on the
particular company involved, this drawing is referred to as a general
arrangement, a layout, a scheme, a draft, or a configuration, and it
defines the arrangement and preliminary shapes of the components in
a technical artefact. The term ‘layout’ is widely used and was selected
for this book. The idea to introduce the term embodiment design came
from French’s book, Engineering Design: The Conceptual Stage, pub-
lished in 1971. Embodiment design incorporates both layout design
(the arrangement of components and their relative motions) and form
design (the shapes and materials of individual components). The term
‘form design’ is widely used in the literature, and its meaning ranges
from the overall form of a product in an industrial design context, to
the more restricted form of individual components in an engineering
context. This book tends towards the latter usage.

There are numerous references to DIN (Deutsche Industrie Normen)
standards and VDI (Verein Deutscher Ingenieure) guidelines, a few
of which have been translated into English. Examples are the DIN
ISO standards and the translation of VDI 2221. In important cases,
references to DIN standards and VDI guidelines have been retained in
the English text, but elsewhere they have simply been listed along with
the other references. In technical examples, DIN standards have been
referred to without any attempt to find English equivalents.

The original text includes many references. Most of these are in
German and therefore not of immediate interest to the majority of
English readers. However, to have omitted them would have detracted
from the authority of the book and its value as an important source
of reference. The references have therefore been retained in full but
grouped together at the end of the book, rather than at the end of each
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chapter as in the German text. An English bibliography has been added
by the Editors, as well as an overview of the main engineering design
conference series and journals.

It must be stressed that nothing was deleted that detracted from
the main aim of the original German book, that is, to present a com-
prehensive, consistent and clear approach to systematic engineering
design.

Acknowledgements

Donald Welbourn was responsible for encouraging the translation of
the first English edition in the late 1970s, and he helped and supported
the task in numerous ways. Many of the challenges that arose with the
translation and terminology at the time were resolved with the help of
Arnold Pomerans.

We first worked together on the translation of the second English
edition, and Frank Bauert assisted us with the new figures. Nicholas
Pinfield from Springer provided encouragement and support through-
out.

For the third English edition, we worked jointly on the overall task
of translation and editing.

John Clarkson helped with the compilation of the English bibliog-
raphy. Anthony Doyle and Nicolas Wilson from Springer contributed
enormously to the overall production of the book and their help and
patience are gratefully acknowledged. Sorina Moosdorf from LE-TgX
in Germany was responsible for the detailed task of typesetting the
book. She and her colleagues did an excellent job.

Finally, and most sincerely, we must thank Professor Pahl, Professor
Feldhusen and Professor Grote for trusting us with the translation of
the book.

As with the previous two editions, it is hoped that this translation
faithfully conveys the ideas of Pahl/Beitz - Konstruktionslehre while
adopting an English style.

Ken Wallace and Luciénne Blessing
Cambridge and Berlin, November 2006



Contents

1 Introduction .............ccoiuiiiiiiiiiiiiiiiiinnennn.. 1
1.1 The Engineering Designer.............covuvevnn... 1
1.1.1 Tasksand Activities ................ ..ot 1
1.1.2  Position of the Design Process
withina Company ....................oues. 6
113 Trends ...oveeinieiiiiii e 6
1.2 Necessity for Systematic Design ..................... 9
1.2.1 Requirements and the Need
for Systematic Design ............cooeinenn.. 9
1.2.2 Historical Background ...................... 10
1.2.3 Current Methods ................cvieina... 14
1.2.4 Aims and Objectives of this Book ............. 19
2 Fundamentals ............. ... ... .. i, 27
2.1 Fundamentals of Technical Systems.................. 27
2.1.1  Systems, Plant, Equipment, Machines,
Assemblies and Components ................. 27
2.1.2  Conversion of Energy, Material and Signals .... 29
2.1.3 Functional Interrelationship ................. 31
2.1.4 Working Interrelationship ................... 38
2.1.5 Constructional Interrelationship.............. 42
2.1.6  System Interrelationship..................... 42
2.1.7 Systematic Guideline ................... ..., 43
2.2 Fundamentals of the Systematic Approach............ 45
2.2.1 Problem Solving Process..................... 45
2.2.2  Characteristics of Good Problem Solvers. . ..... 49
2.2.3 Problem Solving as Information Processing .... 51
224 General Working Methodology ............... 53
2.2.5 Generally Applicable Methods ................ 58
2.2.6 Role of Computer Support ................... 62
3 Product Planning, Solution Finding and Evaluation ........ 63
3.1 ProductPlanning..............cooiiiiiiiiiiin, 63
3.1.1 Degree of Novelty of a Product ............... 64



