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With the rapid developments of technology, globalization of markets, loss of experience, and other
modern trends, it is no longer sufficient to rely on either the ad hoc methods and capabilities of
experienced engineering designers, or on incremental improvements of existing products. The
importance of design lies in part in the properties and quality of the product (‘the design’) itself, in
the methods and processes of its manufacture, in its interaction with users and other people, etc.
The importance of design is even more significant in the processes of designing. Designing must be
made more reliable and rational; it must be systematized as far as possible. Some of the published
methods can be useful as tools within the design processes. Design Science in its current state of
development provides a better and more complete basis for this rationalization. Design Science is
now sufficiently complete to also make designing teachable. The explainable logic of certain steps,
procedures, methods and forms of modeling can be used to deliver a useful basis for supporting the
intuitive approaches, and gaining experience and competency in designing on projects of pro-
gressively greater difficulty. Incorporating Design Science into the curriculum makes achieving the
national accreditation criteria ( Canadian Engineering Accreditation Board, CEAB, Accreditation
Board for Engineering and Technology, USA, ABET 2000) easier, and provides the needed
evidence for demonstrating the inclusion of design capability.

INTRODUCTION

IN THE 1950s (particularly in the UK and
Germany), it was recognized that engineering
design was deficient, the designed products were
capable of drastic improvement, but also the
processes of designing needed to be radically
improved and rationalized.

It was mainly in the 1960s and 1970s that several
new approaches were formulated by ‘good’ engi-
neering designers on the basis of their own experi-
ence. The main thrust was in continental Europe
(e.g. in Germany [1-6]), where professors of engi-
neering design were called to their positions at
technical universities following at least five years
of industrial experience. The resulting methodo-
logies are not merely academic exercises, they are
firmly founded in industrial practice, and have
proved themselves in industry. Discussions held
among the German professors and industry repre-
sentatives (with the participation of Kesselring [7])
under the auspices of VDI (Verein Deutscher
Ingenieure—Association of German Engineers)
led to a set of agreed guidelines for designing and
related tasks, e.g. VDI 2221 [8], but without
developing a unifying theory.

In addition, the more artistic professions (but
also engineering in the English-speaking countries)
investigated design from the viewpoints of crea-
tivity, understanding from feelings, unstructured
processes, participation, etc. This reflected the
trends in architecture, and is still the main thrust
of the Design Research Society (DRS). It is also
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prominent in one direction of design research in
the USA, even after the NSF Initiative of 1985 [9]
and the Rabins report [10].

A more extensive survey of the context of
designing, the history of design research, and the
development of Design Science may be found in
Chapters 1, 2 and 3 of [11].

Scientific research is not the main source of
products [12, 13]. Most products with a significant
engineering content are the results of reverse
engineering. This procedure can remain in the
details and assemblies, but can also be achieved
by re-conceptualizing. Only in some high-tech
areas does research play a role, usually in initiating
the product development—but after initiation,
engineering should take over.

With the rapid developments of technology
since those years, the continuing globalization of
markets, the rapid loss of experiences gathered by
practicing professionals who are reaching the end
of their active lives, and other modern trends, it is
no longer sufficient to rely on either the ad hoc
methods and capabilities of engineering designers.
It is also not adequate to rely on incremental
improvements of existing products, because radical
improvements and innovations need different
approaches.

The importance of design lies in part (but only
in part) in the properties and quality of the
product (‘the design’) itself. Admittedly, these are
the factors and properties by which the customer
decides to buy the product. They decide the
product’s interaction with users and other people,
etc. Under the concurrent engineering philosophy,
the importance of design lies also in the methods
and processes of manufacture of the product.
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The importance of design is even more signifi-
cant in the processes of designing. Designing must
be made more reliable and rational, it must be
systematized as far as possible. This does not
mean that designing can become mechanized or
automated (although some limited parts of design-
ing are amenable to computer processing),
human factors such as knowledge, personality,
team co-operation, creativity, idiosyncrasy, etc.
retain their importance.

ROLE OF THEORY,
METHODS AND OBJECT

Some significant relationships were formulated
in cybernetics [14, 15]. According to Klaus [14],
close relationships exist between the basic theory,
methods, and the objects under consideration
(their nature). The theory should describe and
provide a foundation for both the behavior of
the object (with adequate and sufficient precision),
and for the utilized methods. The method should
also be sufficiently well adapted to the object.
These three phenomena are of equivalent status
to each other.

