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work from the 1960s onward made this book possible.
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lively discussions with Dr. Hubka.

The quiet came and stole away . . .

no darkened urn, no dusty shelf,

no deepest depth of sod interred—

the knowledge left entwined with light—

the written word!
E.R. Savage, He who knows the rose: poems,
Hatherley Lane Publishing, 2000






The world we have created today, as a result of our thinking thus far, has prob-
lems which cannot be solved by thinking the way we thought when we created them.
(Albert Einstein)

... an enterprising business is also an enterprising and intelligent organization embed-
ded in a network of other enterprising organizations, in which the quest for profit, while
imperative, is not the sufficient condition for success alone. Creativity, employee com-
mitment, investor patience, and professional and trade skills are the other essential parts
of the brew. (Will Hutton, “Why the wheels fell off at Rover,” Guardian Weekly,
Vol. 162, No. 13, March 23-29, 2000, p. 12.)

Thoughts without content are empty, perceptions without concepts are blind.
(Emmanuel Kant, Introduction to the Transcendental Logic in The Critique of Pure
Reason.)

Theorie ohne Praxis ist lahm, aber Praxis ohne Theorie ist blind (Theory without practice
is lame, but practice without theory is blind). (Banse, G., Grunwald, A., Konig, W.
and Ropohl, G., Erkennen und Gestalten: Eine Theorie der Technikwissenschaften
[Discerning and Form-Giving: A Theory of the Engineering Sciences], Berlin: edition
sigma, 2006.)

Study the science of art. Study the art of science. Develop your senses, thateverything cor-
responds to everything else. (Attributed to Leonardo da Vinci [15.4.1452-2.5.1519])

To know how to recognize an opportunity in war, and take it, benefits you more than any-
thing else. Nature creates few men brave, industry and training makes many. Discipline
in war counts more than fury. (Niccolo Macchiavelli [1469-1527])

For “war” read “design engineering,” for “brave” read “creative,” for “fury” read
“intuition,” yet you cannot do without creativity and intuition. (Comments by
W. Ernst Eder.)

The trouble with the world is that the stupid are cocksure and the intelligent full of
doubt. (Bertrand Russell, 3rd Earl Russell [1872—-1970] Autobiography 1969.)
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Preface

Only if power is exercised through accepted law can we have the luxury of collaborative
resolution of conflicts.

W. Ernst Eder
2005

Designing is an activity directed toward an anticipated future goal, and an optimal
product delivered in good time and at acceptable cost. Creativity requires open-
mindedness: anything that makes designing more efficient, effective, rational, better
directed, with a better outcome becomes a welcome addition to the information and
heuristic arsenal of designers.

The purpose of this book is to propose and justify a valid, formalized general
model of design procedure, especially for innovative design engineering, that is, pre-
scribing a procedure for designing technical systems, presented for use in engineering
design practice. Procedures and the model must still be adapted to the actual design
situation.

Current information and knowledge about design engineering are presented as
a societal and technical process operated mainly by cognitive abilities of human
designers. This book contains a survey and map of information and knowledge about
systematic, methodical, and intuitive design engineering, and the progressive devel-
opment of the product (a technical system and/or its operational process) through
stages of abstract to concrete modeling.

Methodical designing is the use of established and newly developed methods,
both formalized and intuitive, within the engineering design process. Systematic
designing is the strategic use of a theory, based on Engineering Design Science,
to guide the design process. A combination of formalized and theory-based methods,
with a systematic and methodical approach, using systems thinking, and including
intuitive working, is recommended.

Attention is focused on the abstract conceptual phases of design engineering,
where most of the future cost of a product is committed by explorations and decisions.
Yet the more routine phases of embodiment and detail design are important, they are
often causes for failures of products—*the devil lies in the detail” [458].

This book is intended for practicing engineering designers in any branch of engin-
eering, especially those involved in innovation projects; planners; managers of design
engineering; design teams or project leaders; product planners; architects and indus-
trial designers; teachers, instructors, and students of engineering; researchers into
design engineering, to broaden their context, and so forth.
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The information is intended for gradual introduction into use within organizations.
Engineering designers and others can directly use this book to learn and determine
their relevant steps for their particular stage of designing. Progressive successes in
small steps should be the goal, leading to an expansion of scope of this information.

Engineering students should use this book during their studies in higher educa-
tion, in courses or self-study. Instructors should use suitable pedagogical and didactic
approaches; their preparation for the courses should include reading more theoret-
ical works by the authors. Designing, its information, relevant knowledge, design
theory, and active application including methods should be a prominent feature in
all years of engineering study. Instructors should progressively introduce the theor-
etical and methodical knowledge about design engineering at an appropriate course
level and provide, mentor, and supervise appropriate practical project work. The
theory of technical system, one aspect of Engineering Design Science, should also
be incorporated into all other courses, especially those dealing with the engineering
sciences.

For the basic structure of this book, the system of knowledge is described by
graphical models. The presented models about design engineering are interconnected,
and attempt to reduce the difficulty of entry into systematic and methodical designing
for engineering designers.

This book has a short central text, the Introduction, containing brief explanations
of the context and scope of design engineering, and the basic systematic models
and methods for designing technical systems. The concepts of this Introduction are
expanded in Chapters 1 to 12. These present knowledge derived from theory, and
experience on which methods are based. They show how and why systematic and
methodical knowledge can be adapted to a design situation and how other methods
can be integrated. They provide clear definitions and explanations of a consistent
terminology, with few synonyms, close to current usage, augmented by a glossary,
and indicate additional references and further reading.

The book contains justifications for the strategic and tactical procedures so that
engineering designers can understand the ideas and models as paradigms, use them as
arguments, and adapt them. The reader should obtain a holistic view of the conception
of systematic and methodical designing, start to use the most appropriate models, and
obtain a better understanding.

Designing has been a mainly personal activity with few guidelines. In trying to
rationalize design engineering by practical application, the recommended procedure
for studying and using this book is first to carefully read the Introduction, study its
basic models, and try to concretize them for particular cases from your own practice
and life:

e A transformation system, its operands, its processes and operations, its
technologies, and its operators.

e A technical process, as a particular subset of a transformation process.

e Atangible technical system, as the most significant operator of a transform-
ation process: its life cycle; its properties and their relationships, including
its various possible structures; and the tasks of establishing the properties
during the design process.
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e Adesign system, including the design process and its operators: a model of
adesign system; a hierarchical structure of activities, including appropriate
design methods; and a procedural model of designing, performing the tasks
of establishing the properties in the design process from which a plan and
anticipated procedure can be established.

e Engineering design science, its classification, organization, and
arrangement.

Then leaf through the chapters to gain an idea of their contents and of the complete
models.

Select various design problems for which you have already found solutions at
some time in the past. Compare your methods of finding the solutions with the ones
recommended here. First choose an appropriate problem for which this book describes
the ways of proceeding to a solution. Only after you have gained some orientation,
move to other problems. This should give you a first positive experience with the
applications and “know-how” of the recommended tactics. Only then should you use
the knowledge presented here for more complicated tasks, for example, for establish-
ing the function structure and organ structure for subassemblies or design groups, or
for developing “masters” in your specialty.

Working up to speed, while progressively introducing further parts of the pro-
cedures for rationalizing the design process, with careful study of the supplements
and their graphical models, will allow you to solve your problems with these new
tools and use the new procedural strategy. You will still need to concretize the general
references in this book for your specialty.

The last step in the application is a complete introduction of the system of design
knowledge and methods presented in this book, which requires concretizing the engin-
eering design documents for a specialty and organization. Specific manifestations of
design characteristics and properties, or specific masters must be prepared. Consider
also the situation with respect to the technical means, especially computers. Many of
these also need organizational measures.
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Introduction

1.1 INTRODUCTION

The highest human achievement is ‘“creating something” with potential benefit
for mankind [146,152]. Examples are artistic works, aesthetic expression, goods
and services, artifacts and processes from designing and/or engineering, scientific
knowledge from research, and so forth. Design engineering is solving technical
problems, finding suitable and preferably optimal solutions for the given task.

NOTE: Additional comments are given in NOTES to clarify some aspects. References are
numbered in square brackets [], and listed in alphabetical order of first author at the end of this
book. Entries in the glossary are marked by bold at their first appearance.

The subject of this book is designing products: technical processes and technical
systems, with a substantial contribution from engineering. Designing must account
for organizational, economic, cultural, societal, climatic and other factors, and
consider hazards and dangers, and their risks.

Most organizations, even “not-for-profit” groups, need to cover their fixed and
variable costs. Organizations generally offer goods and services to global or local
potential customers, to generate income and surplus funds. Goods and services
try to satisfy the needs expressed or anticipated by an interest group [388,389],
stakeholders, legislators, and so forth.

Goods and services comprise the products of an organization, including artifacts,
and energy. A “product” is defined as a “result of any process” [10], classified as:
(1) hardware: a tangible, material object, with countable quantity; (2) software:
information and an intangible object (an insurance policy, a law, a computer program,
and so forth); (3) service: the intangible result of an activity performed at the interface
between a supplier and a customer; this includes provision of electricity, water, fuel,
transportation, garbage removal, policing, wholesale and retail, advertising, delivery
of information, providing ambience, and so forth; and (4) processed material: a solid,
liquid, or gaseous (bulk) material that can be measured in units of volume, mass,
energy, and so forth, for example, plastic pellets, fuel, grease, coolant liquid. The
classification used in this book is (A) living, (B) inanimate material, (C) energy,
and (D) information (L, M, E, I), and “I” includes signals, commands, and so forth.
Engineering products are also differentiated from others.

Goods are manufactured, that is, the result of manufacturing is a product.
Services include the results of transformations of tangible objects, energy and
information, in their (internal) structures, (external) forms, location (in space), and
time—usage, maintenance, servicing, upgrading, renewal of goods, and providing
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suitable energy and information. Goods and services must generally be thought out,
planned, laid out, designed, before they can be available. They are purchased by cus-
tomers for their own use, or for use by other people. Information generated also has
“customers” or “stakeholders” inside and outside that organization (see Chapter 3).

A need exists for workable definitions of several terms, connected into coherent
expressions.

NOTE: When trying to build a scientific discipline, or to explain phenomena or ideas, the
means of expression must have a clearly delimited and compelling interpretation suitable for
the field. Such clearly defined terms are classified as termini technici (singular: terminus
technicus). This step is pertinent for this book (see Section 12.2). Several definitions are
included in the Glossary. Some of the basic sciences, for example, cybernetics and systems
theory, supply important inputs for Engineering Design Science (EDS), yet an agreed termin-
ology is lacking. The aim is toward precision, comprehensive understanding, and up-to-date
completeness as far as possible. Various terms are accompanied by symbols or abbreviations
for formalization, and shorthand notation, and are listed.

A science about the subject of design engineering (or engineering design,
expressions often used interchangeably) is developed in stages, beginning as follows:

Science investigates existing phenomena to obtain knowledge (see Sections 12.3
to 12.5). A science is a system of knowledge, a structure that defines the elements and
relationships, and a suitable arrangement of the information about a phenomenon.
Knowledge (and science) is a subset of information. Science is used as accumulated
systematized knowledge, especially when it relates to the physical world, and theory
denotes the general principles drawn from any body of facts (as in science) [2,13].

Each science has an agreed boundary, preferably isolated so that the system is not
influenced by interactions with other regions. The science contains ordering charac-
teristics, organization, categories, systematization, codification, records of structures
of knowledge, theories and hypotheses about the region and its behaviors, including
mathematical expression where possible, preferably published and peer reviewed.
Practical application is not a prior condition.

A science usually does not contain details and concrete expressions about practical
applications. On the basis of the science, a theoretically useful way of classify-
ing information from and for the practice can be shown, including information
about a manifestation of the phenomenon that may be abstracted into the science.
For instance, zoology states the taxonomy and the properties for recognizing that an
animal should be given a particular (Latin) species name. That animal is not part
of the science, it is a manifestation of the phenomenon that is abstracted into the
science.

NOTE: Properties of a car include: power, torque (or tire force), and fuel consumption.
Manifestations of fuel consumption can be: (1) mass or volume of fuel used and distance
traveled by the car, with values of x 1/100 km or y mi/gal; or (2) brake specific fuel consump-
tion (BSFC) of the motor, with values of u g/kWh or v Ibm/Hp.h. Characteristics (curves on
a graph) for the three properties can show: (a) BSFC in relation to power and rotational speed;
(b) BSFC in relation to brake mean effective pressure and rotational speed; and (c) BSFC in
relation to output torque at the clutch and rotational speed.
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Research and formulation of theories is related to scientific activities, and may
be classified into fundamental or applied. Fundamental research sometimes acts only
for obtaining knowledge, with little view to application. Scientists in fundamental
research are involved in discovering, producing, and expanding the forefront of the
boundaries of their science. They are not normally involved in existing informa-
tion, nor in relationships, except for teaching future researchers. Nevertheless,
these individual areas incidentally require a general awareness of history and the
humanities. Scientists in applied research are also involved in discovering, produc-
ing, and expanding knowledge, but aim mainly toward information for a specific
application.

Research for human activities, generating knowledge and plausible scientific
theories, follows four parallel paths (see Section 12.4): (1) the classical experimental,
empirical way of independent observing, for example, by protocol studies, experi-
ments, and so forth: describing, abstracting, modeling, and formulating hypotheses
and theories—observations can only capture a small proportion of thinking, usually
over short time spans; (2) participative observation, the observer is a member of the
design team and takes part in the observed process, for example, [248]—observations
may be biased by the observer’s participation in the process; (3) the reconstructive,
detective way of tracing past events and results by looking for clues in various places
[438]—reconstructions can never fully capture the original events, human memory
is limited, records of information about events are stored in many separate chunks
at different locations in the brain and need to be reconstituted for recall (see also
Sections 1.8.8 and 11.1.1); and (4) the speculative, reflective, philosophical way of
hypotheses, theories, modeling, and testing. In designing as a subject for research,
the empirical ways include elements of self-observation, and impartial observation
of experimental subjects. None of these paths can be self-sufficient, they must be
coordinated to attain internal consistency and plausibility.

Art allows free expression with intent to produce items that appeal to the senses.
Art, the results of artistry, is related to craft, the result from craftsmanship. The
emphasis is less on utility, and more on aesthetic and sensual appeal. Arts may be
separated into representational and performing arts. The activity of art appears in
some form in most human activities.

Designing in contrast involves planning and executing (or having executed) an
envisaged task, including writing, graphical work, products, and so forth. Art plays a
role in engineering [2,13]. The scope and approach between sciences and engineering
show distinct differences.

NOTE: An artificial system can be a process system or a tangible object system. These two
terms need to be correctly understood:

1. A process (P) is a change, procedure, or course of events taking place over a
period of time, in which an object transforms, or is transformed, from one state to
a preferably more desirable different state, generally called a TrfP. The smallest
convenient steps in a process are called operations. Examples are crushing seeds
to extract oil, transporting a load from one place to another, building a bridge,
recording information, and so forth (see Chapter 5).

2. An object system is a tangible, real, material entity.
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3. Atechnical process (TP) is that part of a TrfP performed mainly by or with the help
of outputs (effects) delivered by a technical system.

4. ATS is an object system with a substantial engineering content, which is capable
of solving or eliminating a given or recognized problem, that is, providing effects
(at a particular time) to operate a process. A TS consists of constructional parts
and their relationships (see Chapters 6 and 7). Examples are a car manufacturing
facility (industrial plant), a car (machine), a motor (engine) in that car (machine or
assembly group, or module), a connecting rod assembly in that motor (assembly
group or module), a threaded stud in the connecting rod assembly (constructional
part), a building, and so forth.

Designing should be distinguished from a design process. Designing implies
that humans are the only operators performing the process. Yet designers use tools,
knowledge of various kinds, and external representations, and are subject to
management, and their environments. Design process is more suitable for these
transformation processes. Design engineering and engineering design process should
be used where the product is a technical system, TS(s), and technical process, TP(s).
The addition of “(s)” signifies that the TP and TS is the subject of the design process.
Human cognitive abilities and skills (latent and developing) are essential, a computer
alone cannot design. Some artificial intelligence (Al) techniques can almost complete
designing for some TS (e.g., VLSI electronic chips).

