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A THEORETICAL APPROACH TO

MECHATRONICS DESIGN

Jacob Buur

Abstract

This thesis defines mechatronics as a func-
tional and spatial integration of mechanical,
clectronics and information technology, and
it analyses the characteristics and typical
properties of mechatronic systems.

Based on interviews with designers in
both Danisk and Japanese companies, the
activity of developing such systems is scruti-
nized, and it is found that successful product
development requires special strategies,
interdisciplinary education, suitable project
organization and design methods.

The thesis claims that only by treating
mechatronics engineering as an independent
discipline, is it possible to exploit the full
potential of this new technology.

The main concern here is design method-
ology and, in particular, the methodical basis

for the hypothetical activity of ‘cutting the
cake’: that is, of creating the optimal mix-
ture of mechanics, electronics and software
in mechatronics concept design.

Literature on mechatronics and related
design fields is reviewed for contributions to
such a design methodology, and a theory of
mechatronic systemss is presented in 2 set of
axiomatic statements and theorems. The
theory treats such aspects as transformation
functions, state transitions, technology allo-
cation and terface organs,

In particular contrasting design principles,
i.e. rules of thumb and their contrasts, are
found advantageous for creating alternative
design concepts by "moving the boundaries”
between mechanics, electronics and soft-
ware,

Institute for Engineering Design, Technical University of Denmark, 2800 Lyngby
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Preface

This dissertation was born out of the inad-
equacy of machine design theory to cope
with the integration of mechanics with elec-
tronics and computer control. It investigates
and defines the area of mechatromics in
order to establish a theory of mechatronic
Systems to support the development of new
design methods.

But design methodology is not the one
and only solution to successful mechatronic
product development. The experience from
my 20 months study in Japan shows that a
much, broader view is necessary. Therefore
part of this work is devoted to pointing out
the requirements that mechatronics puts on
business strategies and on interdisciplinarity
In engineering training and the development
organization.

The dissertation is the result of my PhD
study, which was initiated i 1985 at the
Institute for Engineering Design, the Techni-
cal University of Denmark, It concentrates
on the design methodology aspects of the
study, since the results of my work in Japan
have already been published in the first part
of this thesis.

It is primarily intended for researchers in
the field of mechatronics, and it s published

in the hope that it may add some structure
to discussions and future work on the design
of mechatronic systems.

I want to thank dr Mogens Myrup Andre-
asen for his encouragement and patient su-
pervision throughout the process. I am
grateful also to all my colleagues at the
Institute for contributing to a stimulating
and supportive atmosphere for design re-
search.

During the project, a small group of in-
dustrialists has followed my progress and
willingly discussed proposals and results, 1
am indebted to Knud V. Valbjgrn of Dan-
foss A /S, Niels E. Modvig of GN Telematic
A/S and Knut Meyer of the Institute for
Product Development for continuously pres-
sing for sharper formulations and industrial
relevancy. Likewise 1 want to acknowledge
the willingness of professor Joachim Heinzl,
Technische Universitit Miinchen, for taking
on the task of refereeing my work.

Thanks are due to Kirsten Roikjer and
Vibeke Nerly for wordprocessing of this
thesis, to Johnny Jensen for reprography,
and to Robin Sharp for improving my Eng-
lish. Also my wife Helle deserves mentio-
ning for her loving support and patience.

Lyngby, 25 November- 1990
Jacob Buur
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Resumé (in Danish)

Denne afhandling definerer mekatronik
(apparatteknik) som en funktionel og rumlig
integration af mekanisk, elektronisk og
informationsteknologi, og den analyserer
karakteristika og typiske egenskaber for
mekatroniksystemer.

P4 grundlag af interviews med konstruk-
tgrer i bide danske og japanske apparatvirk-
somheder granskes udviklingsaktiviteten for
sddanne systemer, og det konkluderes, at
den succesrige produktudvikling indenfor
mekatronikomréidet kraver specielle strate-
gier, tvaerfaglig uddannelse, tilpasset projekt-
organisation og konstruktionsmetoder.

Afhandlingen havder, at kun hvis me-
katronik behandles som et selvstzendigt
fagomride, er det muligt at udoytte denne
nye teknologis muligheder fuldt ud.