A mutual interplay between object (and
phenomenon), theory and method, one refined
and examined on the other, characterizes the
normal human and social development and
progress, whose scale is the state of technology.

The current relationships among objects,
methods and theories are extremely significant
for the situation of heuristic methods. Quoting
from Klaus:

Both method and theory emerge from the phenomenon
of the object.

If the theory of an object-region is mature, then
the methods are founded in the theory. The theory
declares what is in reality the case, the method
describes, on the basis of the declared facts, how
the scientific and practical activities and behaviors
of the humans should take place to achieve best
effectiveness.

Where no comprehensive theory is available,
methods to deal with objects can be proposed
even where the structure of the objects or their
behavior is not completely known (this is the
cybernetic, newer interpretation). The method
can conceivably have the character of an input-
output relationship (‘black-box’ principle, first
formulated by Ashby in 1956). We know that
corresponding results will be generated when we
act on a system in a certain fashion. The theory
will then—and often after a lengthy delay—give an
explanation of why this is so (to some extent an
interpretation of the input-output relationship).

For many currently interesting problem groups
we lack an appropriate theory which can explain
the method for its treatment and solution. In
such problem situations, the method (frequently
an heuristic method) must first serve to open up

the problem field and disclose the structure of the
problem. This kind of problem situation is
increasingly found in recent research efforts, and
therefore the interest in heuristic methods is rising.

The methods, theory and object of engineering
sciences are similar to those of the conventional
(pure) sciences, but carry the additional purpose
of assisting in the analysis needed as part of
designing. Elegance and accurate modeling of
phenomena are not the important factors in the
engineering sciences; utility is the decisive factor.
Thus the application of engineering sciences also
contain many approximative methods, and include
simplified, empirical, order-of-magnitude, and
‘quick and dirty’ approaches, all of which should
feature in engineering education.

DESIGN METHODS AND THEORY

Engineering design is a complex subject. It is
consequently worth while to investigate the
complex mixture of factors that influence
designing and its constituents. This may seem
reductionistic, but without knowledge of the
elements it is not possible to consider the relation-
ships among them, and to synthesize a more
holistic understanding and structuring.

We must distinguish two aspects of design
derived from a linguistic consideration. The word
‘design’ can be used as a noun, meaning the
appearance and presence of an artifact (a product),
its purpose and usages, its properties, its struc-
tures, principles, complexity, novelty, life cycle,
development in time, and other characteristics.
Alternatively, the word design can be used as a
verb to designate the activities and processes of
designing—of creating the design. In terms of
methodology, the processes of designing lead
towards a product (an artifact), a simple or more
usually a complex object being designed for an
intended purpose—a technical system. This is the
preferred interpretation for this paper.

The methods of engineering include not only the
analytical methods to investigate and predict the
object’s (i.e. the product’s) behavior, but also (and
more importantly for this paper) the methods of
designing, which include both pragmatic methods,
and methods based on (or improved as a result of)
Design Science [11]. Designing involves some flair,
ability, intuition, creativity, spontaneity, etc. (and
consequently some mystery), but also judgment,
reflection, feel, and experience, and is necessarily
heuristic [16], iterative, recursive, opportunistic,
flexible, and idiosyncratic. These aspects also
include teamwork, reflective [17], and flexible
procedures. All these are essential to designing,
but as individual statements none of them captures
the essence of designing. Nevertheless, some
systematic and methodical procedures are avail-
able and are useful to support the activities of
designers. Other attempts to provide methods
exist, but they mainly consist of prescribing parts
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of the process (c.g. [18], which deals with the
theory and mathematical methods of decision-
making), usually without an adequate theory of
either the design process or the generalized object

being designed.

The main stages of designing have convention-
ally been defined from the European publications,
e.g. [5, 8]. These comprise:

® clarifying the problem—developing a design

specification;

® conceptualizing;
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e embodying in layouts;
® claborating and detailing.

conformance, etc., but also ethics.
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— Transformation (Tr) —— changes certain properties of the operand (as passive member
of the process), by mutual interaction between object and means.
— Operand (Od) — WHAT is being transformed? —— object that is being changed in the

transformation from an input state to an output state which should preferably be
more desirable.