Designing in engineering has the purpose of creating future operating artifacts
(TS), and the operational processes (TP) for which they can be used, to satisfy
the needs of customers, stakeholders, and users. These artifacts may be able to
actively operate, or to be operated as a tool by a human being. This purpose is
accomplished by designing suitable technical means (TP and TS), and producing the
information needed to realize and implement a product. Designing something useful
with a substantial engineering content, usually within market constraints, distin-
guishes engineering from scientific or artistic activity. Therefore design engineering,
combining art, craft and science, is the activity and subject of this book.

Design engineering explores alternative solution proposals, and delivers propos-
als for appearance and presence, and manufacturing specifications for a designed
product. Architecture, styling or industrial design are not specifically included as
customers for the systematic design processes (DesP) presented in this book, except
where they influence design engineering. A substantial difference exists between
artistic designing and design engineering, yet both have much in common.

DesP can emphasize the artistic elements, external appearance, ergonomics,
marketing, customer appeal and satisfaction, and other (mainly external) proper-
ties of the artifact. This includes color, line, shape, form, pattern, texture, proportion,
juxtaposition, and so forth. For industrial products, this is the scope of industrial
design [204,337,541,542]—in the English interpretation—artistic design. Louridas
[395] describes such designers as bricoleurs [85] or tinkerers who collage diver-
gent ideas to form a complex product. The task given to or chosen by the designers
is usually specified in rough terms. Designing consists of conceptualizing possible
future artifacts, then rendering or physical modeling to provide a “final” presentation,
for management approval. The artifact can be made as a single item, or in quantity.
Economic assessments are common, technical analysis is often absent. Designing is
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intuitive, with emphasis on “creativity” and judgment, and is used in architecture,
typographic design, fine art, and so forth.

NOTE: “Intuitive” is used in this book in a wider sense than for computer—-human interfaces,
where it implies recognition of an icon, as distinct from keyboarded computer commands.

In contrast, design engineering emphasizes the internal functioning, actions, oper-
ability, functionality and life cycle, that is, a TS, and its operational process (TP). The
DesP should anticipate intended and unintended usage of the TP and TS, its manufac-
turing processes, environment, and so forth. Designing usually proceeds from a given
design brief, which may be questioned and adapted, by developing a design specifica-
tion to obtain a full understanding of the problems, and to obtain criteria for selecting
among possible alternative proposals—clarifying the problem [25,26]. When search-
ing for candidate solutions and investigating their behavior, several abstract structural
elements are available, that is, transformation processes, technologies, functions,
organs, constructional parts, and others (see Sections 1.7.1, 1.9.1.5, 1.9.1.7, 1.12.7,
and [.12.9, and Chapter 6). The elements from TrfP operations to organs can be used
for conceptualizing. The hardware components in configuration and parametrization
are used for embodiment in sketch layouts and dimensional layouts, and for detailing
in detail and assembly drawings, parts lists, and so forth, or their computer equi-
valents. The elements and structures are always present, but need not be used. The
engineering DesP can thus range from purely intuitive to systematic and methodical,
and prototypes and test rigs may be used to verify parts or complete TP and/or TS.

In designing, many choices are open; their range of validity and appropriateness
depends on the circumstances, and the person who is choosing. This is a “nondetermin-
istic” process, the verb to establish is used to describe the process of generating a
preferred solution, and deferring those solutions that are not considered appropriate
or optimal. “Establishing” shows that there is a determining connection between one
concept and another, but acceptable alternatives exist for selection. “Determining”
implies an analytical frame of mind and a single valid result, especially for realized
values to be measured. This topic is expanded below for “causality” and “finality.”

Designing has been claimed as “not rational, but creative and intuitive.” The
1960s revealed that design engineering can and should be rational, and much can
be explained and taught, for example, [140,281]. A scientific analysis of design
engineering (distinct from the scientific analysis of “designs”) led to proposals for
rationalizing design engineering. Rationalizing implies change. In design engineering
the intuitive and the rational must cooperate (see also Section 12.1.9).

Design engineering is a complex activity, a complex progression in the devel-
opment of a “best” solution to a given problem [365]. It is creative, but contains
procedural and routine aspects. It must be methodical and systematic, include cre-
ative thinking, clarifying thinking, critical thinking, and many other forms, and
must use existing information, including but not restricted to scientific knowledge.
The information for designing lies predominantly in the collection of existing areas
of knowledge and knowing. Design engineering involves some skills and abilities,
and their phenomenological realization, craft. Design engineering is applied to the
progress toward defining an object or process that fulfills a purpose.
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New inventions and science spin-off developments must be formed within the
existing information bases—many engineering developments occurred before the sci-
ences had been formulated. For design engineering the information includes the
engineering sciences, culture, societal organization, economics, market development,
aesthetics, and other areas, at macro and micro levels—and general awareness is often
sufficient. The relationships among the areas of information must be clear and expli-
cit, with sufficient integration. For instance, in a thermodynamic process (chemical to
mechanical energy conversion), pressure must be contained (strength, mechanics of
materials), cooling is needed (heat transfer), energy must be supplied and extracted
(fluid dynamics, mechanics, machine elements), and so forth. The islands of inform-
ation need to be integrated into a cohesive whole. “What designers did not know
appears as consequential in its own way as what they did know. . . . they didn’t even
know what they didn’t know” [556, p. 45], and “. .. difference between science and
engineering ... may have epistemological implications. In science what you don’t
know about is unlikely to hurt you ... . In engineering, however, bridges fall and
airplanes crash, and what you don’t know about can hurt you” [556, p. 269, Note 55]
(see also Figure 12.6). “You” includes designers, users, customers, stakeholders, and
society.

Engineering education and continuing learning during practice (see also [163])
should aim to achieve competency of engineers, technologists, technicians, and
so forth, in analyzing and (more importantly) in synthesizing (designing) tech-
nical systems. This requires knowing internalized information of objects and DesP,
and awareness of where to find recorded and experiential available information.
Competency includes [161,456,458] the following:

1. Heuristic- and practice-related competency—ability to use experience
and precedents [71], design principles [314], heuristics [365], informa-
tion and values (e.g., of technical data) as initial assumptions and guidelines,
and so forth.

2. Branch- and subject-related competency—knowledge of a TS-“sort” within
which designing is expected (completed during employment); typical
examples of TS-“sorts” should be included in education (i.e., in addition
to conventional and newer machine elements, see Section 7.5), and should
also show the engineering sciences, pragmatic information, knowledge and
data [98,556], and examples of realized systems.

3. Methods-related competency—knowledge of and ability to use methods,
following the methodical instructions under controlled conditions, and
eventually learning them well enough to use them intuitively—for diag-
nostics, analysis, experimentation, information searching, representing
(in sketches and computer models), creativity [153], innovative thinking,
and systematic synthesizing [307,308,318].

4. Systems-related competency—ability to see beyond the immediate
task, analytically/reductionistically and synthetically/holistically, to take
account of the complex situation and its implications, for example, life cycle
engineering [62,160,186,237,244,582], or economics.

5. Personal and social competency—including team work, people skills,
transdisciplinary cooperation, obtaining and using advice, managing
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subordinates, micro- and macroeconomics, social and environmental
awareness, cultural aspects, and so forth [162]; and the associated leadership
and management skills.

6. Socioeconomic competency—including awareness of costs, prices, returns
on investment, micro- and macroeconomics, politics, entrepreneurial and
business skills, and so forth.

These competencies are related to creativity (see Section 11.1.7).

Personal development concerns confidence, leadership, assertiveness, emotions,
autonomy, morality, aesthetic sensibility, integrity, purpose, motivation [165], inter-
personal relationships, and so forth. Time is needed for engineers to accumulate and
integrate an information system (IS), including “tricks of the trade,” “know-how,”
and “know-what” (heuristic information) about products and design methods and
approaches—about 10 years to become competent for a particular TS-*sort”.

“Design methods and theory can constrain a problem enough to make it com-
fortable to mess with. These are valuable ways to HELP solve design problems, they
are not “musts,” only guidelines; but beware, they can also be used as crutches
to “explain” procrastination. Useful advice is to first try to solve it in QUICK
AND DIRTY ways, especially for graphical work (sketches) and calculations (using
very simple models), and refine later if needed” [482] to achieve safety, economy,
functionality, and others.

Engineers need to be aware of the functioning of an organization within an eco-
nomic system. Products must be marketable at an economic rate of return, ethically
and morally acceptable, aesthetic for customers and users, ergonomic for users and
maintainers, and so forth (see Chapter 3). Engineers must also protect the intellectual
property of an organization (see Section 11.3.2).

If a product is intended to be visually attractive and user-friendly, its form
(especially its external shape) is important—a task for industrial designers, archi-
tects, and similar professionals. If a product should work and fulfill a purpose
(e.g., mechanical), its function is important—a task for engineering designers within
or across the conventional engineering disciplines. If a product is to be made, its
design for manufacturability is important—a task that involves production engi-
neering. Other aspects of the life of a tangible product require involvement of different
specialists, for example, for disposal and liquidation at the end of its life.

The degree of novelty in design engineering (see also Section 6.11.2) ranges
between

1. Novel designing—Ilikely in constructional groups, machine elements
(class II complexity) for design engineering, or complete machines (class 11T
complexity) for industrial design—"radical technology” [98], “radical
design” [556].

2. Redesigning (including “reverse engineering”’)—for changes of functions,
variants in size and performance, constructional and manufacturing alter-
ations, modular adaptations, configuration tasks, or direct adoption of an
existing system—"normal technology” [98], “normal design” [556].

The majority of design problems (about 95%) are tasks of redesigning.
Previous experience, tacit internalized knowing and recorded information of
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Literature (see also Figure 7.10)

Eder, W.E. (2004a) ‘Integration of Theories to Assist Practice’, in Proc. IDMME 2004 5th International
Conference on Integrated Design and Manufacturing in Mechanical Engineering, Bath, UK, 5-7, April 2004

FIGURE 1.1 Characteristics of designing.

existing products and of previous DesP, is the start for many innovations—*“dirty
blackboards” are extensively used [48]. The published systematic models of DesP
(e.g., [304,305,314,315,370,457]) attempt to lay out a complete design process for
novel products, from which designers choose the portions they employ. Differences
in designing can be characterized as in Figures 1.1 and 7.10.

NOTE: This listing shows a contrast of extremes, rather than an assessment of all aspects
of designing. Architects are responsible for the external appearance and internal arrangement
of spaces. They are usually also responsible for the management of large-scale contracts,
including coordinating with civil, structural, mechanical, electrical, and others. Architects are
credited for successful projects, but any liability for damage or loss of life and property caused
by engineering work will be charged to engineers.

For new or revised products, designing, thinking out, needs smaller stages of pro-
gress, in smaller sections (parts, assembly groups). They often need to be recursively
subdivided into smaller “windows” [438], “form-giving zones” (see Chapter 2—
operating instruction OI2.12, Sections 4.2 and 4.5.1, and Figure 2.16), to recombine
selected alternative solutions.

Designing is a cognitive—conceptual processing of information, that also contains
routine work, and can be supported by prescribed methods. Typical activities include
(1) analysis, using causality as a premiss, and mathematical models—for example,
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the engineering sciences; (b) synthesis, using finality as the aim, including creativ-
ity, to find and select among candidate solutions for a TP(s) and TS(s); (c) management
to formulate, direct, and control activities toward the goals; (d) decision making, and
formulating the criteria for decisions; (e) problem solving as a detail procedure within
designing; and others (see also the NOTE in Section I.11.1).

Consequently, designers usually work in teams, and must have adequate people
skills and competencies [456,458]—related to working methods that engineers can
apply. Design tasks are usually too large for one person, and the range of required
information is too broad, including potential users, manufacturers, marketers, econ-
omists, and others. Specialists in these areas at times act as designers, team members,
and design consultants. Designers have various levels of ability and competence—
design engineering combines the work of design engineers (registered professional
engineers), technologists, technicians (e.g., draftspersons), analysts, consultants, and
so forth, collectively known as engineering designers. One aim of this book is to
deliver appropriate information to enable engineering designers to perform their work
more efficiently and effectively. This book therefore emphasizes design engineering,
applied to a tangible object system (TS), the operational process for which the object
system is used (TP), and its other life cycle processes—TP(s) and TS(s) are tools for
a human purpose. Design engineering is used as a terminus technicus. The TS being
designed is equally important to the processes of designing, and equally important
is the context (situation) within which designing takes place. The triad of “subject—
theory—method” is used as a guideline (see Figure 1.2).

NOTE: As formulated in cybernetics [351], “both theory and method emerge from the
phenomenon of the subject.” A close relationship should exist between a subject (its nature as
a concept or product), a basic theory (formal or informal, recorded or in a human mind), and
a recommended method—the triad “subject-theory—method.” The theory should describe and
provide a foundation for explaining and predicting “the behavior of the (natural or artificial,
process or tangible) object,” as subject. The theory should be as complete and logically con-
sistent as possible, and refer to actual and existing phenomena. The (design) method can then
be derived from the theory, and take account of available experience. One aim of this book is
to separate the considerations of theory from considerations of method.

In design engineering, the TP(s) and TS(s) are the subject of the theory and the
method. The theory should answer the questions of why, when, where, how (with
what means), who (for whom and by whom), with sufficient precision. The theory
should support the utilized methods, that is, how (procedure), to what (object), for the
operating subject (the process or tangible object) or the subject being operated, and for
planning, designing, manufacturing, marketing, distributing, operating, liquidating,
and so forth. the subject. The method should also be sufficiently well adapted to the
subject, its “what” (existence), and “for what” (its anticipated and actual purpose)—
see Figure 8.7. The phenomena of subject, theory, and method are of equal status.
Using the convention suggested by Koen [365], underscoring the second letter of a
word indicates its heuristic nature: “a method is a prescription for anticipated future
action, for which it is heuristically imperative that you adapt it flexibly to your current
(ever changing) situation”—and nearly all words in this book should have the second
letters underscored.
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Methods are heuristic, “. .. a plausible aid or direction . .. is in the final analysis
unjustified, incapable of justification, and potentially fallible” [365, p. 24]. “The
engineering method is the use of heuristics to cause the best change in a poorly
understood situation within the available resources” [365, p. 59].

The subject and its context needs to be explained in general terms, then interpre-
tations and conjectures can be introduced, together with consistent terminology, the
theory. Finally, an application of the presented information can be shown, especially
the methods to enhance the procedures and results of design engineering. A theory can
range from an incomplete mental image of circumstances and their behavior (a hunch,
intuition), to a verified, comprehensive, published (recorded), accepted, formalized
and codified statement about the phenomenon.

NOTE: In the last 30 to 40 years, many ideas and proposals have been made for improving and
rationalizing design work and attaining optimal TP and TS. During this period the importance
of designing has been recognized as the source of the properties of a system. The ideas and
proposals cover: (1) the operation and performance (and related properties) of TP and TS,
and their development during design engineering; (2) the properties and working methods of
engineering designers, including cognitive abilities, knowing, experience, open-mindedness,
creativity, reflection, personality, and so forth; (3) the social aspects of cooperation, team
work, awareness, and willingness to cooperate with customers and stakeholders, internal and
external to an organization; (4) management of the organization, the range of products, and the
processes of design engineering; and (5) the societal contexts of designing, legal, economic,
environmental, and other factors. Points (1) and (2) are typified by such works as Pahl [457]
for TS, and their systematic development using formalized methods, and [110,111,335] with
respect to the human designers and their mental processes. Design (and some “industry best
practice”) methods have been introduced to design engineering, with support from organization
managements. In human thinking processes, point (2), synergy occurs by bringing together
various thoughts—mental association takes place to bring about new insights that are not just
the sum of the individual thoughts.

Various classes of properties are listed in ISO 9000:2000 [9, p. 26/3.5.1/Note 3]:
physical, sensual, behavioral, temporal, ergonomic, and functional. Only the phys-
ical, temporal, and functional apply to TrfP and to TS. All may apply to the human
system (HuS).

1.2 OUTLINE OF CONTENTS AND STRUCTURE

This book contains the most comprehensive survey to date of the state of the art
in design engineering. Conventional prejudices need to be overcome, and some of
the problems that surround designing and designers anticipated. A new region of
knowledge is introduced, with a potential to improve design engineering as a process,
and to improve the TS, the “designs.” Information needs to be structured to be useful
for engineering designers. These concepts need to be introduced into engineering
practice (see Section 11.5). The optimal way of applying such information is to
gradually combine the traditional ways (i.e., intuitive and routine procedures) with
the concepts and methods presented in this book, and other known methods. This
book, structured as a manual, consists of a general overview (this Introduction), and
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an encyclopedia of topics with more detail in the chapters. The theories and their
adaptations for application in engineering practice are explained, and demonstrated
on some worked examples (see Chapter 1). The applications are particularly useful
for conceptualizing, with appreciation for layout and detailing, a major obligation for
professional engineers. The book also shows the context of organizing and managing
for design engineering, and its societal role.