Afhandlingens hovedtema er konstruk-
tionsmetodik og fortrinsvis det metodiske

grundlag for det at “skaere kagen’, dvs. at
skabe den bedste blanding af mekanik,
¢lektronik og software i apparatudviklingens
koneeptfase,

Litteraturen for mekatronikkonstruktion
og tilstedende omrdder gennemgds for bi-
drag til en sidan konstruktionsmetodik, og
en teori for mekatroniksystemer opstilles i
et szt af adomer og hypoteser. Teorien
behandler aspekter som proces og funktion,
logiske tiistande, teknologiallokering og
interfaceorganer.

Iszr synes anvendelsen af modsatrettede
konstruktionsprincipper, dvs. konstruktions-
tekniske tommelfingerregler og deres mod-
setninger, at vare fordelagtig til at skabe
konceptalternativer ved at ’flytte pd gr=n-
serne’ mellem mekanik, elektronik og soft-
ware.
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1 INTRODUCTION

The subject of this research is mechatronics
design: The development of technical sys-
tems which integrate mechanical solutions
with electronics technology and software.

The introduction of microprocessors only
15 years ago has spurred an éxplosive de-
velopment in new products of combined
technologies. It has also disclosed an enor-
mous business potential, which Japanese
industry in particular has been fast in ex-
ploiting.

The design of mechatronic systems re-
quires not only the integration of technologi-
cal know-how, but also the coordination of
design practice and design tools from the
three fields of mechanical, electronics and
software engineering. -

The task chosen for this research is con-
cermned with the second problem. It is to
examine the characteristics of mechatronics
and of mechatronics design in order to es-
tablish a theoretical basis for the develop-
ment of appropriate design methodology. No
design theory from any of the separate en-
gineering fields are capable of fully support-
ing mechatronics design.

The research will focus on the conceptual
design phase, since this is the stage where
mechatronics is most clearly distinguishable
from the traditional technologies which it is
composed of.

1.1 The research project

This research was initiated in anticipation of
the fact that machines as purely mechanical
artifacts are quickly becoming a thing of the
past, and that the design methodology
taught for machine design is insufficient for
describing the design of mixed electrome-
chanical systems.

It was also an opportunity to exploit my
personal background in electronic engineer-
ing and combine it with my interests for
product design and machine design method-

ology.

The purpose and goals

The project was established on the hypoth-
esis that it would be possible, based on
carlier work on theory for the design of
machines, to:

m Create a synihesis theory for mechatronic
systems,

m Develop terminology and descriptive
models,
= Derive methods and working procedures.

m Describe those in a pedagogic and oper-
ational methodology for mechatronics
design.
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It was also assumed that for the research to
achieve results of any practical value, it
would be crucial to:

m Achieve an understanding of the problems
and needs of mechatronics industries both
nationally and internationally,

m Contact international discnssion partners.

m Include experience of the working prac-
tice of successful Japanese mechatronics
companies,

My research in Japan made it apparent that
a strict view of design as a technological
synthesis activity would be insufficient to ex-
plain the Japanese success. Mechatronics
has a much wider impact on product devel-
opment in industry.

When taking this into account, the main
goals of the present research can be formu-
lated as follows: :

1 To define the concept of mechatronics.

2 To determine the required preconditions
for successful mechatronic product devel-
.Opment in industry, and hereby identify
the need for special design methodology
for mechatronics.

3 To establish a theoretical basis for me-

chatronics design, including

- terminology and descriptive models

~ axiomatic statements on the characteris-
tics of mechatronic systems

- general theorems describing fundamen-
tal relations of importance for the syn-
thesis of mechatronic systems.

4 To formulate design models, methods and
principles in agreement with the theory
basis, which are applicable to mecha-
tromics design, and to describe them in a
pedagogic and operational fornt.

This research is limited to the design of
mechaironic systems, like telefaxes, video
recorders, robots. The basis of reasoning is
an understanding of mechatronic systems
and their characteristics, not for instance the
designer’s way of thinking or the organiz-
ational pattern of companies.

Since the focus is on conceptual design, I
will not study Computer Aided Design sy-
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stems, becanse CAD (in particular for me-
chanical and software engineering) is simply
pot yet sufficiently developed to handle
conceptual design reasoning,

Scientific approach and verification

This research belongs to the field of apphied
science, ie. research aiming directly at the
practical applicability of results. According
to ROPOHL 1969, such research has always
two types of aims:

“Angewandie Forschung hat also stets ein praktisches
und ein teorctisches Ziel, wobei ersteres wur Gber
lezteres erreichbar scheint. Da theoretische Erkenntois
bei angewandter Forschung micht um ihrer seibst
willen angestrebt wird, milssen sich die theoretischen
Erkenntniszicle aus praktischen Gestaltungsziclen
ableiten lassen.”