State —— aggregate (vector) of values of properties (Pr) of a system at a certain time.

Technology (Tg) — HOW is it being tronsformed? —— knowledge about the transformation,
formulates what effects are needed.

Effects (Ef) — WITH WHAT is it being transformed? —— means of transformation, actions
exerted onto the operand, including the necessary energy, auxiliary materials, regulation
and contral.

Secondary inputs (Secin) —— (1) all necessary (desirable) further inputs to the process,
and (2) all undesired inputs (disturbances, contaminants, products of the environment
that enter as operands).

Secondary outputs (SecOut) —— mostly undesirable opeand outputs of the process to the
enviroment, their nature and composition depend on the chosen technology.

Operators {(Op) — WHO and WHAT delivers the necessary effects (as active member) to
the operand:

Op (Hu — living beings, particularly humans, but also animals, bacteria, etc.;
Op (TS — technical ?Grﬁficiol) means, technical systems;
Op (InfS) — information systems;
Op (M&GS) ~— management and goal systems (directing, setting and achieving goals);
Op (AEnv) — active environment.
Active environment (AEnv) — WHERE is it being transformed? —— The part of the general

environ)ment that as operator influences the transformation (desired and undesirable
effects).

Space —— the main property of the environment (surroundings) of the transformation.
Time — WHEN is it being transformed? —— time period during which the transformation
occurs.

Types of effects acting on the operand, secondary inputs, secondary outputs, etc.:
—~— materials; —— energy; —— information (including signals).

Types of operand, object being transformed:
—— biological objects (humans, plants, animals, etc.);
—— materials; —= energy; —— information.

Structure of the transformation process:
—— elements = operations (0), or groups of operations;
—— relationships = connections between the outputs of one operation (or group
of operations) with the inputs of the immediately following
operation (or group of operations);
Operations can take place sequentially (in series) or simultaneously (in parallel).

Fig. 1. General model of the transformation process [21].

Several subordinate activities can be recognized in
these main stages. During these activities, whether
they are performed according to formal methods
or informally (intuitively), designers have a
responsibility to consider the requirements of all
other life stages of the product—manufacturing,
usage, disposal, societal and environmental influ-
ences, ergonomics and esthetics, law and standards
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Design Science [11], as a system of knowledge,
has investigated designing (as its object), and has
formulated a complex of theory to provide the
needed explanation. One part of this theory relates
to the artificial (designed and engineered) object
and its relation to the usage processes for which it
is intended, see Fig. 1. This covers its capabilities,
composition, structuring, usage, life cycle, develop-
ment in time and during its design process, the
theory of technical systems [19]. Another part
relates to the design process as its object, the
theory of design processes [20]. Structuring of
any such system (of knowledge) is hierarchical:
every system is a subsystem of a larger system;
every system can be divided in various ways into
suitable subsystems.

The transformation process, Fig. 1, can be used
as a basis for designing. As soon as designers (and
students) have understood the transformation
process (as a black box, as an object and its
theory), they can apply the appropriate method.
This consists of:

® determine the essential tasks and operations of
the transformation process;

® choose a favorable technology;

® cstablish all necessary output effects of the
operators (input effects needed to transform
the operands);

o distribute these optimally among the humans
and the technical system in the existing situation.

This method is preferably used in the phase
‘clarification of the design task’, although it
already belongs into the solution process (con-
ceptualizing) phases. It should be obvious that
this procedure cannot be completed in a linear-
sequential fashion: iterative and recursive
working is essential; feedback from later stages
to earlier ones will progressively drive the solu-
tion proposals towards an optimal state. If any
opportunistic and intuitive step is taken outside
this procedure, at least a check should be made
to ensure that the results do not violate the
procedural considerations and outcomes.

Based on this formulation, a set of methods
has been developed [21], and many other exist-
ing methods adapted, that can assist designing.
Some methods can be distinctly improved by
considering the results of Design Science [22].
Examples of use of these methods for concep-
tualizing of new products are available [23], and
use for re-engineering of existing products has been
investigated.