NOTE: The Introduction and the chapters are based on References [147,153,287,290,299,304,
305,314,315]. Advances of the theory have been incorporated, especially in clarifying some
definitions and making them more precise. This book is focused on design engineering, design-
ing of technical systems (TS) and technical processes (TP), but must consider many other
aspects, for example, the manufacturing processes for the TS(s), the processes that take place
internal to and across the boundaries of the TS(s), marketing, economics, societal interactions,
and so forth. Theoretical knowledge about design engineering is surveyed in Section I.11, and
about the TP(s) and TS(s) in Section 1.9.

1.3 DESIGNING

Designing is a process of formulating a description for an anticipated process system
and/or an object system that is intended to transform an existing situation into a future
situation to satisfy needs.

Typical process systems may be transportation processes, travel services, cater-
ing, maintenance and repair, and so forth. The process system usually is performed
by engaging an object system, but the process must often be designed before, or
simultaneously with, the object system. For instance, manufacturing processes need
appropriate manufacturing machinery (TS) to perform them—the TS must be, or must
have been, designed to be suitable. Typical object systems may be furniture, aircraft,
plant pots, syringes, packaging, manufacturing machinery, and so forth. External
appearance, light-weight construction, or internal functioning may be important
aspects. Designing is human-initiated. The human as an individual or as a societal
group recognizes or reacts to deficiencies in an existing situation, usually formu-
lated as requirements. The human then defines the envisaged goals for a preferably
improved future situation for the stakeholders, then establishes the likely means (TP
and/or TS) to overcome the deficiency, and directs the activities toward the goals.

Designing therefore involves anticipating a future situation, its complexity,
contexts, and consequences. The properties of the TP(s) and TS(s) need to be estab-
lished, so that they probably overcome the deficiency—in the opinion of the designers,
substantiated by arguments, modeling, and simulation. The results of designing can-
not be fully predicted. Designers must therefore frequently reflect [167,506,507] on
their results, use positive and constructive questioning and criticism, search for pos-
sible alternatives, and for positive and negative consequences. They must then apply
corrective actions to improve the results—an example of adaptive open-loop feed-
back control. The resulting description of the future systems should be brought into
a state as ready as possible for realizing, that is, for manufacture of the TS(s), and
implementation of the TP(s). Outside the scope of designing itself are the steps of
planning, realizing (manufacturing and implementing), distributing, using the TP(s)



Introduction 13

and TS(s), and final disposal, but the implications of these steps must be carefully
considered.

Industry and other organizations try to achieve continuous improvement, relating
toaproduct or process, and to the organization. Yet a product or process can and should
only be upgraded at distinct time intervals, to preserve some continuity (compare
Sections 1.9.1.7 and 1.11.9).

1.4 WHY MANUAL FOR DESIGN ENGINEERING?

This book presents information about design engineering, a process operated mainly
by human designers. It is a best approach to a complete survey and map of current
engineering design knowledge. The questions, intermediate goals, and methods to find
suitable means to fulfill the requirements of the engineering design task are discussed.
The book covers the progressive development of the product through various stages
of modeling, from or through abstraction to concrete. Useful aims and questions to
ask are shown, for each step and substep, model, and method that can be used and
recommended. Flexible application of methods, adapted to the problem, is possible,
necessary, and encouraged by showing the changes that are likely to be useful. This
book provides a comprehensive and coordinated view, on a coherent theoretical basis,
of the current state of knowledge about design engineering.

Even if there is some similarity in designing for other products, TP(s) and TS(s)
have a special place, their substantial engineering content. They have a family rela-
tionship that follows stricter laws, with a more scientific basis. The design process
can be more systematic, and theories, models and methods can be more appli-
cable. Human imagination, opportunism, idiosyncrasy, and intuition are significant
in solving problems (see Section I.11.1). Yet many opportunities for innovation
and optimization are lost if the engineering designers do not adopt newer methods
and theory-based models. There is increasingly a need to be first on the market.
Maintaining the “status quo” in design methods can lead to a decline in design
capabilities.

Much research has been published about humans as designers, for example
[85,110,111], and about proposed design methodologies, for example [370,457,498].
Many observations have occurred, including participative [248] and reconstruc-
tive [438] investigations. Possible applications of computers in design engineering
have been investigated, especially the use of Al and information technologies (IT).
Philosophical, reflective, theoretical, empirical, experimental, and observational
research have gathered information about designing, and especially about design
engineering, since about 1930. Publications—books, papers, presentations, and
so forth—include the new knowledge about design engineering. Most of this work is
scattered. The current patchy distribution of that knowledge has led to the main
weaknesses—a lack of unified solutions, varied terminology, different forms of
presentation, and selection of nonuniform addressees for knowledge. These have
deterred entry into this knowledge region.

Any science tries to find an arrangement of knowledge about a subject that is
systematic, comprehensive, and logical, even if it cannot achieve the full rigor
of mathematics [240] (see Section 12.3)—and even mathematics is necessarily
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FIGURE 1.3 Transition from scattered information to categorized knowledge.

incomplete, starting from unprovable axioms [365]. The subject, the process of
design engineering and the products being designed, leads to a proposal for an
EDS. Knowledge about design engineering can be categorized, codified, abstracted,
systematized, and structured (see Figure 1.3). The resulting form of this knowledge
includes surveys, taxonomies, models, and other forms.

NOTE: The left side of Figure 1.3 shows “islands” (elements) of information that influence
design engineering, and some of the relationships among the islands. Engineering designers
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need to understand the islands and their context (see quotation attributed to Leonardo da Vinci),
some in detail, others as awareness. Current engineering education concentrates on the upper
quarter of “object information.”

1.4.1 CoNceprT

A combined systematic approach to designing is recommended, using appropriate
methods and intuitive working. The model of an ideal systematic and methodical
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procedure is based on EDS [315], and supporting literature [147,153,287,290,299,304,
305,314]. Systematic design engineering is the heuristic-strategic use of a theory
to guide the design process. Methodical design engineering is the heuristic use of
newly developed and established methods in engineering design, including theory-
based and industry-best practice, strategic and tactical, and formalized and intuitive
methods.

The start of the procedural model, Figure 4.1, is an origin of a design prob-
lem, either product planning for an organization, or assignment of a problem from
management to a design section. The proposed solution (preferably in manufactur-
able or implementable detail) is the output of a TrfP: design engineering. This ideal
procedure needs to be adapted to the actual problem and situation (see Chapter 4).
Applications are shown in Chapter 1.

A premature entry into a design problem is usual in many organizations; in
most cases the problem statement “as given” is accepted without critical review—the
problem is “understood” without real clarity or definition. For example, the stated
requirement is for a milling machine, lawn mower, and electrical transformer. A more
abstract formulation would be of transformation of raw material to a usable part,
cutting grass, or changing the voltage of an electricity supply. Yet all design work
should start by clarifying the design problem, especially with respect to custom-
ers’ real needs and wishes, economics, environmental, and life cycle impacts, and
so forth [189].

Once the problem is clarified, the majority of design problems are entered at a
more concrete stage than “conceptualizing” (see Chapters 2 and 4), typically with
requirements for functioning. The “problem as given,” and therefore the design task
deals with an existing product “line,” a TS-“sort,” for which conceptualizing (and the
more abstract forms of modeling) can be limited, or is not used—the organ structure
for a particular TS-“sort” remains constant, that is, the relevant models of (e.g.)
transformation processes and main functions exist and remain unaltered.

The complete “top-down” procedure, and generating models of more abstract
structures of a TP(s) and T'S(s) can be important if a radically new solution should be
found. The question “Why wash clothes?” may lead to the concept of disposable
clothing as a radical solution for a specialized problem situation—with environmental
consequences. Stepping back into the abstract, “bottom-up,” can be valuable for
organs—smaller sectors of a system where innovation shows promise, mainly for
(recursively separated) design groups, subassemblies, or mechanisms.

One problem concerns industries—design engineering is often regarded as an
accounting “overhead.” Parallel to the efforts to scientifically investigate design
engineering, many industrial organizations discovered the core importance of design
engineering for their survival and financial health. In the English-speaking regions
the emphasis was on “industrial design,” correcting the appearance and ergonomics
of TS. A systematic and theory-based coverage of all necessary properties, using
consistent models of the concepts and methods, is still to be accepted.

Change is not easy. Unless advantages are seen, and changes are actively deman-
ded, engineering designers have little incentive to change. Introducing the presented
theoretical, methodical, heuristic, and experience information into an organization
can and should be done in small steps.

[l



Introduction 17

1.4.2 ADVANTAGES

The system of EDS presented in this book is significant. The concept of the system is
based on the triad “subject—theory—method,” that is, a theory about a subject allows a
method to be defined and heuristically applied, for using or for designing the subject
(see Section I.1 and Figure 1.2). The system is focused on design engineering of
technical processes (TP = TS-operational process) and TS, and includes design engi-
neering information about TP and TS, and engineering DesP. The representation of
the topics is a set of generally valid and mutually interconnected graphical models
with describing comments—see the figures in this Introduction and in the chapters.
The aim of this system is a “methodical procedure,” a recommended systematic
and methodical procedural model, and a transparent system (map) of knowledge
about and for design engineering (see Figures 1.4, 1.5, and 12.7, and Section 1.11.6).
The system is based on theory and engineering practice, supported by the industry
experience of the authors, and mirrors past and current levels of design engineering.
The system is open, and compatible with items of theoretical knowledge, practical
design engineering, IPD and related concepts, CAD, CA, Al, and IT technologies,
and their developments, and so forth.

This can significantly support the development of a system of design knowledge,
including systematic concretization to any level of specialized TS-“sorts” and their
developments. It supports flexible, systematic, and stepwise implementation in design
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engineering, research, teaching, and practice. It potentially enhances the creativity
of engineers and students, by encouraging use of systematic thinking, improved
“top-down” and “bottom-up” methodical approaches, and intuitive thinking—
acoordinated, integrated, and flexible use of these modes is needed for all engineering

creative activities.

1.5 HYPOTHESIS, THEORY, SCIENCE

Normally, the main aim of science is to study what exists, and to explain it in
a generally agreed way (see Sections I.1 and 12.3). Scientists claim to proceed
from observation to formulate the explanations, and isolate the phenomenon to be
studied. The information obtained is abstracted and generalized. The natural and
sociological sciences developed mainly from studying the phenomena from nature,
societies, and humans, by observing, recognizing, perceiving, and understanding.
Only after the knowledge was tested, systematized, generalized into laws and theories,
and verified by experiments and by practical applications, did the sciences become
effective instruments of human society and, secondarily, a source for higher levels of

abstraction.
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NOTE: “... sciences have grown out of the practical concerns of daily living: ... mechan-
ics out of problems raised by architectural and military arts (authors’ interjection: ‘arts’ as
activities of humans that result in artifacts), . .. economics out of problems of household and
political management, and so on. To be sure, there have been other stimuli ...” [433, p. 8].
Kant’s “Copernican Revolution” states that our minds imprint laws on nature. “Nature, to be
commanded, must be obeyed,” Francis Bacon, “aphorisms.”

In most cases, scientists make conjectures about possible explanations, based
on hunch, insight and feel. Experiments try to verify those conjectures, and refine
them into hypothesis. Further refinement and reformulation based on observations
lead to an agreement on the explanation, an “accepted truth,” which is as complete
and coherent as possible at that time—a theory.

Each science deals with a small range of phenomena—and over time the range
of each science tends to narrow as further specialized sciences arise. Many sciences
are regarded as “pure,” with little regard for possible application, others are adapted
to applications, for example, engineering sciences.

NOTE: Aims, attitudes, knowledge, and procedures of science, differ from engineering.
“Science is supposed to advance by erecting hypothesis and testing them by seeking to falsify
them. But it does not. ... the environmental determinists of the 1960s looked always for
supporting evidence ...” [484, pp. 79-80]. “The fuel on which science runs is ignorance.
Science ... must be fed logs from the forest of ignorance that surrounds us. In the process,
the clearing we call knowledge expands, but the more it expands, the longer its perimeter and
the more ignorance comes into view” and “The forest is more interesting than the clearing”
[484, pp. 271-272].

In contrast, engineering intends to create what does not yet exist, in a form that
is likely to work. Engineering, and especially designing, needs designers to be aware
of the whole range of existing information and its complex interactions. Engineering
designers need to take into account and accommodate all possible influences of sci-
entific, technical, economic, societal, political, and other areas to achieve a successful
and optimal designed system (see Figure 1.3). What is beyond the “clearing” can
hardly be used to design technical systems [165].

NOTE: In designing, a solution proposal remains a hypothesis until it is definitively accepted
as an optimal solution with sufficient confidence on the basis of an evaluation (see Chapter 9).
Proven experiences are valuable in helping engineering designers. Any gaps emerging through
reorganization need to be closed, bring an enrichment of information and new ideas, and
inspire designers. Preparing documentation is important for introducing systematic and meth-
odical designing. Time is needed, but processing available material can achieve values that are
important for design engineering.

1.6 SYSTEM

A system within a defined boundary consists of elements, and their mutual rela-
tionships, within an environment (see also Section 12.2.1). This boundary may be
generally recognized, or can be defined as convenient or arbitrary for a specific
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purpose. Elements may be of various kinds, tangible, abstract, or conceptual.
Relationships exist among elements internal to the system, and across its boundary to
elements in the environment. Some parts of the environment are directly or indirectly
active or reactive, other parts are remote and have little or no influence. The combi-
nation of elements and their relationships define a structure for the system. One set
of relationships is the arrangement of elements relative to each other.

Any system has primary, assisting and secondary inputs, and primary and sec-
ondary outputs—while in the system, these are sometimes called throughputs. Inputs
are subjected to a change of state, a transformation or processing to produce the out-
puts. Transformations usually proceed in discrete steps or continuously, and may be
natural or artificial, or a combination.

Systems form a hierarchy, from simple one element systems, to compound
systems, to global systems—systems of higher complexity consist of lower systems
and their relationships. The behavior of a higher system is an aggregate of behaviors
of lower systems, including synergies—that is, the higher system exhibits behaviors
that arise through interactions of lower systems.

1.6.1 SPECIALIZED SYSTEMS FOR DESIGN ENGINEERING AND
THEIR MODELS

An artificial (human-made) system can be a process system or an object (tangible,
real) system (see NOTE in Section I.1). These two types are always interconnected,
as shown in Figure 1.6 and Chapter 5.

A clear separation is preferred, following the triad “subject-theory—method”
(see Figure 1.2). (1) One aspect is an actual transformation system, including its
theory, its TrfP, Figure 1.6, and typically its five operators, especially its executing
operator, the TS as it exists in its final designed or its realized state—the “west” hemi-
sphere in Figures 1.4, 1.5, and so forth. (2) The other aspect is design engineering as a
system, including its theory, its processes and methods, and object-related heuristics
to guide designing and developing the TrfP and TS(s), the “east” hemisphere.

Figure 1.6 shows a general model of a transformation system (TrfS), with its TrfP,
its technology (Tg), and its five operators. The TrfP can take place if (and only if)
(1) all operators are in a state of being operational, they should be able to operate or
be operated, if appropriate inputs are delivered to the operator, for example, the TS is
able to run, it may be stationary or idling (see Section 1.9.1.3); (2) an operand in state
QOdl is available; and (3) both are brought together in a suitable way, that is, with an
appropriate technology.

Collectively, input, throughput, and output for a TrfP is called the operand, which
can consist of materials, energy, information, and biological matter (including living
things, especially humans)—M, E, I, L. The TrfP and its operand are topologically
“external to” the operators—that is, aspects of topology are important for this book.

NOTE: See also the NOTE in Section 5.2 concerning M, E, I, L.

An artificial transformation needs a technology (Tg), which is driven by effects
(Ef) delivered by one or more of the operators. The technology (Tg) (definite article),
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describes the nature of the direct interaction between (1) a “main effect” as
(active and reactive) output of an operator at its “main effector” with (2) an “operand,”
and causes the operand to be transformed. Transforming the operand is only act-
ive when a set of effects is exerted onto the operand. The operators comprise
a HuS, a TS, an environment system (EnvS), an information system (IS), and a
management system (MgtS). The execution system comprises HuS, TS, and AEnv.
The operators interact with one another to deliver the effects, see Figure 5.1, part
3. Inputs and outputs of operators consist of materials, energy, and information
(M, E, ).