xviii

Contents
3.1.2 ProductLifeCycle ............cooviiiinnnt. 64
3.1.3 Company Goals and Their Effect.............. 65
3.1.4 ProductPlanning ..............ccoviiinin.. 66
3.2 Solution Finding Methods ..................... ... 77
3.2.1 Conventional Methods ...................... 78
3.2.2 Intuitive Methods.................. ... .. ... 82
3.2.3 Discursive Methods ....................o.L 89
3.2.4 Methods for Combining Solutions ............ 103
3.3 Selection and Evaluation Methods ................... 106
3.3.1 Selecting Solution Variants................... 106
3.3.2 Evaluating Solution Variants ................. 109
Product Development Process ..............c.oovueininn.. 125
4.1 General Problem Solving Process.................... 125
4.2 Flow of Work During the Process of Designing ........ 128
4.2.1 ActivityPlanning ............ ... oo 128
4.2.2 Timingand Scheduling ...................... 134
4.2.3 Planning Project and Product Costs ........... 136
4.3  Effective Organisation Structures.................... 138
4.3.1 Interdisciplinary Cooperation ................ 138
4.3.2 Leadership and Team Behaviour .............. 141
Task Clarification ........... ...t 145
5.1 Importance of Task Clarification .................... 145
5.2 Setting Up a Requirements List
(Design Specification) ...........ceviiiiiiiiiiiinn.. 146
521 Contents........cooviiiiiiiiiiiiiiiiiiiiin., 146
522 Format............ .. il 147
5.2.3 Identifying the Requirements ................ 149
5.2.4 Refining and Extending the Requirements ..... 151
5.2.5 Compiling the Requirements List ............. 152
52.6 Examples .........ccoiiiiiiiiiiiiiiiiian.. 153
5.3 Using Requirements Lists...........coovviiininn.. 153
53.1 Updating ......ocovviiiiiiiiiiieennneennn.. 153
5.3.2 Partial Requirements Lists .............c..v... 156
533 FurtherUses ..............cooiiiiiiin.. 157
5.4 Practical Application of Requirements Lists........... 157
Conceptual Design ...........ooiviiiiiiiiiiiiin.. 159
6.1 Steps of Conceptual Design ...........cvvvvnvvnnen.. 159
6.2 Abstracting to Identify the Essential Problems ........ 161
6.2.1 Aim of Abstraction ............... ... 161
6.2.2 Broadening the Problem Formulation ......... 162
6.2.3 Identifying the Essential Problems
from the Requirements List .................. 164
6.3 Establishing Function Structures .................... 169



Contents Xix

6.3.1 Overall Function ...........ccoovvvineinnn.. 169
6.3.2 Breaking a Function Down into Subfunctions .. 170
6.3.3 Practical Applications of Function Structures .. 178

6.4 Developing Working Structures ..................... 181
6.4.1 Searching for Working Principles ............. 181
6.4.2 Combining Working Principles ............... 184
6.4.3 Selecting Working Structures ................ 186
6.4.4 Practical Application of Working Structures. ... 186
6.5 Developing Concepts .........cvviiiiiiiinnennnnnn. 190
6.5.1 Firming Up into Principle Solution Variants. ... 190
6.5.2 Evaluating Principle Solution Variants......... 192
6.5.3 Practical Application of Developing Concepts .. 198
6.6 Examples of Conceptual Design .............co.ven.. 199
6.6.1 One-Handed Household Water Mixing Tap..... 199
6.6.2 Impulse-Loading TestRig.................... 210
Embodiment Design .................ooiiiiiiiiiii, 227
7.1 Steps of Embodiment Design ....................... 227
7.2 Checklist for Embodiment Design ................... 233
7.3 Basic Rules of Embodiment Design .................. 234
730 Clarity ..ovoeeeinie e 235
7.3.2  SImplicity.....oovviiiiiiiiiii i 242
733 Safety ... 247
7.4 Principles of Embodiment Design ................... 268
7.4.1 Principles of Force Transmission ............. 269
7.4.2 Principle of the Division of Tasks ............. 281
7.4.3 Principleof Self-Help .................. ... 290
7.4.4 Principles of Stability and Bi-Stability ......... 301
7.4.5 Principles for Fault-Free Design .............. 305
7.5 Guidelines for Embodiment Design.................. 308
7.5.1 General Considerations...................... 308
7.5.2 Design to Allow for Expansion ............... 309
7.5.3 Design to Allow for Creep and Relaxation. ..... 321
7.5.4 Design Against Corrosion ................... 328
7.5.5 Design to Minimise Wear .................... 340
7.5.6 Design for Ergonomics ..........covvueinnn.. 341
7.5.7 Design for Aesthetics...........cooovviinie, 348
7.5.8 Design for Production ...................... 355
7.5.9 Designfor Assembly ................ooiil 375
7.5.10 Design for Maintenance ..................... 385
7.5.11 Design for Recycling ...............oooiune.. 388
7.5.12 Design for Minimum Risk ................... 402
7.5.13 Designto Standards..................oiunt 410
7.6 Evaluating Embodiment Designs .................... 416
7.7 Example of Embodiment Design .................... 417
7.8 Detail Design .....oouviiiiiiiiiiiiiii i 436