Some published methods can be useful as tools
within the design processes. Even though some
of these methods make claims to cover the whole
of designing (e.g. QFD, TQM, or concurrent/
simultaneous engineering), this is in most cases
an over-statement.

In this state, the available theory and method
can take the mystery (but not the human involve-
ment and values) out of designing, especially for
the purposes of education of future engineering

designers [24, 25]. The goals of this education
have been investigated, especially with respect to
the phenomenon known as ‘creativity’ [26, 27].
My teaching in the third-year course at the
Royal Military College of Canada (RMC) is
based on redesign with the help of Design
Science, the fourth-year elective expands this to
novel designing.

EXAMPLE—APPLICATION OF THEORY
TO METHOD

One piece of advice that is usually given in
design literature is that designers should analyze
and define their problem before entering into a
search for solutions. Some even state that
designers should write a design specification.
Yet these works do not normally give any guide-
lines or methods about how to perform these
tasks.

Design Science [11] declares, in the section on
the theory of technical systems [19], that the
properties of all technical systems (engineering
products) can be uniquely classified into twelve
classes of properties, see Fig. 2. This figure
contains not only the twelve classes, but also
guidelines on what information about a technical
system should be placed under each classifica-
tion. Applied as a method to designing, and
writing a design specification, these classes and
guidelines should be used as prompts to think of
and note down any statement of properties for
the future system to be designed—classification
is far less important. Any one statement about a
particular property may need to be included in
more than one class of properties (but this
should be done only as a cross-reference, not
as a duplication). Different products have differ-
ent mixtures and values of these properties.
Class 12 of these properties contains all the
heuristics and engineering science knowledge
needed for designing, and all the output from
designing (drawings, parts lists, assembly and
adjustment instructions, usage manuals, etc.).

Design method [21] derived from this theory,
and illustrated by examples of use [23, 28, 29],
show that the task of analyzing, clarifying and
defining the problem can be aided by using the
classes of properties (Fig. 2) as first-cut guideline
to writing the specification statements. Additional
or prior information may be elicited by using
quality function deployment (QFD) [30-35]. The
second set of guidelines to improve this design
specification is to consider the life cycle of the
future product (see Fig. 3, especially each of the
transformations processes involved in manufac-
turing, delivering, using, and disposing), and of
the operators of each of these transformation
processes, see Fig. 4.

The other main stages of designing are also
supported by recommendations in Design Science
[11]. Especially conceptualizing (main stage 2) has
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All properties of technical systems may be included in a complete set of
Each property may affect one, two or more classes in various

classes.

ways, the boundaries between classes are not well defined. Every such

classification serves a particular purpose, for instance the 12 classes of
properties most suitable for the purposes of designing (design work) are:

(1) FuPr
THE ENVIRONMENT MAKES DEMANDS FUNCTIONS PROPERTIES
ON THE TECHNICAL SYSTEM Fulfilling of: (2) FDOPr

(11)  EcPr
ECONQMIC PROPERTIES
Life—cycle costs

— manufacturing, assembly,

operating costs

Economic indicators

— economy, productivity
— returns, price

which are reflected

in the

EXTERNAL PROPERTIES ~ <

of the TS, i.e. properties:

—— that the technical
system carries

working functions
auxiliary functions
propelling functions
regulating, controlling functions
connecting functions
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Classes 1 and 2 refer to the Purpose of the TS
Classes 3, 4, 5 6 and 7 refer to the Life phases

of the TS
Classes 8, 9, 10 and 11 refer to Humans and society
Class 12 refers to designing the TS to achieve

the required external properties

FUNCTIONALLY DETERMINED
PROPERTIES

Performance ratings:
speed, power, load capacity,
functional dimensions, size
Suitability for duties and
environments
Secondary outputs

Manufacturer
— reputation

—— that the customer
can see and judge

DESIGN CHARACTERISTICS

— etc.