NOTE: The singular, “operand,” “technology,” and so forth, should be understood as “a set
of operands” and “a set of technologies,” and so forth. The total transformation Od1 to Od2
consists of an aggregate of transformations in all operations and their synergies. Each operation
in the transformation has its technology. The total technology consists of an aggregate of
technologies in all operations and their synergies. The total transformation is thus a function
of the total technology; see Figure 5.1, part 3.

For example: (1) A venturi is an operational TS without moving mechanical parts, it is
“capable of guiding a fluid (the operand if it is present) to increase its velocity and then reduce
it, and consequently to react and reduce its effective pressure and then increase it, at a mass
flow rate,” whether moving fluid is present or not. (2) A water jet as an operational TS is capable
of cutting a stone (material as operand OdA) by the effect of kinetic energy and contact with a
material surface (the technology TgA), if the stone is present. The water jet in this operational
view is considered internal to the TSA. (a) If we now “zoom in” to a more detailed view, that
water jet fulfills a TS-internal function of the TSA “form a high-speed water jet"—whether the
stone is present or not. Using the function of TSA as the TrfP of TSB, the input water to
the process (if present) is now Od1B, and the TSB exerts its effects to compress and deliver
the water in a high-speed jet (Od2B), using the technology TgB of “sucking, transporting,
pressurizing, shape forming.”

The concept of the transformation system (TrfS), is not well known, most engi-
neering industries and appropriate academic disciplines are concerned only with TS.
In contrast, chemical engineering deals almost exclusively with the TrfP and TP, and
is much less concerned about the TS.

Operators IS and MgtS usually act indirectly, through operators HuS and TS
(and AEnv), their direct effects to the operand occurs by signals/commands to the
execution system to perform their tasks, to deliver their effects. IS can act directly
on an information process, and MgtS can act directly on a management process.
Material and energy, as processed by a TS (or other operator), usually acts directly as
a physical effect to change the operand. Information can act physically and logically
to change the operand, a differentiation may be useful. The HuS can also act indirectly
through the TS (e.g., “hammer;” see NOTE below), the effects delivered by the HuS
are active (or reactive) at the operator-operand interface. Nevertheless, the HuS and
TS (and AEnv) can still be operational and operating (or being operated), even if the
operand is not present. It may be useful for a particular TrfS to differentiate “direct”
and “indirect effects.”
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NOTE: A hammer is a TS with no moving internal parts. If held by another operator, by a
human in his hand, the hammer can be swung (operated) to hit a piece of metal (an operand).
The energy and control of the hammer face are supplied by the human. On impact, the hammer
is decelerated (as a shock—the technology), the energy is partly converted to heat, and partly
into strain energy internal to the operand metal—elastic and plastic deformation. The center
of gravity of the hammer is not at the hard impact face, thus a shock wave travels through the
hammer toward the handle, and is felt by the hand, as a secondary output of the TS. Physical
contact of the operator “hammer” with the operand is necessary, and M, E, I are exchanged.
Both energy and mass are conserved.

Inputs to the transformation system include the operand that is to be transformed
in the TrfP from its initial state (Od1), main inputs to the operators, assisting inputs
to the process and to the operators (AssIn), and secondary inputs to the process and to
the operators (SecIn), mostly disturbances. Outputs from the transformation system
include the operand in its ending state (Od2), and secondary outputs (SecOut) from
the process and the operators. Some of the secondary outputs can be beneficial, some
can be reused for other purposes, and some are disturbances, pollutants, and other
negative influences acting on the operators, the active and reactive environment, and
the general environment. Feedback usually exists from outputs (as measurements,
comparisons with set points) to inputs to adjust the outputs closer to the desired states
(see also Section 1.12.6). That significant part of the TrfP that mainly or only needs
the effects exerted and delivered by a TS is called a TP.

1.7 PRODUCTS, PROCESSES, TECHNICAL
SYSTEMS—RESULTS FROM DESIGN ENGINEERING
AND MANUFACTURING

Outputs of an organization process are “products,” operand in state Od2, intended
to provide the operating revenue for an organization (see Figure 1.7), and include
processed natural “produce.” Among organization products, consideration is limited
to those with a substantial engineering content, that is, TS, which perform their
technical role by driving a useful TP. Nonengineering artifacts and processes are
excluded, although many of the considerations will also apply to them.

Descriptions of classes of products offered in Section 6.11.10 are incomplete,
not unique, boundaries are fluid and overlap. They provide a rough scale to dif-
ferentiate TP and TS from other products [164]. These classifications refer to the
TS-operational process, operand, technical process, technology, effects delivered by
the TS, and complexity of the system. Products may appear in more than one classifi-
cation. A product from one organization may be an input for another. Product classes
include artistic works, consumer products, consumer durables, bulk or continuous
engineering products, industry products, industrial equipment products, special pur-
pose equipment, industrial plant, configuration products, infrastructure products,
intangible products, software products, and so forth. Products may be for own interest
and pleasure, purchase, consumption, application in domestic situations, industry
(assembly into an organization’s own product—OEM, COTS), the organization’s
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own manufacturing operation—plant. The theories, methods, and models in this book
apply to the range of products from consumer durables with a substantial technical
content, to industrial plant. They can probably be adapted to other products.

1.7.1 IMPLICATIONS AND CONTEXT

Industrial designers tend to be the primary designers for consumer products and
durables, engineering designers tend to be primary for technical systems. Both kinds
of designers cooperate in design teams, which should include manufacturing, sales,
and other experts.

Industrial designers and engineering designers may be employed in an
organization-wide process of integrated product development (IPD), working in three
parallel streams: (1) marketing and sales, (2) designing, and (3) preparing for man-
ufacture. Products from IPD are generally made in larger quantities, intended for
a consumer market, and do not necessarily display an engineering content; see
Section 11.4. Those IPD-products that are TS need design engineering in addition
to industrial design. Some engineering products do not need industrial design. IPD
and design engineering overlap, but the terms and procedures are not coincident (see
Figure 7.10).

A major difference between design engineering and industrial design is the
interpretation of the phase of “conceptualizing.” Industrial designers tend to solve
the problems of appearance, desirability, attractiveness, and usability. Novelty and
innovation may be a strong consideration. Their conceptualizing consist mainly of
preliminary sketches of external possibilities—a direct entry into hardware (the con-
structional structure) and its representation. The sketches are progressively refined,
and eventually rendered (drawn and colored, and modeled by computer or intangible
materials) into visually assessable presentation material, full artistic views of the pro-
posed artifact. Considerations of the necessary engineering take place, but often at a
rudimentary level. Industrial design and IPD usually work outside inwards, defining
the envelope, thus constraining the internal actions. Presenting the results to higher
management is an important part of the skills of industrial designers. Similar consider-
ations apply to architecture. Technical problems are passed on to design engineering,
the engineering designers are expected to follow the decisions of industrial design—
the TP/ TS solutions remain within the limitations imposed by the chosen appearance
solution.

In contrast, engineering designers tend to solve the problems of making something
work, including manufacturability and other life cycle related properties. They work
from critical zones for capability of functioning, for example, form-giving zones,
inside outwards, defining the internal operational means first, constraining the outside.
Novelty may be a consideration, but reliability (control of risks), operational safety,
and achievability of functioning is usually primary.

Engineering designers can conceptualize in several abstract structures of the
TP(s)/ TS(s), including transformation operations, technologies, functions, organs,
configuration, and parametrization (see Sections 1.12.6, 1.12.7, 1.9.1.5, 1.9.1.7, and
1.12.9, and Chapter 6). External appearance of the final artifact should be con-
sidered, but tends to be a result of the internal considerations of design engineering.
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Nevertheless, the external form of some designed TS(s) must dictate the space
available for internal arrangements, for example, aircraft or ships. Constraints for
designers may come from ergonomics, and law and societal conformance. Presenta-
tion of the results to higher management is not usual, design engineering thus tends
to be less visible.

Aclose, knowledgeable and mutually sympathetic cooperation between industrial
and engineering designers is beneficial for the product and the organization. How-
ever, this book is intended to support the abilities, skills, experience, competence,
creativity, and ingenuity of engineering designers by presenting relevant theory and
methods.

Designers cannot grasp the whole diversity of a TP(s)/TS(s) at the same time.
They can direct attention to any part of the Trf(s) or TS(s), and to any part of their
mental model [435], and then dive into detail. Human working memory is strictly
limited [101,416-418,420] (see Section 11.1.1). Designers need to externalize their
thoughts in suitable sketches and models, and interact with them to expand the
scope of their working memory. This book shows forms of sketches and models
with which engineering designers can record their thoughts, and transfer between
levels of abstraction.

NOTE: A model is a mental or physical representation (including its information content) of
an implemented or proposed TP, a realized or proposed TS, or an idea or hypothesis [304],
by suitable means, for example, sketches. Relationships between a model and the original are
generally the laws of similarity. Modeling techniques have been expanded by application of
computers.

Suitable similarity between the model and the original is of interest, that is, which properties
are to be expressed in the model, and what purpose is to be served. A prototype of a TP/TS
permits determination of most of the properties relevant to the final system. A model only
permits determination of certain properties, such as behavior, structure or form, which lend
their name to the appropriate model. A model always has a definite purpose, for example,
determining the measures of properties, or for checking and verifying, communicating, or
instructing. Aspects can be summarized by a “model of models” [469], which demonstrates
four dimensions: (1) Context ranges in a spectrum of variety from abstract to concrete, from
conceptual to material, and from general to specific. (2) Function and purpose can be one or a
combination of: (a) describing, to explain some aspect of the model and the reality, in a theory or
inanarrative; (b) predicting, to foresee some aspect of behavior, and to quantify it; (c) exploring,
to investigate behavior under possible changes of circumstance; (d) planning and designing,
to propose new or novel applications or devices; or (e) prescribing, as a normative or heuristic
instruction. (3) Medium can be one or a combination of: (a) verbal; (b) mathematical | symbolic;
or (c) imagal/graphical. (4) Mode of usage can be: (a) iconic, a reality in a two- or three-
dimensional representation that is usually recognizable—drawings, space models of machines
or workshops, photographs, forms of mathematical equations, and realistic verbal descriptions,
where the similarity between reality and model are noticeable; (b) similitic (used as signs), or
analog, a limited number of properties of the model are similar to the real system—static
and dynamic properties of a reality can be imitated or simulated by this use, which includes
graphs and diagrams, and models that rely on laws of similarity, for example, for fluid flow,
electrical or magnetic fields, thermal conduction, computer simulation programs, and others; or
(c) metaphoric, a mathematical, verbal or graphical symbol represents a context, for example,
technical system by the metaphor “TS.”
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The relationship, especially in context and function, between a mental model and the
modeled reality is complex, and depends on usage of the model. Mental models are formed
by abstractive documentation, by apperceiving and abstracting from a physical reality, a 1:1
mapping, and their properties are elaborated by generalizing and theorizing. When a phys-
ical reality is being operated, the mental model is applied to the reality in a 1:1 situation of
empirical /observational documentation, including operating, experimenting, controlling, sim-
ulating, and so forth. If a physical reality does not exist at the time, an empirical/speculative
documentation can be developed in a 1:n™ situation by planning, designing, establishing,
realizing, concretizing, predicting, and so forth. Each of these operations can take place in
several stages, with alternatives available at each stage. The resulting combinations may reach
large numbers—combinatorial complexity. Of the generated alternatives, a smaller number
may be viable and usable, and can be selected by explorative sampling of the combinations,
and thus learning about their potentials.

When designers dive into detail, they also recall relevant general and professional
information, for example, mental models of the surrounding constructional structure.
Nevertheless, designers comprehend the total problem through a restricted “window”
[439], as a conceptual or constructional design zone, including form-giving zone. The
boundaries of that window are determined by the design task, the knowing and the
organizational position of the individual.

For the purposes of a design process, engineering designers can and should draw
an arbitrary suitable boundary around the TrfP(s), and the TS(s), that is of immediate
interest at that time. These boundaries can and will change as design engineering pro-
gresses, zooming the window in and out, and abstracting and concretizing changes.
Systems are hierarchical, but we can only consider one level at a time. Case study 1.3
“Smoke Gas Filter,” illustrates this by showing the change of emphasis and atten-
tion to 1.3.1 “Rapper.” This case example shows that an assisting input (mechanical
shock to shake particles off the plate electrode) can be solved by using a “function”
of the larger problem, and treating it as the TrfP of the subproblem (subsystem)
“rapper”—now the shock is the main effect of the TS(s).

NOTE: The change of window is shown on a water jet cutting system; see NOTE in
Section 1.6.1.

Assisting inputs, secondary inputs, and so forth, also need effects to suitably
transform them, and these are problems at the next lower level of complexity and
detail, a zoom-in window.

The examples of products in Section 6.11.10 show that the traditional divi-
sions among engineering disciplines (e.g., mechanical, electrical, computer, etc.) are
not particularly useful. Is a speed-controlled electric motor (e.g., audio tape drive)
a product of electrical engineering (electrical and magnetizing sections), or of mech-
anical engineering (shafts, bearings and housings, magnetized rotors, and stators),
or of electronics (controller circuits)? The word “or” is obviously misplaced, that
motor is a product of all of these. Many products are made under the direction of one
(group of) discipline(s), and used under another, for example, machines for mining,
road construction, or robotic assembly of printed circuit boards.
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Engineering designers need a broad range of general and specialized knowing
and contexts, available recorded information, and good support in the organization,
to cover all properties of the TS(s) they intend to design, compare Figures 1.3, L.5,
1.8, 6.8, 6.9, and 6.10.

The useful life of a product is usually limited. Even after normal “life ended,”
some artifacts find reuse (see Section 6.11.9). A different type of organization may
extend or revive the life (e.g., railways run by volunteers as tourist attractions); an item
may be used as a display or monument.

NOTE: Materials (etc.) that are no longer useful or usable can be recycled into raw material,
or sent to disposal. Constructional parts (or subassemblies) can be upgraded, altered, brought
back into a usable state by remanufacturing or refurbishing, or upgraded to a newer version
by reengineering.

1.8 INFORMATION, KNOWLEDGE, DATA

Information, knowledge, data, and others are relative concepts, the terms are impre-
cise and ambiguous, with unclear boundaries. They are dynamic, their contents change
with time. The terms depend on the interpretations of individuals, and their state of
knowing and awareness.

In this book we use information as a general term for all instances of this phe-
nomenon (see Section 12.1). This use of information as the primary term fits with
ISs, information technology, knowledge engineering, and knowledge-based systems.

Information can be defined as a statement of meaning assigned to a static or
dynamic phenomenon or thought, ISO 9000:2000 [10], article 3.7.1 states infor-
mation is meaningful data. Information is carried by data and by objects (M, E,
I, L). Knowledge can be defined as information representing a meaning assigned
on the basis of theoretical and practical context to a static or dynamic phenomenon
or thought. Data can be defined as information assigned on the basis of conven-
tions, that is, without implied context. It need not have information content, and
can then be defined as nonprocessed/natural, or artificial/processed expressions for
revealed or potential information perceivable by human senses, or by technical means,
measurement.

1.8.1 INFORMATION, GENERAL

The contents of information can concern tangible, process, and cognitive or con-
ceptual objects. Process objects can be subdivided according to their intention:
(1) for a useful application, manufacturing, distributing, operating, or disposing
of a tangible or process object or (2) for designing a tangible or process object
[164]. Cognitive objects include thoughts, ideas, intuitions, feelings, associations,
apperceptions, and so forth about tangible or process objects. Various processes
form the relationships among these constituents. Typical subjects for information are
everyday life, biology, sociology, physics, mathematics, agriculture, history, arts,
geography, and so forth, and designing and design engineering. The constituents
of information include data, observations, evidence, rules, theories, knowledge,



Introduction 29

(A) Actual properties of an existing TS (B) Properties of a TS(s) to be designed must preferably
can be completely arranged into fulfill all requirements that arise from each process in
the classes shown In this table. the TS life-cycle, and from the operators of each of

these processes, in an optimal way (see Figure 6.15).