XX

8

10

Contents

Mechanical Connections, Mechatronics

and Adaptromics ........ ...t 439
8.1 Mechanical Connections ..........c..covvvuivnnenn.. 439
8.1.1 Generic Functions and General Behaviour ..... 440
8.1.2 Material Connections .............ccooeennn.. 440
8.1.3 Form Connections ............ccovviuvinnn.. 441
8.1.4 TForceConnections ...........oevvvininunnn... 443
8.1.5 Applications ..........cceurieiiieinnieennnnn. 447
8.2 MecChatronics ......cvvvreenneennienniennennnen. 448
8.2.1 General Architecture and Terminology ........ 448
8.2.2 Goalsand Limitations ....................... 450
8.2.3 Development of Mechatronic Solutions ........ 450
824 Examples .......coiiiiiiiiiiiiiiiiiea, 451
8.3 Adaptronics ..........iiiiiiiiiiiii 458
8.3.1 Fundamentals and Terminology .............. 458
8.3.2 Goalsand Limitations ....................... 459
8.3.3 Development of Adaptronic Solutions ......... 460
834 Examples ........ooiiiiiiiiiiiiiiiiiiin. 461
Size Ranges and Modular Products ....................... 465
9.1 SizeRanges...........oiiiiiiiiiiiiiiii i 465
9.1.1 SimilarityLaws........cooviiiiiiiiiiiiin.. 466
9.1.2 Decimal-Geometric Preferred Number Series .. 469
9.1.3 Representation and Selection of Step Sizes ..... 472
9.1.4 Geometrically Similar Size Ranges ............ 476
9.1.5 Semi-Similar Size Ranges .................... 481
9.1.6 Development of Size Ranges.................. 493
9.2 Modular Products .........coviiiiiiiiiiiiiia 495
9.2.1 Modular Product Systematics ................ 496
9.2.2 Modular Product Development ............... 499
9.2.3 Advantages and Limitations of Modular Systems 508
9.24 Examples .......ooiiiiiiiiiiiiiii i 510
9.3 Recent Rationalisation Approaches .................. 514
9.3.1 Modularisation and Product Architecture...... 514
9.3.2 Platform Construction ...................... 515
Designfor Quality .............coiiiiiiiiiiiiinneann. 517
10.1 Applying a Systematic Approach .................... 517
10.2 Faults and Disturbing Factors . ...................... 521
10.3 Fault-Tree Analysis .........ccvvuiiiiieiiiennnenn. 522
10.4 Failure Mode and Effect Analysis (FMEA) ............ 529

10.5 Quality Function Deployment (QFD) ................ 531



Contents xxi

11 Design for Minimum Cost............c.coovviiniiinenn.. 535
I1.1 CostFactors ........cooviiiiii i, 535
11.2 Fundamentals of Cost Calculations .................. 537
11.3 Methods for Estimating Costs....................... 539

11.3.1 Comparing with Relative Costs ............... 539
11.3.2 Estimating Using Share of Material Costs ...... 544
11.3.3 Estimating Using Regression Analysis ......... 545
11.3.4 Extrapolating Using Similarity Relations. ...... 547
11.3.5 CostStructures............ccoovviiiiinnn... 558
11.4 Target Costing ....ovvvvviiiniieiiiiiiii i, 560
11.5 Rules for Minimising Costs ...........ccovivevineenn. 561

12 SumMmary ... e 563
12.1 The Systematic Approach.............cooiiniian, 563
12.2 Experiences of Applying

the Systematic Approach in Practice ................. 567

References .........coouiiiuiiiiiiiiiiiiii i, 571

English Bibliography ............. ... ..ol 603