o R — Technological principle — Action sites
thc'.t theﬁ design — Tronsformation operations — Action conditions \ (3) _OppPr
engineering must [ (10) Lcpr LAW — Mode of internal action - ete. PERATIONAL _PROPERTI
generate b & SOCIETAL CONFORMANCE] — Effects supplied to operands Reliability, scfet{
designing (i.e. PROPERTIES Life (@c‘ lifespan)
by establishing Laws, liability 7 (12) DesPr DESIGN PROPERTIES i Suitability for maintenance
the properties Standards, codes of , Space, energy requirements
in class 12 practice, patents INTERNAL MENTARY P RTI ¥ Servicing requirements
Morals, ethics, culture PROPERTIES / — Structure — Components ete.
etc. + - — Arrangement
Properties  \ — Abstraction of modelling (4) MfgPr
(9) _AesPr under direct \ - Elements — Form (incl. shupe; MANUFACTURING
AESTHETIC PROPERTIES control of \ — Dimensions (sizes PROPERTIES
Appearance engineering — Materials, manufacturing — buying in

\
\

~ form, color, surface

dosi
— coordination with  cesigner

Surface and tolerances —— quality assurance

— manufacturing

environment

s — inspecting
— fashion GENERAL DESIGN PROPERTIES —— quality control
Feel, smell, sound — Strength — Hardness ~ testing

QUALITY ~- suitability - etc. — Stiffness — Noise emission —ete.

and appropriateness — Corrosion — etc. y

of the perceived 8) ErgPr ~ Pollution e (5) DiPr
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Secondary outputs
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LIQUIDATION &
NT PR
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Sources of quality are:
— quality of design
— quality of manufacture
and assembly
— quality of service
and usage
— etc.

decontaminating
waste, eliminating
— etc.

dis—assembly, sorting
re—cycling, disposing

transporting
commissioning
display, advertising

(6) DPPr  DELIVERY
& PLANNING PROPERTIES
Delivery capability
and commitments
Quality assurance and
manogement
Customer service
Market research
etc.

PS.

recalling
etc.

Fig. 2. Relationships among properties of technical systems (adapted from [11, 21]).

received attention, by using the models of technical
systems defined in the theory [19]—transformation
process structure, technology and effects, function
structure, and organ structure. The other main
stages are concerned with the component struc-
ture, and are treated in detail in many publications,
e.g. [3-5].

SOCIO-TECHNICAL SYSTEM—CONTEXT
FOR ENGINEERING

Engineering, and particularly designing, is an
essential part of the socio-technical system, as
defined by Ropohl [36]. It is concerned with the
economics, politics and sociology of life.

But it is exactly because engineering, creating
products, involves human values (including
ergonomics, esthetics, law conformance, and
economics, as shown in the properties listed in
Fig. 2, but we should also add ethics) that a
complete integration of humanities into engineer-
ing is essential, rather than just humanities as an
add-on. The engineering sciences are obviously
already needed for engineering design, and are
thus integrated into designing. It is also essential
that designing (and its methods and terminology)
is integrated into the engineering sciences—design
and engineering sciences should co-operate and
interact, and speak with one voice.

RATIONALIZING AND EDUCATING
FOR DESIGN

Design Science in its current state of develop-
ment [11, 19-21, 23-26] provides a better and
more complete basis for the needed rationali-
zation of engineering design work. In part it
can act by providing a descriptive theory to
designing, and by showing how the published
methods can be co-ordinated and used. Design
Science also shows various other models and
methods for performing the design process on
novel products, redesigned products, variants,
etc.

Design Science is now sufficiently complete to
also makes designing teachable. The explainable
logic, based on an explicit theory, of using certain
steps, procedures, methods and forms of modeling
can be used to deliver a useful basis for educating
the future practitioner of design. The educational
process must include gaining experience in
designing on projects of progressively greater diffi-
culty. The theory, methods, examples and practice
for any particular topic should be introduced in
suitable stages, co-ordinated with the progressive
increase in difficulty and complexity of the
problems—it is definitely not advisable to present
all the theory (or method, or practice) in one
chunk. A useful guideline, attributed to Confucius,
says:
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Fig. 3. General model of the life cycle of technical systems [11, 21].

Tell me and I will forget

Show me and I will remember
Involve me and I will understand
Take one step back and I will act.

In the usual interpretation, the first two of this set of
items are often used to deny the effectiveness of
lectures and demonstrations, and to advocate that
only project-based education leads to learning.
The last of these items is usually omitted—and,
according to the same logic, would lead to rejection

of project-based learning. These four statements are
not alternatives, they are mutually additive. Indu-
cing learning requires a combination of explana-
tion (telling), demonstration (showing), coaching
(involving), and stepping back (gradual release
from supervision). Consequently, I would add:

Do all four and I will become competent.