Class Symbol Description

(Pr1 PuPr Purpose properties )
PriA FuPr Function properties .
— behavior — effects properties g;lr?-g?:) With respect fo:
PriB  FuDtPr Functionally determined properties Operational LCé
— parameters, properties conditional Pfocess \
on functioning (operating) Particular
PriC  OppPr Operational properties hases
Pr2 MfgPr Manufacturing properties, planning and preparation Lc4 gf the TS(s)
— realization properties, manufacture, assembly, life-cycle
adjustment, packaging, etc. 4
Pr3 DiPr Distribution properties, maintenance and service LCS (I”;’JF’Q”;’-“
organization, warranty, consulting s
Pr4 LigPr Liquidation properties Lcz
w | Pr5 HuFPr Human factors properties — ergonomics, esthetics,
£ psychology, cultural acceptability
u Pr5A In manufacturing, LC4
o < Pr5B In distribution, LC5
& Pr5C In operation, LC6
- Pr5D In liquidation, LC7
S| pr6 TSFPr Properties of factors of other TS (in their
x operational process)
E Pr6A In manufacturing, LC4
PréB In distribution, LC5
PréC In operation, LC6 FZﬂ;":r:Ia‘r,-f
PréD In liquidation, LC7 P ¢ p
Pr7 EnvFPr  Environment factors properties ops;a ;S’? )°
Pr7A Social, cultural, geographic, political and other ;?c 1 .
societal factors hecyce
Pr7B Materials, energy and information p(aseF‘
— TP/TS inputs — effects of and on environment T e
— TS -material — effects of and on environment 5.'1)
— TP/TS secondary outputs and TS disposal
Pr8 ISFPr Information system factors properties s e
— Including law and societal conformity, cultural, R'elatlonshlps.
political, and economic considerations, With respect to a
information availability, andso forth tmmf”’"‘?:'#"
PrBA Scientific information B e eformction
Pr8B Technological information system, designing
Pr8C Societal information is not useful
Pr8D Legal information unless this purpose
Pr8E Cultural information is fulfilled.
Pr8F Other information Design engineering
Pro MgtFPr Management factors properties Y 1
ProA 9 Management planning — product range g:ll¥:;sT§t1(§)q:§I|w
ProB Management of design process designed.
ProC Design documentation — design report,
version control Manufacturing gives
PraD Situation — management climate, personnel the quality of con-
relationships, andso forth formance, quality
ProE Quality system — quality of design, quality control, q“‘f’"ty
control, quality assurance :3?2{:::3 p‘::rts
ProF Information properties — licensing, )
intellectual property, andso forth Management should
ProG Economic properties — costs, pricing, returns, be concerned with
financing, andso forth life cycle
ProH Time properties — delivery, planning, process assessment and
durations, repair, maintenance, andso forth engineering.
ProJ Tangible resources —availability, accessibility, and so forth i
ProK Organization — goals, personnel, andso forth S;silé% management
ProL Supply chain properties — availability, -1SO 9000:2000
delivery time, reputation, reliability, andso forth
_.Q \___ProM Other management aspects )
;E DesPr Engme_enng‘ deS|gn. properties . Cause of Designin )
Za' J Pr10 Engineering design characteristics all TS(s) (s,g ,.-,-guges
=27 pPrid General engineering design properties external 1.16 and
Za ( pPr12 Elemental engineering design properties) properties 2.1) y

(see Figures 6.8, 6.9 and 6.10 for additional information)

FIGURE 1.8 Classes of properties of technical systems.
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experience, and so forth. Information with respect to its credibility ranges over
fact, observation, guideline, belief, myth, prejudice, hearsay, to deliberate misin-
formation. Typical forms of information include data, observations, experiences,
explanations, heuristics, generalizations, rules, hypotheses, knowledge, and theories,
and their verification or proof. Information may be more or less structured, from
an informal collection to a formalized and verified system. For other classes see
Section 1.8.4.

Information can act as operator of a TrfP (i.e., an information process); see
Section 1.9.1. Information as a system then mainly provides guidance to the other
operators.

Information can also act as operand of a TrfP—it can be processed (see
Section 1.9.1). The changes can influence the content and structure (internal)
of information, its form (verbal, graphical, symbolic), location (internalized,
externalized), and time (see Figure 1.9).

Transformation TRANSFORMATION
process (TrfP
and technical Of structure Of form Of space Of time
process (TP) coordinate coordinate
(see Figure I.6) Processing Manufacturing | Transporting Strong
Material M convert M transform M transport M store
M (process) form, shape)
For example Iron ore Scantling Workpiece in Workpiece in
—> steel —> workpiece storage bin storage bin
— wp on
assembly line
Energy E convert E transform E transport E store
E
[=]
4 For example Hydraulic 50000 V Power station In accumulator
é —> electrical —> 220 V —> consumer | (battery, spring)
Ll
% Information I convert | transform | transport | store
| (translate)
For example Graphical German text News sender Speech on
—> digital —> English —> receiver magnetic tape
Human (animal) | Hu convert Hu transform Hu transport Hu store
Hu (L)
For example | Sick Natural hand In London At home (in
—> healthy —> prosthesis | —> in Toronto | bed)
Typical verbs Convert, Enlarge Conduct, isolate Store, retrieve
of operand rect‘ilfyi increaste. reducet guide, release Eold, relpas':e
transformation oscillate, gqnneé:_ ,'dsepuru e eep, rejec
or of TS-internal | Pr°%%® Collect, diffuse
function combine, dissipate
connect, interrupt
couple, disconnect
emit, absorb
manufacture
produce

FIGURE 1.9 Basic classification of transformation processes (TrfP) and technical

processes (TP).

(see also Figures 7.11 and 9.9)
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Processing of information can be performed by humans, and by a computer
(or any other machine), for example, for purposes of controlling another process. The
computer programs are then usually referred to as information technology. Some
information technology is referred to as knowledge-based systems, an accepted
inconsistency, and includes an implied accepted true belief (see Section 1.8.5),
for developing and using meaning, understanding, and opinions.

NOTE: For transformation operations, the formulations should normally contain a verb
(or verb phrase) and a noun (or noun phrase) that specify what should be done to the operand
being changed.

1.8.2 INFORMATION, RECORDED

If information can be expressed and formulated into words (e.g., a thought, the-
ory, hunch, or imagination), images and symbols, it can be transferred to a tangible
medium—even feelings can be expressed; otherwise communication is unlikely.
Information can be recorded in available repositories, stored in an accessible form,
unordered to ordered and classified, for example, scientific. It can be retrieved, if a
suitable method for classifying and searching is available. Classification is usually
by hierarchies of classes, but relationships among items of information in different
branches tend to be lost. Classification systems can be based on a “flowchart” or
multisubject matrix. Records cover the forms of information listed in Section 1.8.1.

1.8.3 INFORMATION, GENERATING AND USING

The processes of generating and using information can be shown in their relation-
ships (see Figure 1.10). Each process (in rectangular boxes) consists of a sequencing
of messages appropriately formulated from an initial result (in an elliptical box) to
achieve another result. The upper section shows developments of knowledge and
experience, often starting from observed or conjectured data. The lower section
indicates application of information and internalized, tacit knowledge (knowing)
to achieve other results. These various forms of information can be recognized and
brought into meaningful relationships (see Figure 1.11). The information, as design
process and object information, can then be categorized and codified as in Figure 1.3.

1.8.4 INFORMATION, TRANSMISSION, COMMUNICATION

A model of communication to transmit messages is shown in Figure I.12. This model
shows that information (as operand) can be transmitted from one person or record to
another. The first subprocesses formulate the information suitable for the transmission
media and conditions. The subprocess “transmit as message” may be performed by
aTS—a communications device. A sequence of symbols encodes the message, but the
symbols remain meaningless to the transmitting TS. The last processes in Figure .12
receive and interpret the received message, either as executable commands, or
as information to be understood by humans. A message can be characterized by
several dimensions; see Figure I.12 and Section .8.1: contents, subjects, constituents,
credibility, forms. Similar schemes may be found elsewhere, for example [553].



32

Aggregating,
measuring,
simulating

Design Engineering: A Manual for Enhanced Creativity

v \
\
\
- \
Observations, ~
evidence Generalizing

Synthesizing,

GENERATING, STORING AND RETRIEVING
(Processes and objects of empiricism)

ORDERED AND UNORDERED 1.8 and 12.7)
\ INFORMATION (In repository or under development)

c anul)‘lzi_ng, \ |
o predicting, \

s particularizing Rules, — \

£ meta - rules Systematizing,|

5 — interpreting,

° Acquiring, | pgicing, theorizing

£ capturing, deducing,

= collecting| 1 abducing/ = Theory — |
g reducing, @ Object information @4 Subject —

2 innoducing (phenomena and objects), Method

g declarations — statements,

Using,
verifying,
checking

Synthesizing,|
analyzing

physical and conceptual
principles
norms — standards

Design process
information
procedural model,
procedural plan, methods
heuristics — guidelines,<

(see Figures 1.7,

| 0

FILTER [

Ay v vy _ 3 3 33 3 b

to select appropriate information _,’Q_ A
for application Vot it
_/ Incidental and ! Capture of
Enquiring, Selected and ordered unordered I | information
consulting, (arranged) information information from I | from own
obtaining from theory and practice practice | | experience
advice, (books, manuals, papers, | |and studies
and so forth computer programs, etc.) | (thinking and
\ | research)
\ -+ A

Theoretical

by human operator

I —

attitudes,

USING, APPLYING INFORMATION

/7

Legend:

consists of a
sequencing of
messages,
appropriately
formulated to

achieve a

(see list of symbols)

learning, memorizing,
relating, structuring

(tacit, internalized,
learned, self - structured)

Personal conditions
(knowledge abilities,
skills, competencies,

INTERNALIZED, MENTAL
KNOWING AND USING

N
]

Practical knowing
(experience, observed,
perceived)

knowing Procedural manner,
knowing about how

to proceed

Knowing about use
of technical means,
information systems,
and so forth
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FIGURE 1.10 Characterization of information—processes and relationships.
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FIGURE 1.12 Characterization of information—communication.

1.8.5 KNOWLEDGE, GENERAL

Empiricism claims that experience is the source of all knowledge. This refers
to the heuristics [365] and knowledge of practice, and knowledge that has been
abstracted and codified into hypotheses and theories of the sciences. Relationships
among elements of information reveal the structure. Processing often tries to gener-
alize and summarize information—abstracting—and bring it into relationships with
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other information items—codifying (relating, hypothesizing, theorizing, etc.) and
structuring. Codified knowledge thus represents the “accepted or warranted true
belief” (by an individual and a group) on the basis of evidence (or lack of it) and
description (narrative and theory) of phenomena, at that particular time. Humans
(and computers as TS programmed by humans) rely on currently accepted true belief,
truth as agreed abstractions, and as recognized useful understandings based on other
experience.

Information is processed into knowledge by deduction, induction, reduction/
abduction, or innoduction [174]; see Section 12.1. Scientific knowledge is not the
only sort [152], much of informally structured information is of little interest for
science, yet is necessary for technological (engineering) application. This includes
information gained directly from experience, which may not have been formal-
ized and recorded, or may not even be capable of being formalized. Examples
are [98,133,188,342,499,521,556], standards, codes of practice, regional laws, and
so forth.

Processing usually progresses from full contents of information, through informal
and general structuring—a fypology—to scientific categorization (a taxonomy).
Processing has various aims: (1) holistic, comprehending an overall picture vs.
reductionist or atomistic, isolating the elements; (2) synthesizing, placing together in
possible arrangements vs. analyzing—the arrangement of information for these two
purposes should be different, unless selective search by computer is used; analysis can
use the arrangement of the traditional engineering sciences, synthesis usually needs
an arrangement according to achieved output effects; (3) system (functioning) vs.
detail (components, constructional parts); (4) among phenomena vs. among other
information elements; and (5) in a progression via hypotheses, axioms, theorems,
and corollaries, to theories. Both directions of each are usually necessary for full
understanding.

With accumulation of further evidence (some of which will not fit the accepted
interpretations), what is accepted as currently valid knowledge will need to be revised,
and new proposals made to overcome the deficiencies [376,377]. This results in a
change of the disciplinary matrix, a paradigm shift, a scientific revolution, replace-
ment by a new theory, a change that may take substantial time. Established proponents
will usually resist change. Examples of such change are Newton’s laws of motion,
relativity, quantum theory, chaos theory, and so forth.

1.8.6 KNOWLEDGE, RECORDED

Codified information held in tangible repositories can be called recorded knowledge,
suitably cataloged. This conforms to the usage of “knowledge-based systems,” which
often rely on Al that is, an interpretation of processed, stored, codified information.

1.8.7 DaAta

Data usually refers to concrete properties (see also Section 1.8). Figure 1.11 shows
that data may be continuous, consisting of observations and evidence, or dis-
crete, measured values of properties of a TS or of other naturally occurring or
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artificial phenomena. Data is represented by agreed primitives, the symbols consist
of alphanumerics, iconics, and others. Symbols have agreed meanings, for example,
numerical symbols, units of measurement (e.g., “number of items” as a unit); text
data; and symbolic data. Data is regarded as context free, but this is doubtful.

1.8.8 INFORMATION, INTERNALIZED, TACIT

When using available information, the cognitive processes of a human lead to various
forms of knowing [116,117,175,224,232], which is internalized, tacit, mentally struc-
tured, incorporated into a person’s acquired experience, and thus not accessible to
other persons. It is individual and idiosyncratic, but all have much in common.

The human mind can act consciously (in working or long-term memory), sub-
consciously (intuitively), or unconsciously (instinctively) (see also Section 11.1).
Mental actions have three domains: cognitive [68], thought; affective [371], feelings;
and psycho-motor, physical actions and their control—see dimension 2 in Figure .12.

Tacit knowledge can concern tangible or process objects, usage of objects, prob-
lem solving and designing [164], managing, and so forth, and mental constructs
resulting from association of ideas. Storage within the brain is thought to occur in
chunks of information of varying size and connectivity, and in several parts of the
brain according to the mind’s senses and abilities.

Internalized information is stored initially as declarative object or process infor-
mation. When it has been learned well enough, a person is not conscious of use,
it becomes procedural object or process information, know-how and knowing (see
Figure I.11), and its use is “intuitive.”

From this internalized information, the human mind (consciously or subcon-
sciously, unaided or reminded by sketching in graphical, verbal, and symbolic media)
produces mental constructs. Some of these result from reasoning, in a “forward”
(causality) or “backward” (finality) direction; a combination of the two is usually
effective. Procedural object or process information reappears as subconsciously
applied methods (compare [351]) evidenced in skills and competencies.

1.8.9 KNOWLEDGE, INTERNALIZED, TACIT, UNDERSTANDING

Information is a major source of experience and understanding, which evolve from
interpreting, extracting meaning and values, and recognizing relationships and pat-
terns in the available information. Research can process this through hypotheses, and
refine it into a theory, as part of the codifying process of information. “It seems that
a large amount of knowledge has to be taken into account in a highly integrated way
for understanding to take place” [270, p. 569].

Mental processing of information to develop understanding and knowledge can
result in both tacit and recorded knowledge, and occasionally also wisdom. Different
arrangements of information are needed for research (extending the scope of knowl-
edge), for archival collection (searching according to disciplinary categories), and
for designing (searching to achieve effects); see [193,194,498] and Chapter 9.
The internalized knowledge of an organization’s employees can be captured; see
Chapter 10 [195].
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1.8.10 INTELLIGENCE

Intelligence manifests itself as appropriate behavior revealing knowing and under-
standing. It arises from internalized processing of information into knowing, that is,
developing know-how, by abstraction and association. How much of intelligence is
nature vs. nurture is still in question.

Intelligence may be classified as crystallized (declarative, knowing) and fluid
(proceduralized), compare classes of object and design process information (see
Figures 1.4, 1.5, and 12.7).

Artificial intelligence attempts to mimic human information processing in
small areas of interest, using computers for, for example, heuristic programming,
genetic algorithms, computer-extracted information, computer-generated advice, and
computer-control for machines.

1.8.11 SUMMARY

The subject of information is complex, Section 1.8 has tried to bring some order into
this region (see Section 12.2). The quality of information that meets the needs of
engineering designers must be addressed (see Chapter 9).

1.9 TECHNICAL OBJECT AND PROCESS SYSTEM

Summarizing from Section I.1, in a transformation system (TrfS) someone (HuS) and
something (TS), in an environment (AEnv), with information (IS), and management
(MgtS), does something (TrfP and TP) to something (Odl) to produce a different
state (Od2) to satisfy someone and something. Preferably, the TS that is used should
be designed and manufactured to be optimal for its TP in the given circumstances.

The goals for this section are to indicate the theoretical support for the prescrip-
tive knowledge related to engineering DesP (see Section 1.12.7) and transformation
systems (TrfS)—especially TP and TS (see Section 1.11.7).