Consequently, the pedagogical and didactic pro-
cedures (defining the theory of education, and the
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H Humans, | Working Branch Leader— Surroundings, Efficiency,
DeSIQn for ... Teams means,| (domain) ship, Environment Costs,
Tools knowledge| Manage— Physical Social Time
t
men Legal

Preparation for r 7
manufacture
—— operations planning
—— designing of ‘ ’

tooling and fixturing
—— obtaining | |
Manufacture
—— obtaining
—— purchasing .
—— machining 1 Design for Manufacture |
-— assembling (Production and Assembly) ‘ ‘

—— completing
~~ testing
—— adjusting | N _ __‘ I L_

Distribution . l

—— preparing
—— packaging
—— storing

—— transporting ’
—— erecting
—— commissioning I

Working process,
Usage, Exploitation |
—— operating
—— setting up
—— cleaning
—— supplying auxiliary

materials
—— supplying energy
—— maintaining '
—~— repairing
—— modernizing
—— laws and regulations l
—— culture, morals, ethics

Design for Environment

Liquidation

—— disassembling
—— sorting ‘
—— recycling

—— waste depositing

~- environment loading
—— laws and requlations

Fig. 4. General systematics of ‘Design for ...” classes [11].

Efficient, effective and friendly realization of Processes in TS—Life Cycle (see figure 7——8)

Disposal. Elimination. ‘ \

methods of delivering it) for engineering design e design specification (see example above),
(the object under consideration) must include the e transformation process (see example
following. above),

e allocation of operations to humans and
technical systems,

e technologies (where technical systems
are needed),

e function structures,

e organ structures (e.g. via a morpho-
logical matrix),

e component structures (via preliminary
layouts, dimensional layouts, detail and
assembly drawings, parts lists, etc., the
properties of Class 12, Fig. 2);

A. Explicitly presenting the theory, preferably
according to Design Science:

(a) in suitably small but connected packages;
(b) by lecturing and by printed (or equivalent)
material.

B. Explaining the appropriate methods related to
the theory, and presenting other available
methods in this context.

C. Providing practice by several progressively
more challenging projects under tutorial
supervision:

(a) by experienced staff members; () btuF th’OVldlI'lg. grildueﬂ rel&? 5¢ tfi:(l)mt ﬂtle
(b) throughout all four years of engineering strict supervision 1o aflow the students 1o
studies: follow (and develop) their own preferred
(c) ensuring continual back-reference and approaches.
augmentation to the work of previous steps; The personal aspects can and should also be
(d) making sure that the normal steps of included as educational objectives, and in the
designing (according to Design Science) learning experience. These aspects are probably

are followed, e.g. for novel design: best delivered by projects of increasing difficulty,
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co-ordinated with the theory and methods instruc-
tion, and distributed throughout the (two, three or
four) years of study. They include teamwork, and
intuitive, idiosyncratic, opportunistic, heuristic,
iterative, recursive, creative, reflective, and flexible
procedures (see above). These are essential to
designing, but do not capture the essence of design-
ing. Yet only a planned and conscious (but iterative)
designing procedure can ensure that an optimal
solution of the presented problem can be
approached in an effective process.

This comprehensive consideration of design
process, product, theory, method and the human
should take place during the whole of engineering
education, not just in specific design courses. Such
factors can lead to competency, as defined in [37],
with some recognizable sub-groupings in the
following aspects:

® heuristic (use of ‘rules of thumb’, guideline
values, intuitive guesses, etc.);

® branch-related;

® mecthods-related (synthesis methods, analysis
methods, design methods, management
methods, etc.);

® systems-related (input, output, transformation,
operators, behavior, properties, etc.);

® social (general: societal awareness, cultural sen-
sitivity; particular: teamwork, inter-personal
skills, communication skills, leadership, flexi-
bility).

Incorporating Design Science into the curriculum
makes achieving the accreditation criteria (CEAB,
ABET 2000, etc.) easier, and provides the needed
evidence for demonstrating the inclusion of design
capability.

10.
11.

12.

13.

20.

21.
22.

23.

24.

25.
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