1.9.1 TRANSFORMATION SYSTEMS

As outlined in Section I.10.1, existence and life consists of and depends on processes
of change—TrfP (see Figures 1.6 and 5.1). Many processes are natural, others have
natural elements (e.g., agricultural activities), still others are artificial. Boundaries
between natural and artificial are poorly defined. Artificial processes, not necessarily
continuous or linear, are triggered by needs or wishes, and are not available from
nature without actions and means provided by humans. They are driven by effects
delivered by operators, and together with them form a system. For example, if a
person feels ill, a medical doctor makes a diagnosis, assisted by tests and measure-
ments helped by devices—machines (mechanical, electrical, electronic, etc.). Then
a therapy (partly performed by machines, partly by medicines produced by machines)
is recommended (prescribed).

The quality of life depends on the quality of TrfP, and on their output products.
These are intended to satisfy human needs, considering restrictions and constraints,
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and depend critically on the operators of transformations, especially TS. Therefore
the quality of life is a function of the results of transformations, and thus of the applied
TrfS at the time and in the space (see Figure 1.6). A survey of products is included in
Section 6.11.10.

NOTE: Preferably the applied transformation system (TrfS), should be the best (optimal)
system for the situation as it exists at that time. This also implies that a degree of optimality
should exist in each of the elements of the TrfS—not necessarily that each element should be
optimal in itself.

1.9.1.1 Transformation (Trf), Transformation Process (TrfP),
Transformation System (TrfS)

Each transformation may be regarded as a system—a TrfS (see Figure 1.6), consisting
minimally of a TrfP, and operators (Op).

The TrfP shown in the rectangular box, with its operations (see Figure 5.4), is
driven by the applied technology (Tg, definite article), the cause of the transformation.
This TrfP accepts an input, the operand in state Od1—in analogy with mathematics,
those variables that are to be changed by a function to generate the desired output
values. This operand is transformed (reactively) to an output state Od2, which is
more suitable for the stakeholders—achieving state Od2 is the intended purpose.
Each transformation consists of one or more partial transformations, that at their
smallest (convenient) limit are called operations. Each operation can take place only
if a suitable technology (Tg) is applied (see Section 1.6.1 and Figure 5.1C).

The operand may be a simple discrete or continuous object, or a complex object
consisting of several to many items. The operand can consist of inanimate material,
animate material (humans, other animals, or plants), energy, or information (M, L,
E, I)—these are interdependent aspects, but one may be more important than others for
the purpose. The transformation may involve one or more properties of the operand
(e.g., temperature, pressure, structures, space, time, etc.). Special names are often
used for transformations that change the (internal) structure, (external) form, location
(in space), or time dimension (see Figure 1.9).

The TrfP also accepts assisting inputs (AssIn) to help perform the transformation,
and secondary inputs (SecIn), many of which are probably undesirable—disturbances.
The operand in state Od2 is always accompanied by secondary outputs (SecOut),
many of which are undesirable, but some may be adapted for other purposes.

Typically five operators (Op), shown as the rounded boxes, Figure 1.6, are active
or reactive to directly or indirectly implement the technology: humans (and animals),
technical systems, the active and reactive environment (within the general environ-
ment), information systems, and management systems. These accept primary, assist-
ing, and secondary inputs (M, E, I), and deliver their active and reactive effects (Ef),
the round-based arrows, and secondary outputs. Normally, the states, manifestations
and values of the outputs are assessed and measured (evaluated), compared to a desired
or required target/limit state. A feedback (Fb), the upward arrow, connects assess-
ments of results with inputs, and can influence these states by applying changes to the
input of the operand and the operators, in an attempt to correct errors in the results.
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Investigating the purpose of the TP(s) and TS(s) should include: (1) usage
analysis—which helps to establish the application, including (for the TrfP and
the TS) user instructions, maintenance instructions, feedback reports from users,
maintainers/repairers, customers, stakeholders, and so forth; (2) structuring of pro-
cesses; (3) anticipating the needs of users and other persons or organizations, social
and environmental effects, and so forth.

The operand should be in a suitable state Od1 to accept the change into the intended
state Od2. This investigation should therefore include: (1) the general structure of
TrfP, which can be used as a checklist for design engineering. This involves identifying
the operations and relationships, arrangement, inputs and outputs (operand, assisting,
and secondary), and so forth of TrfP—preparing, executing and finishing opera-
tions, main and assisting operations (i.e., propelling, regulating and controlling,
connecting and supporting, auxiliary operations, etc.), alternative operations and
relationships, and possible failure mechanisms of the operation and the technology
(see Chapter 5); (2) identifying factors that influence the results (factors of the design
situation); (3) recognizing possible assisting and secondary inputs (including distur-
bances) and outputs (usable and polluting), and ways of avoiding damaging influences
from them; (4) setting up a representation of the TP, and identifying the technology,
the operators, and possible failure mechanisms of the technology and the operators;
(5) describing general properties, magnitudes that can be used to describe the TrfP
(e.g., for evaluations and decision making).

1.9.1.2 Technical Process

A TP is an artificial TrfP that results (primarily or exclusively) from operating a TS
(see Chapter 6), via an appropriate technology (see Chapter 5): primarily, if other
operators supply effects directly to the operand, or (indirectly) act by operating the
TS (e.g., an electric hand-held drilling machine); exclusively, if the TS acts alone.
A TP is a special case of a TrfP. The statements about TrfP are equally valid for
the TP. The technical process is driven by effects delivered topologically external to
the TS.

NOTE: Process normally refers to the TrfP (see ISO 9000:2000, article 3.4.1 [10]), that is,
not only to manufacturing processes. Technical system normally refers to the tangible (object)
system—unless additional qualifying words are used. A TP can be extracted from a TrfP by
focusing on those operations that involve an existing or assumed operational TS—but does not
preclude adding other operations. The TS-operational process delivers the effects for the real
or potential TP.

The main operator of many artificial transformations (TrfP or TP; see Figure 1.6)
is usually a TS, and is often helped and operated by humans (Hu)—these, together
with active and reactive parts of the environment, are the execution system. When
the TS is active or reactive in its TS-operational process it exerts effects (Ef) on the
operand to operate the TP.

Effects consist of material, energy, and information (M, E, I), with one of the
three as primary. Effects may be exerted directly or indirectly by an operator: directly
when the effect acts from an operator (HuS, TS, AEnv, IS, MgtS) by means of a
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technology (Tg) onto the operand (Od)—IS in the case of an information or manu-
facturing process, MgtS in the case of a management process; indirectly when the
actions of an operator act through another operator to produce the direct effect—for
example, HuS — TS — Od or IS — HuS — TS — Od.

NOTE: When a Trf P generates a product (i.e., the operand in state Od2 is a commecializable
commodity), the Trf P is regarded as a manufacturing (or production) process. Manufacturing
processes include IS in their execution system (operators) to deliver the information about what
is to be made, and how—for example, engineering drawings and manufacturing preparation
documents of constructional parts (see Figures I.13 and 6.14 and the NOTE in Section 6.6)—
and have output in state Od2 consisting of products from artificial transformations. The quality
of a TP (assessed mainly by the quality of the output operand Od2) depends critically on the
quality of the TS and of the human operator systems.

1.9.2 TECHNICAL SYSTEMS

Technical system are man-made, tangible material objects that perform a useful task.
TS comply with the laws of nature, especially for the ways in which they work, act, and
function.

A TS has the (internal) capability of processing its (primary, assisting, and
secondary) inputs into (primary and secondary) outputs, that is, across its bound-
aries. These inputs and outputs may consist of materials, energy, and information
(M, E, 1), that is, not living things or humans. The outputs include the effects that can
be delivered via a technology to transform the operand in the TP—this is the purpose
of aTS. This capability is a potential, which is realized as an effect (action or reaction)
only when TS is operational and capable of being operated, with an operand present.
For example, a portable fire extinguisher has its potential and readiness to “deliver
extinguishing fluid when needed” (its TP)—when it is triggered by a suitable input
action from a human.

All societies, cultures, and civilizations depend on the sorts of TS that they have
available. Developments in societies, cultures, and civilizations can only take place
if the TS is simultaneously developed. Developments in TS must become “ripe” by
accumulation of information and needs, a continual and mutual interaction between
society and technology.

Various classification criteria for TS can be identified, including the traditional dis-
ciplines of the engineering sciences, branches of engineering, the novelty of the future
TS(s); stages of market development; sequence of demand to design engineering
and manufacturing; scale of production of the TS(s), size relationships, complex-
ity; manufacturing location, standardization; market; life ended, and so forth (see
Section 6.11). For instance, regarding complexity, four typical hierarchical levels are
defined (see Figure 6.5): level 1V, plant; level III, machines (including electronics);
level 11, assembly groups (subassemblies); and level I, constructional parts.

1.9.2.1 TS-Internal Processes

Each TS is capable of performing its internal and cross boundary actions or reactions
to deliver its effects. The behavior of a TS, the sequencing of states through which
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the TS passes in response to its inputs, results from these actions or reactions. Each
such action results from a mode of action (way of operating) based on an action
principle—mechanical, electrical, electronic, building, chemical, other discipline or
engineering branch (industry sector)—*“high tech” products are hybrids related to
mechanical, computer, and other disciplines. Mechatronics and nanotechnology are
the result of trends such as miniaturization. Action principles are described by the
engineering sciences. Relationships and interactions among the effects described by
engineering sciences must also be considered.

We are dealing with two separate parts of the transformation system, TrfS,
Figure 1.6, and their link represented by a technology: (1) TS-internal processes
and functions: the TS, a tangible object, acts as operator, one of the “object”
parts of the “product” defined in ISO 9000:2000 [9,10]. These processes are exclu-
sively described by the TS-functions. A one-to-one correspondence exists between
TS-internal processes and TS-functions—for design engineering we do not need to
consider TS-internal processes. (2) Effects (Ef): consistof M, E, I as main outputs of an
operator (not only TS), delivered by a technology, received by an operand, to achieve
the operation within the TP/TrfP. (3) TrfP and operations, TrfP: the “process” part
of the product; see ISO 9000:2000 [9,10]—the changes experienced by an operand
from Od1 to Od2 have only an indirect influence on the descriptions of TS-functions.

NOTE: For TS-internal functions, the formulations should normally contain a verb (or verb
phrase) and a noun (or noun phrase) that specify what should be done to the object being
changed.

1.9.2.2 TS-Life Cycle, Phases

Any TS life cycle consists of different life phases, it “lives” through these TrfP.
A typical sequence of TrfP includes phases of origination, operation and disposal,
and their dependencies (see Figure 1.13). For design engineering, the requirements
on the TS(s), the subject of the life cycle, can be derived for each life-phase from the
TrfP and its operators.

In most of the life cycle processes, the TS(s) is the operand. During manufacture,
the “information about the TS(s) as designed” becomes an operator of that life cycle
process, the drawings are the information for manufacture. The realized TS(s) is
operator in its TS-operational process, the TP. The TS(s) is operator and operand
during tests or experiments for development, and in maintenance.

1.9.2.3 TS-Properties, Classes, Relations, “Scales”

Every TS carries its internal and its external properties, which exist whether they
have been deliberately designed, occur as an unintended consequence, or arise
“incidentally” from the designed structures. The complete system of classes of
TS-properties that has been found useful for design engineering is shown in Figures 1.8
and 6.8 to 6.10. Their relationships are complex, many properties influence several
property classes. For instance, the external property of “stiffness” of an existing
machine tool is caused by the stiffness of all individual contributing constructional
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parts, the stiffness of all organs connecting the parts, and the arrangement (configur-
ation) of the constructional parts. Properties of TS(s) to be designed must fulfill all
requirements from each process in the TS life cycle (i.e., also their operators)—the
classes of external properties (and at times some of the internal properties) provide a
guideline for establishing a design specification—clarifying the problem.

Within these classes, the importance (weighting) of properties is different for
different sorts of TS (TS-“sorts”; see also Sections 1.1, 1.4.1, and 1.11.3); see
Figure I.14. Industry products with predominant engineering content are typically the
upper examples. The lower examples are consumer products with dominant industrial
design, aesthetics, ergonomics, and customer psychology.

The TS-properties change among the different states of existence for each TS,
for example, various life cycle phases of a TS(s). The states of properties exist (see
Section 1.12 and Figure 1.8) and change under various operating states, the “duty
cycle” of the TS: (1) at rest, no operation; (2) during start-up; (3) during normal
operation—idling, full-power and part-load, overload, and so forth, for self-acting
operation (automatic), or running and ready to be operated by another operator, for
example, human or another TS; (4) during shutdown, ending an operational state and
returning to “atrest” conditions; (5) in fault conditions—(a) internal faults—overload,
safe trip-out, breakage or equivalent and (b) external faults—damage, wrecking, and
so forth; (6) at “life ended.”
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The same property can be compared among different future and existing TS by
evaluating them. Some properties are quantitative, their values can be measured on
scales defined from acknowledged units of measurement, for example, power, speed,
and so forth. Scales of measurement are absolute, with a zero point defined from a
natural limit (e.g., the Kelvin scale), or relative, with an arbitrary zero point (e.g., the
Celsius scale). States of other properties are qualitative, such as appearance or other
manifestations, and can only be estimated (assessed). Ranking may be possible and
useful, and a value assigned. It may be useful to collect manifestations into sets, and
assign numerical values where needed (see Section 2.4.3).

1.9.2.4 TS-Quality

TS-quality is related to the capability of a future or existing TS to fulfill the assumed
or given requirements within its life cycle. Quality is a relative measure, a degree of
excellence, measured or perceived relative to a requirement for a TS(s), or relative to
an envisioned or perceived ideal.

Quality may depend on a physical or conceptual viewpoint, whether the TS(s) is in
its state as designed, as manufactured, or in some parts of its operational process, and
so forth.

The value of TS-quality can be characterized (measured) by forming a ratio
between (1) an aggregate of the states of properties for the achieved (or existing)
states of the considered TS(s) and (2) a similar aggregate of the reference values of
these properties for the assumed, established, or existing states of a reference ideal
(or of a competitor, etc.) TS. For this purpose, values need to be assigned to manifes-
tations of qualitative properties. Evaluations can be with or without weightings. The
states or values of properties may be given different weightings to give emphasis to
the important and desired ones. Different weightings for properties also apply to the
various TS-“sorts” (see Figure 1.14). The total value or partial value of TS-quality
can be obtained, if all or only selected properties are evaluated. In most cases only
the partial user value of the TS-quality is considered, and is assessed from viewpoints
of customers or stakeholders. At times, this user value is considered as the total value
of TS-quality (see also Section 6.7).

The optimal quality of a TS(s), as the goal of design engineering, the expected
output of a design process, depends on the situation in that part of the life cycle under
consideration, that is, the design situation, the manufacturing situation, the operat-
ing situation, and so forth. It is consequently different for each task. The condition
for obtaining optimal quality of a TS(s) is the existence of several alternatives of
TS-structures from which the most promising may be chosen—this must be the prin-
ciple of an engineering design strategy, a procedural model, a procedural plan, and
the tactics of procedure, including design methods. An absolute optimum does not
exist, the situations are complex and depend on human opinions, but an optimal TS
can usually be established.

NOTE: ISO 9000:2000 [9,10], article 3.1.1 differentiates between “inherent” properties, and
“assigned” properties. Under market conditions, price is a monetary value “assigned” to
a product by a seller as a target, and potential buyers assess that offering price together with
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other available information to decide whether to buy. The actual exchange is then agreed
between a seller and a buyer [388,389], the monetary value of the product, now an “inherent”
quantity.

1.9.2.5 TS-Structures

TS-structures are elemental design properties of a TS. They are always present (see
Figures 1.8, 6.8 to 6.10, and Section 1.9.2.3). The TS-structures consist of elements,
their relationships within and across the (chosen) TS-boundary, and may be formed
from different viewpoints and levels of abstraction.

The main (cross boundary) task of a TS is to exert effects onto the operand of the TP
with the aim of transforming it from state Od1 to state Od2. This main TS-ability—its
operating behavior—is caused by appropriate TS-structures, which should preferably
be optimal for the operating situation. The relevant relationship is (1) the TS-structure
determines the properties and resulting short-term and long-term behavior of the TS
during its operational process (TP) and all other life-cycle processes, within statist-
ical tolerance, but not necessarily fully predictable and (2) the same properties and
resulting behavior can be obtained from different TS-structures—this permits finding
alternative principles, modes of action, structures, and so forth.

TS-quality depends on TS-properties, and therefore on TS-structures. For design
engineering, the recognized structures should be helpful in achieving an optimal
TS(s) by exploring, establishing, describing, and evaluating the proposed TS at
various levels of abstraction. TS-structures are needed for TS-models and their rep-
resentations, and are established step by step in systematic and methodical design
engineering.

The most concrete form of TS-element for a future or existing TS (compare
Chapter 6) is the TS-constructional part, or component, usually the manufacturable
hardware (solid, liquid, or gas); see Sections 1.7.1, 1.12.6, 1.12.7,1.9.1.5, 1.9.1.7, and
1.12.9, and Chapter 5.

A more abstract TS-element is a 7S-organ, a function-carrier, which is formed
by the action locations on each constructional part where two or more constructional
parts interact with each other, or a constructional part interacts with an operand.
An organ is a connection in principle without regard to the supporting materials of
the constructional parts. An organ fulfills one or both of two basic functions: “con-
necting, carrying, supporting” or “acting or reacting.” For design engineering, the
more important is the acting or reacting organ (of various types, usually simply
referred to as an organ), which is necessary during the operation of a TS. These
organs provide the means for functioning, the means to realize the (internal and cross
boundary) functions of a TS, for example, the interacting teeth of two gear wheels,
the internal surface of a valve contacting the operand fluid (see Section 1.2). Other
organs are evoked by the need to assemble and manufacture the constructional parts,
they are passive during TS operation, they do not contribute to motions or other main
functions. Elemental organs are simple contacts, for example, between a shaft and
a hole. Partial organs are parts of complete organs, for example, action locations
on a constructional part. Organs may be combined into organ groups, complex
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organs, and organisms. Connection organs or organ connectors are the analogs of
constructional parts.

An action location (site or locality) is a point, line, surface, volume, and so forth
on a constructional part, at which an action may take place. It is one part of an
acting or reacting organ, a partial organ, a location where a TS-internal effect is to be
transferred from one constructional part to another, or the output of a TS where it exerts
its effects on an operand (or another TS). An action or reaction process is a process
that is capable of resulting in an action, especially a TS-internal process. An action or
reaction medium is any medium (solid, fluid, etc.) capable of transmitting an action.
It is not necessarily an “active medium,” it may at times be inactive, reactive, or
countering the desired actions—for example, air resistance. An action chain is a chain
of elements capable of performing an action or reaction, in a function structure, organ
structure and constructional structure, and includes the effector action location where
the technology acts to change the operand.

Still more abstract is the TS-function, which describes the capabilities of an organ
to perform TS-internal and TS-cross boundary tasks. These tasks may consist of
receiving TS-inputs, processing these inputs and intermediate states into intermediate
states and outputs, and delivering TS-outputs. The most important are the TS-main
functions, which deliver the main effects that are the main purpose of a TS and
form a (possibly branched) chain of capabilities. The TS-main functions are always
accompanied by TS-assisting functions.

The TS-internal assisting functions can be (1) TS-auxiliary functions, for accept-
ing, preparing, delivering, and eliminating material; (2) T'S-propelling functions, for
accepting, preparing, delivering, and eliminating energy; (3) TS-regulating and con-
trolling functions, for accepting, preparing and delivering signals, detecting and pro-
cessing measurements, feedback, making information available; (4) TS-connecting
and supporting functions, to provide internal connections within the TS. The TS-cross
boundary functions may be: (5) TS-receptors to transfer TS-inputs (M, E, I) from out-
side to inside the TS-boundary; (6) TS-effectors to transfer TS-outputs (M, E, 1),
especially effects, from inside to outside the TS-boundary; and (7) TS-connectors to
support the TS relative to the fixed system (Earth).

The TS-function structure (the structure of TS-functions) is defined by its elements
(functions) and their relationships. The function structure gives the engineering
designer a means to evaluate the operational states and failure possibilities of a
(existing or future) TS, especially in the early stages of a novel engineering design
process (DesP).

Similar considerations apply to the TS-structures consisting of organs, the
TS-organ structure, and to the structures consisting of constructional parts, the
TS-constructional structure. Examples are shown in Chapter 1, and Figures 2.15
and 2.18.

1.9.2.6 TS-Inputs and TS-Outputs

Technical systems in general only operate, that is, perform their TS-operational
process, during times when suitable main inputs (M, E, 1) are supplied to the TS.
Then the TS delivers the desired main outputs (M, E, I), that is, the effects that can
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cause the transformation of the operand in the TrfP. Various assisting inputs may also
be needed for the TS to operate correctly or adequately.

At all times, secondary inputs can influence the TS, mostly as disturbances. They
can cause malfunction and deterioration of the operating or nonoperating TS. At all
times, but especially when the TS performs its TP, secondary outputs (including
displays to indicate the TS state) can occur. These mainly influence the environment
of the TS, including its human operator.

1.9.2.7 TS-Development in Time

Progress is described by changes that usually enhance the capabilities, weight, cost,
performance, appearance, and other properties of a TS-“sort.” With elapsed time,
successive TS are usually developed to use less material, increase functionality, and
so forth—the “state of the art” changes with time. This also depends on tendencies,
fashions, and so forth. Laws (regularities) of development can be recognized (after
the events), but can hardly be predicted.

These changes may result from improvements in the TP, in the Tg, and in the
TS itself, in its functions, organs, and constructional parts. Usually these are small
stepwise changes, but over a sufficiently long time they may be regarded as a gradual
evolution. If a new process, technology, or partial TS becomes available, a larger
stepwise change may occur, and be recognized as a “technical breakthrough” or leap.
Rapid changes in the TS-“sort” (and in the state of the art) that occur during short time
periods result in “dynamic concepts” [477]—and little change will be experienced
during longer periods—*“static concepts.” The result is a surge—stagnate sequence
[331] of developments.

1.9.2.8 TS-Taxonomy

In addition to the classifications of TS outlined in Section 1.9.1 and Chapter 6, TS
can be divided into classes according to various criteria. For design engineering,
one criterion is the degree of abstraction, in analogy to biology: phylum, class,
family, genus, species. Typically, an increased number of different TS is included
as the classes become more abstract, whilst the number of established properties
decreases—a phylum defines the TP that the TS have in common, a class designates a
common Tg and main TS-functions, a family exists with a common function structure
and organ structure, a genus establishes a common arrangement, and the species has
its constructional structure fully defined (see Figure 6.17).

1.9.2.9 Theoretical Knowledge about TS-“Sorts”

In addition to the general TS, and the related generalized theories, many different
specialized T'S exist at various levels of abstraction—TS-“sorts” (see Section 6.11.10).
For design engineering, a specialized IS of TS branch knowledge can be set up for
each of these TS-“sorts”; see Chapter 7. Much of the information will normally
be common among several specialized TS, for example, the applicable engineering
sciences will be the same for different TS.
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1.10 DESIGN ENGINEERING, ENGINEERING DESIGN
PROCESS

Design engineering is the process of designing of technical (object) systems and
process systems. Design engineering applies particularly to designing the internal
and cross boundary capability for action of a TS. The main task and goal of design
engineering is to establish a full description of an optimal TS for the given conditions
and requirements, which often include the full description of an optimal TP. Design
engineering should produce this description in the shortest possible time, and with
highest efficiency and effectiveness, and at an acceptable cost, “right first time.”

This full description should be sufficiently complete for manufacture of a TS(s)
or implementation of a TP(s). It should anticipate any foreseeable circumstances
that may arise during the remaining life of the designed system, including manufac-
ture, distribution, operation (its duty cycle; see Section 1.9.2.3), and disposal, during
normal operation, fault or error conditions, and anticipated misuse.

NOTE: An optimal TP and TS should also be sufficiently insensitive to changes in its
manufacturing and operational processes, robust, that variations of properties within tolerance
limits do not bring the overall performance outside the allowed operating range [344,530,531].

Optimality can best be achieved if there is a possibility of generating and exploring
several alternative solution proposals, and selecting among them in a reliable way.
Searching for alternatives involves engineering creativity—a learnable human ability.

Achieving an optimal TS(s) needs a suitable technology of an engineering design
process, a way of performing and proceeding during design work. Only methodical
and systematic designing can heuristically hope, but not guarantee, to reliably achieve
an optimal TS(s).

Designers therefore need broad information and need to know about TS in general,
about operational processes for these TS(s), about other life cycle processes, and about
engineering DesP (see Figure 1.3). They also need information about societal, cultural,
economic, and other conditions, compare Chapter 3. During design engineering,
there is always a possibility and necessity of questioning, conferring and receiving
information from consultants, specialists, and colleagues.

1.10.1 DESIGN ENGINEERING—NEEDS OF SOCIETY AND
THEIR SATISFACTION BY TECHNICAL SYSTEMS

Society and individuals have many needs and wishes. These are manifested in the
essential tasks of organizing their lives, establishing a livelihood, avoiding hunger,
obtaining security, trying to improve the quality of life, and so forth. Needs and wishes
also arise as a result of establishing a society, interrelationships, infrastructure, trade,
communication, social and political administration, housing, industry, agriculture,
recreation, transportation, power, community services, laws, culture, community, and
so forth (see Section 11.1.4). Technologies (definite article) also enter the humanities
(book printing and libraries, theater equipment), fine arts (acrylic paints, brushes,
sculpture tools), and so forth.
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A need implies that a suitable product is unavailable. Something must be
(artificially) transformed from an existing state into a different state to satisfy the need.
Any such changes consequently demand that technology (no article) must be applied.
The applicable state of technology depends on the state of the society, which in turn
depends on the available level of technology, one cannot develop without the other.
As technology is modified, so the society must change, and vice versa—some gains
will be made, but something must also be lost.

Development also implies that values are created—science, engineering, and
technology cannot be value free [26,471,472,494]. Values are interdependent with
society and products in a complex way (see Figure I1.15A), resulting in needs,
requirements, wishes, desires, visions, dreams—different levels of demand for
satisfaction—but also restrictions and constraints. Some of these relationships are
supporting, others may lead to conflicting requirements or results. Added functionality
always costs something, may conflict with safety and efficiency, or have ergonomic,
aesthetic, economic, ecological, and other consequences. Evaluating these relation-
ships for specific cases and situations is always needed. Figure 1.15B shows design
engineering, as a central activity, in at least three axes of influence on life and
society.

Historically, societies, cultures, and technologies first progressed by developing
and using tools. Energy was initially delivered and control performed by the human,
and energy was later provided by domesticated animals.

An essential element of this development, and in all progress, is that failures
and errors occur, and are observed and overcome [466,467]. Attempts to explain
these failures and errors requires learning, an increase in information and knowl-
edge—individuals learn from the situation, discover new ways of operating, transfer
this information into experience—and in the process “forget” or “unlearn” the obsolete
information.

The second stage of progress, mechanization, was accomplished by using
tools to develop machines, including operational machines (water pumps, ground
tilling devices, printing presses, weapons, and defense equipment) and transporting
machines (e.g., boats, the wheel).

The third stage, powered mechanization, developed energy delivering or con-
verting machines. Humans, with limited force capability and power output, were
replaced by mechanical prime movers (first technical-scientific revolution)—water
wheels, turbines, combustion engines.

In the fourth stage, automation, control devices for automatic use of machines
were developed. Humans are slow and unreliable, with limited mental capabil-
ities (compare Figure 6.1), and were replaced in regulating and controlling
functions by machines (second technical-scientific revolution), initially as mech-
anical automation—mechanical governors, sequence regulators, analog electronics,
fluidics, and so forth.

Recently, with computerization, electronic machines were developed for
information processing, regulating, and controlling. Routine decisions can be
algorithmized, and some of the decision-making functions transferred to these
machines. Integrated structures, mechatronics and robotics, combine computers
and their programs into mechanisms, and monitor them by sensors (transducers).
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FIGURE .15 Role of design engineering in context of technology and society.
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The computers can even “learn” the desired response by genetic algorithms and Al,
usually without ability to explain the response.

Craftsmen usually performed the earlier developments in slow evolutions. Only
with the introduction of “division of labor” in the industrial revolution were the
processes of designing and manufacturing separated, and formal scientific knowledge
developed and applied.

Different cultures and sections of society will be at different stages of development
in a nonlinear progression, and development stages may overlap. The best available
technology (definite article) in a specific field at any one time is called the state of the
art, and different levels may be found in such fields as education, health care, sports,
entertainment, manufacture, transportation, and so forth. Knowing, know-how and
know-what available to a person is termed the personal state of the art [365].

.11 ENGINEERING DESIGN SYSTEM—STRUCTURE

Engineering designers are the most important factor in design engineering. Other
factors play significant roles. All factors are interrelated, have relationships to factors
outside designing, and constitute a system. The model of the engineering design
system shown in Figure 1.16 is derived from the model of a general transformation
system.

The TrfP of design engineering comprises: (1) The initial operand—information
in state Odl, ready to be processed, that is, the given requirements for the TP(s)
and TS(s) as input to the design process, the nature of the task at the start of design-
ing, explicitly stated, generally implied, or normative/obligatory [10, article 3.1.2],
including wishes, desires, dreams, restrictions, and constraints. This operand may be
a design or requirements specification, a design brief, a request for proposals, and
so forth from a customer or marketing. (2) The processed operand of designing—
information in state Od2, that is, a full description of an anticipated TP(s) and TS(s)
to optimally fulfill the given requirements, as the goal of the design process, closely
approximated by the output information. (3) An engineering design process, a trans-
formation of information, from (1) state Odl “list of requirements,” to (2) state
0d2 “description of a TP(s) and TS(s)” (see Section 1.12). This includes procedures
employed by engineering designers, the design technology, containing formalized
and informal methods, techniques and intuitions (see Section 1.12.2).

This transformation is realized or influenced by typically five operators of this
process: (1) Engineering designers, the most important operator, with various levels
of physical and cognitive skills and abilities, tacit knowing, motivation, and respon-
sibility—for the overall project or only a small section. A model of the ideal designer
indicates the necessary knowing (see Chapter 2). This also involves characteriz-
ing the engineering design process by criteria for evaluation of design engineering
and of the designer, and deriving the educational requirements for engineering
designers (see Section 1.11.2). (2) Working means, the technical assisting means
available to designers—tools, equipment, and so forth, including computers (see
Section I.11.3 and Chapter 10). (3) Working conditions, the active and reactive
environment in which the engineering design process takes place, the working cli-
mate, TS-“sorts,” and market; see Section 1.11.6. (4) ISs—information about and for
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design engineering, thatis, objects and phenomena, technical information, computers,
programs/applications (e.g., CAD, engineering science analysis, finite element meth-
ods, Al IT), internet and database records, recorded, collected, and codified into an
IS (see Sections I.11.4 and 9.1, and compare Figure 1.3). (5) Design management—
management of the design process and its tasks, organization; leadership system; see
Sections 1.11.5 and 11.3.1 (i.e., distinct from the management of the product range
and the organization; see Section 11.3.2).

The situation at the current stage of designing influences all the operators, the
design process itself, the formulation of EDS, and various assisting and secondary
inputs (see Chapter 3). Some secondary outputs occur as a result of the design process
and its operators.

1.11.1 ENGINEERING DESIGNER (HUS)

Engineering designers are the most important operators of engineering DesP.
Psychology (see Section 11.1) delivers insights into “designerly thinking” [109,110],
rational/logical and intuitive. Knowledge about designing minds needs to be
incorporated in expositions of design engineering [438, p.12]; the contribution of
the individual is essential. Every idea or transformation of the TrfP(s) and TS(s)
being designed is channeled through somebody’s individual cognitive “machinery,”
and is subject to the restrictions and laws of the human mind. Design engineering has
to be managed to obtain an optimal solution. The level of engineering design creativity
needs to be improved to answer the growing needs of customers and the challenges
presented, for example, decreasing natural resources, or increasing complexity of
new technologies. Knowledge and experience about engineering thinking is needed to
eliminate costly and harmful errors. Consequently, the mental processes of engineers,
and the cognitive system, need to be set inside considerations in design engineering.

Designers pick up the relevant information by apperception from the available
assortment of external representations, directing attention to interesting spots [435].
They encode the information into mental representations, based on mental models
that they have learned. These representations are revised by producing and interacting
with (transient) written and graphical notations. Contemplating these embodiments
of thoughts, and comparing them to other relevant representations of information,
designers refine their thoughts to mental representations better fitting the situation—
and externalize them again. Consequently, the forms of external representation need
to be considered, which is one purpose of this book.

This externalized material indicates the progress of the engineering design
process, and constitutes the only means for supporting and organizing the internal-
ized core processes of design engineering, the thought processes of individuals.
Externalized representations in models of various kinds, as presented in this book
(see Section 1.7.1), provide visual feedback—their form and information content
is obviously of vital importance for supporting the individual mind and for team
communication.

NOTE: With respect to mental capabilities, see Section 11.1, the literature uses words
such as thinking, learning, intellect, inspire, association, ideas, intuition, instinct, serendipity,
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idiosyncrasy, reflection [167,506,507], skill, ability, flair, talent, spontaneity, judgment,
feel, flexibility, conscious, subconscious, preconscious, unconscious, and creativity (see
Section 11.1.7).

With respect to information, words include experiences, expert knowledge, heuristics (see
Section 1.1), internalized, recorded, and codified.

With respect to procedural aspects, words are problem solving (see Chapter 2), iter-
ative, recursive, decomposition/composition [236], opportunistic, algorithmic, innovative,
inventive, evolutionary, team work, specialization, efficiency [10, article 3.2.15], and
effectiveness [10, article 3.2.14].

All these concepts seem to be essential to designing and design engineering, but as indi-
vidual statements none of them captures the essence and complexity of design engineering.
Given the same problem, no two persons or teams will produce identical proposals, concepts,
or embodiments.

1.11.2 WORKING MEANS (TS)—TECHNICAL SUPPORT FOR
DESIGN ENGINEERING

All technical tools and equipment are included here: writing and drawing imple-
ments, sketch pads, pencils, tracing paper, drafting machines, calculation equipment,
computer hardware, communications hardware, desks, filing cabinets, copying and
printing equipment, and so forth (see Chapter 10). Older tools such as pencil and
paper are still potent, especially in the early stages of designing. The quality of these
items has some effect on the quality of designing.

1.11.3 AcTive AND REACTIVE DESIGN
ENVIRONMENT—INFLUENCE ON DESIGNING

Engineering designers work within a physical, mental, and social environment that
influences their performance. The physical environment includes the space, dis-
play facilities, heating/ventilating, and other building factors of the spaces in which
designing takes place. The mental and social environment is partly due to manage-
ment actions, for example, security of the designer in the organization, or time-limited
work under contract for a certain design order or contract.

1.11.4 INFORMATION SYSTEM—SUPPORT FOR
DESIGN ENGINEERING

This includes recorded and tacit information, within and outside the organization,
including literature, standards, codes of practice, information about TS-“sorts”
(Section 1.7 and Chapter 6), research results, memories, and so forth (see Chapter 9).
A special place is occupied by computer software; see Chapter 10 and [9].

1.11.5 MANAGEMENT SYSTEM—SUPPORT FOR
DESIGN ENGINEERING

Because of the complexity of the design process (Figure 1.16), the management
operator is important for the effectiveness of design engineering. Formulating
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the goals for the organization and for design engineering is critical; see Section I.11.6
and Chapter 3.

Two main duties emerge. One is to manage, plan and rationalize the organization,
including the range of organization products, and to define the tasks set for designers
(see Section 11.3.2). This includes IPD, but part of this planning may be included in
the design process (see Figures .16 and 2.1). The other duty is to manage the process
and progress of engineering design itself on specific projects, including managing the
design personnel and the documentation that results (see Section 11.3.1). This also
involves managing the interface between the two duties.

Compared with other management tasks, managing the engineering design
process reveals special issues. Some tasks of the MgtS are critical to long-term sur-
vival of the organization, for example, (a) managing information, (b) coordinating
design engineering with manufacturing (concurrent or simultaneous engineering), and
marketing, and (c) ensuring timely delivery of products with appropriate properties.

All measures to rationalize the design process should be coordinated by the MgtS,
and contained explicitly in the management goals for the design teams. Among these
tasks of management is version control, keeping track of changes to the design
documentation, and ensuring that the current version (e.g., drawings) is used for
manufacture and life cycle processes of the TS(s).

1.11.6 ENGINEERING DESIGN SITUATION

During design work, the state of the TP(s) and TS(s) at a specific time, and the state
of the operators of design engineering, are collectively termed the design situation.
Figure 1.17 and Chapter 3 shows the influence of various factors, which change as
designing progresses.

The classes of internal factors describe the design system at a particular stage
of design engineering, and the design potential available to the organization. They
include the operators:

FD1 Humans, individual designers and teams, other specialists, for example,
from manufacturing, cost estimating, purchasing, sales, customer service, and
so forth (see Section [.11.1).

FD2 Technical systems, working means, including computer aids (see
Section 1.11.2).

FD3 The active and reactive environment, organization factors that directly
influence design engineering (see Section I.11.3).

FD4 Information systems, of systems and of DesP (see Section 1.11.4).

FD5 Leadership/management, including goals and objectives (see Section I.11.5).

The classes of external factors of the situation are provided by the general
environment

FT  Factors of the design task, the current state of establishing the TP(s) and
TS(s) during design engineering; problems and consequences that arise;
planning, selecting methods; and thinking about future products, assisted by
classifications of TS (see Chapter 6).
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FIGURE 1.17 Design situation—general model.

FO  Organization factors, administration, policies—manufacturing, selling, servi-
cing, and so forth.

FE  Environment factors: human society, local and world economy, cultural, social,
and political factors; and nature, local and world climate, environment impacts,
pollution, and so forth.

The external factors include the organization potential, with contributions of
cooperation, management, acquisition, human, financial, know-how, marketing and
technology, and these contribute to the innovation potential of an organization [86].

The factors of the design situation are hierarchical: the design system, in the
organization system (see Figure 1.7), in a national economic and cultural system, in
the world economy, and subject to the laws of nature. The connections and mapping
for orientation must be understood.

The information for the process of design engineering is collected, an arrangement
of concepts is shown in the model of Figures 1.4, 1.5, and 12.7 (see Section 12.4). This
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information is divided into two basic classes, from the morphology in Section 12.1.6:
(1) information about (existing, “as is” state) TP(s) and TS(s), the operand of
designing, the “west” hemisphere (see Chapters 5 to 7); and (2) information about
DesP, the transformation of information from needs to full descriptions of proposed
TP(s) and TS(s), the “east” hemisphere, outlined in Chapters 2 to 4; and information
about prescriptions and heuristics for future (“as should be” state) TP(s) and TS(s).
Each of these is further divided into two sections: (1) descriptive information, theory,
the “south” hemisphere and (2) prescriptive (including normative) information from
and for practice, the “north” hemisphere.

Figure .4 shows these contents as four sectors bounded by two axes. “Normative”
statements are also “prescriptive,” but with obligatory application. The two “theory”
quadrants (south) show a distinction between the general constituents of the science,
and the specialized sciences derived from them for different TP and TS-“sorts” (see
Chapter 7). The science-based information is placed inside the boundary of EDS, other
information needed for designing is shown in Figure L.5 surrounding the boundary
(see also Figure 1.3).

1.11.7 PRESCRIPTIVE AND METHODICAL INFORMATION
REeLATED TO DESIGNED TP(S) AND TS(S)

Normally, designing aims to establish a TP(s)/ TS(s) that shows some improve-
ment over previous systems, TP and TS are subject to development in time (see
Section 1.9.1.7).

For engineering designers to start their design work, and to achieve the necessary
values of the properties, they must have available information about quantitative and
pseudo-quantitative relationships of individual properties. For instance, the strength
of a TS (and of its constructional parts) is usually a basic requirement for its ability
to function, its durability and reliability—an expression of finality. Strength in turn
depends on the structure and form, and the dimensions (sizes) of the TS (and of its
constructional parts)—an expression of causality. C. Bach (1906) solved the questions
of strength by recommending calculation methods for loading conditions, applied
stress, allowable maximum stress, and guidelines for factors of safety, to establish
the necessary dimensions, forms (shapes), and surface qualities. These are useful
as first estimates; see quote from [482] in Section I.1. Newer analytical methods
provide greater accuracy of prediction, for example, finite element methods, but at
an increased cost of design engineering.

The validity of these calculations, and the assumptions made to enable them
(e.g., that a calculation method is “conservative”), is really only shown when the
TS is operating (see Figure 1.18). Acceptance tests after manufacture of a TS can
confirm some of the calculations and assumptions. Corrections in the design properties
(classes Pr10, Pr11, and Pr12) can best be made if a recognized “error quantity” can be
fed back from a more positive determination of the achieved values of other properties,
iteration.

The feedback loop from (experimentally) determining a property to establish-
ing the desired configuration and value of the property (designing) is illustrated in
Figure 1.18, on examples of technical and economic properties as a time function



58 Design Engineering: A Manual for Enhanced Creativity

TECHNICAL LIFE CYCLE ECONOMIC
PROPERTIES OF TECHNICAL PROPERTIES
| SYSTEM . For example Estimating the likely
| Processes and Life manufacturing costs
. Stages of TP(s)/TS(s) in production jat designing
For example Strength, function (s06 also Figures planning workplace
| | 1.13 and 6.14) (current) (with HKB program)
T
‘ ‘ [Z] TS Planning | .
PROPOSITION: |
Better methods and programs
for establishing (designing) -
and determining (measuring) .
the TS-properties permit requirements
the number and extent of Lst of R |
iterations to be reduced ISt of Requ.
and the feedback loop to A .
be shortened. gg:gie&:l;qhzmg A1l DesPr " [Al DesPr
Organs |
o Optimal
£ . DesPr
=) : DesPr <@— . [B] DesPr
[ Laying out
Establishing Q| | Form-giving |
Dimensioning
T | L O
(it R
o - L THRE e
Predictive Elaborating H
determining, Detailing !
estimating, Size calculation !
assessing : -
TS~ Model A Y
z | Prod. technol. | i A
5| Work sequence -
o
a| Time estimates [A Mfgs - [B MfgS<—“
|
Prod. documents P i
[ Obtain materials Pl i
5[ Make parts Y A Y A
Possibility of S| Assemble ! : 1
measuring, =| Test oo i
daterméning . P H
on protogpe L. | (TS-Realized S1)) | Y Postl H | [ Postol }—
! |
| : | 4 Sale Example: Example:
o4 ..E Packaging long feedback short feedback
i - Al L&l Transporting loop loops
| ! | TS-Realized S2 E:sfr... design prc;perties
Possibility of : pt ... experimen
. i . - FEM ... finite element method
measuring, : Realized ol Installing HKB t
sutorminig, < - B Usage | | 8] Wordng (Using) " RS e Berecung
tional i aintaining HKB
,o;f:g:s:na | lm'_ Modernizing manufacturing cost calculation
1 Removing MfgS ... manufacturing system
SYMBOLS - 'r:nalrgufacturing method
(for abbreviations see Legend) TS - Realized — looling
Establishing — assuming - J[ingascmf?)g:uf-ggls
,1 Esiablls‘h!ng _ demldujgl c’;- Dismantling - muc,:hining values
{-3 Determining — analytica 3| Re-cycling PostCl... cost postcalculation
Determining — slract'!cal PreCl ... cost precalculation
— Feedback = — direct Materials Simul -.. simulation
---- Feedback — additional Op .. operation of TS(s) for purpose
TS(s)- operational process

FIGURE 1.18 Interval between establishing and possible measuring (determining) the
properties of technical systems.



Introduction 59

of the TS-life cycle. This feedback loop can be shortened by simulating the condi-
tions expected in the TS-operational process, and therefore in the TP. For instance,
manufacturing costs can be assessed in the design office (see Section 10.2). If a
phenomenon (e.g., a failure mode) is unknown or ignored, a capability to function
may suddenly and unexpectedly be lost, catastrophic failure may occur [434,466,467,
488,572].

NOTE: Diagnosing and researching failures is generally a way in which new information for
engineering can be found. Experience is also gained by tracing fault occurrences detected in
TP/TS (and in the other Trf P-operators), faults described by jargon as gremlins, bugs, viruses,
snafus, and so forth.

Many other properties show a similar time interval between “establishing” in the
engineering design office and “determining” (measuring, experiencing) in operation.
The “control loop” of feedback that results from this interval should be as short as
possible. Any changes in the description of the TS(s) at more concrete engineering
design stages tend to be more costly, the “time to market” is decreasing, liability for
failures is being applied more strictly, and so forth.

1.11.8 DEsIGN FOR X (DFX)

The information necessary to design a TP(s) and TS(s), to achieve the required states,
values and manifestations of TS-properties by design engineering, is partly tacit
internalized by the engineering designers, and partly available in the literature and
other records, including standards and codes of practice. This information should be
collected and arranged for use during design engineering. Classification according to
TS-properties, functions, and output quantities (effects) has proved best, and is known
as “Design for X,” where “X” is a particular property or class of TS-properties (see
Section 9.1.5).

Specialized theoretical knowledge can and must exist related to each specialized
class of TS-“sorts” (see Section 1.12.8). Related methodical information of “Design
for X” (DfX) can be developed (see Chapter 4), based on the structure and content
of generalized information.

1.11.9 DEeVELOPMENTS (CHANGES) OF PROPERTIES WITH
TimE OF EXISTING TS

Development has two major aspects. One is concerned with a particular TP/TS, and
its progress from idea to realization and maturity for marketing at a certain time. In
this view, development takes place as a part of the process of design engineering and
manufacturing, and is intended to raise the product toward an acceptable technical
level, and closer to the state of the art.

The second aspect concerns the developments of the technical level and the state
of the art for a succession of TP/ TS over time (see Section 1.9.2.7 and Figure 6.16).

The succession of members of development in time of a TS is often divided
into “generations,” signifying a major observable change. At any one time various
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FIGURE 1.19 Developments in time of technical systems.

measures of the parameters exist for different uses and conditions. Further measures
are expected, related to development and manufacture of products. Considering
individual parameters reveals aspects of the progress of developments in TP/TS over
a time period (see Figure .19A).

Investigating the technical level, typical values and states of properties of a
TP/TS-“sort,” development curves are obtained that indicate the technical levels
existing at various times and under various conditions. Figure 1.19B, demonstrates
the general relationships, and the development of speed in individual sorts of trans-
port systems. Each individual TS-*sort” shows a development curve for speed that
has a characteristic shape, often an asymptotic approach to an upper limit, which is
expressed by a law of nature, for example, the maximum attainable speed from thrust
generated by aircraft propellers, or limits imposed by properties of materials such as
strength. A special case of these limits is conditioned by the environment of the TS,
for example, the speed limit set by law, or road surface. The development curve then
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need not approach the limit asymptotically, it may even intersect the limit, and the
limit may also be subject to a trend in time.

1.12 ENGINEERING DESIGN PROCESS (DesP)

Design engineering aims to propose a TrfP(s)/TP(s) and a TS(s) that is anticipated to
fulfill a given duty. Requirements should be specified, and are best classified according
to the classes of TS-properties, Figures 1.8 and 6.8-6.10. The TP(s) and TS(s) can
then be established, by searching the solution space, considering alternative candi-
date proposals, evaluating, and deciding/selecting. A TP(s) or TS(s) as proposed
can be evaluated with respect to fulfillment of the requirements. Any deficiencies
can be corrected by iteration.

The model of an engineering design process is shown in Figures .16 and 2.1,
and is a concrete form of the TrfP, Figure 1.6. If the demands and requirements of
industry are included, the aims of design engineering are (1) a description of an
optimal TP(s)/TS(s); (2) in the shortest possible time; and (3) with optimal efficiency
and effectiveness (see Section 1.10).

Procedures that can be heuristically used in design engineering range from trial
and error, in stages to a full methodical and systematic procedure (see Figure 1.20).

Efficient and effective is an alternation and mixture of intuitive and systematic
procedures, flexibly adapted to the demands of the design situation, including com-
plexity, originality, and other aspects. Yet only a planned and conscious, iterative
and recursive, and systematic and methodical engineering designing procedure can
effectively approach an optimal solution.

The optimal TP(s) and TS(s), designed and implemented or manufactured for
the given requirements, should perform its tasks with appropriate efficiency and
effectiveness, including life cycle costs, impact on the environment, and so forth.
Rational and effective design engineering needs information about the design process,
influencing factors must be analyzed; see next section.

1.12.1 STRUCTURE OF THE ENGINEERING DESIGN PROCESS

As with any other TrfP (see Figure 1.6), the engineering design process can be analyzed
(see Figure 1.16). It can be hierarchically divided into identifiable partial processes,
that is, phases, stages, steps, and so forth, which consist of a sequencing of opera-
tions (see Figures 2.1E and F). The main working operatio