(Applied research ahways has a practical and a theor-
etical goal, where the first apparently can only be
reached through the last. Stce the theoretical results
of applied rescarch are not pursued for their own sake,
then the theoretical goals must be derivable from the
practical goals)

This is indeed the case for the goals of this
project: The.explanation of preconditions for
mechatronics product development (2) re-
quires 2 sharp definition of the object (1),
and applicable design tools (4) require a
theoretical basis (3).

HUBKA 1990 has described the structure of
design science. He states that all contribu-
tions can be distinguished according to their
prescriptive (instrumental} or descriptive
(explanatory) nature and to their focus on
technical systems or on the design process,
This is illustrated in Figure 1.

This work belongs mainly to the lower
left corner of the Figure. It is concerned
with the nature of mechatronic systerms, not
with the design process as such, and it is
descriptive, since it tries to base design
methods on an understanding of the object
of design. Naturally, the end result will
incorporate presctiptive elements, becavse
methods are instructions for how to work,

A major obstacle in design science - and
also the reason why design research still has
difficulties in being accepted as a field of
science - is that it is almost impossible to
verify theoretical results empirically.

Figure I The structure of cortributions to
design science, HUBKA 1990 :

The classical verification of design methods
demands that their application to the practi-
cal design of artifacts is snccessful.

Two factors make such design experi-
ments unrealistic: The first is that the design
process is stochastic in nature, ie. a new
design method may raise the probability of
suceess, but does not guarantee it. The se-
cond is that the number of influencing fac-
tors is extremely large, which makes a preci-
se repetition of an experiment virtually
impossible.

So for this research, other means of ver-
ifying the validity of design theory must be
found, for instance:

Logical verification

u Consistency: there is no internal conflicts
between individual elements (e.g. axioms)
of the theory

m Completeness: all relevant phenomena
observed previously can be explained or
rejected by the theory (ie. observations
from literature, industrial experience etc.)

® Well established and successful methods
are in agreement with the theory

® Cases (i.e particular design projects) and
specific design problems can be explained
by means of the theory.

Verification by acceptance

® Statements of the theory (axioms, the-
orems) are acceptable to experienced
designers

# Models and methods derived from the
theory are acceptable to experienced
designers.

Logical verification has the draw-back that
design theory is basically confirmed by ana-
dysis of cases and observations. This does not
antomatically provide a guarantee for the
validity in synthesis activities.

Venfication by acceptance implies a ped-
agogic problem: The willingness of a design-
€r {0 accept a statement or method depends
on both his own situation (his need, knowl-
edge, experience), the complexity of the
information (how much training i re-
quired?), and the pedagogic presentation.

Both types of verification method will be
applied in this research. It must be noted
also that verification of design tools is not
so much a question of wether they *work’ or
not, it is a comparison relative to the quali-
ties of existing tools and working praetice.

Research method

I will base this stady on the design theory
advocated by the Workshop Design Kon-
struktion (WDK), in particular the Theory
of Technical Systems suggested by HUBKA
1984 and the Theory of Domains of ANDREA-
SEN1980. -~

Also, for an overall understanding of the
role of design methodology in product de-
velopment, I will apply the three-level ap-
proach presented by ANDREASEN & HEIN
1987: problem solving, product synthesis and
product development.

This research project has been a constant
alternation between observing real phenom-
enz in industry or in literature, formulating
hypothetical statements on the nature of
mechatronics, experimenting with these
hypotheses on product examples and desipn
cases, and confronting designers and re-
searchers with preliminary findings.

Y will briefly comment on the sources of
information exploited in this research:
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Literature Mechatronics is still a very new
field without major publications. Material on
design aspects is found almost exclusively in
articles of jowrnals and in conference pro-
ceedings. The namber of contributions is
accelerating, but they present solitary ideas
with very little synergy (cross-referencing)
between authors. Theoretically well-founded
discussions of methodological aspects of
mechatronics design do not exist. A number
of Japanese contributions on design are
available, but only in the original language.
The neighbouring fields of Feinwerktechnik
(BRD), Feingeritetechnik (DDR), and
Instrumentation Engineering (UK) share
some similar design problems and are much
better documented.

Teaching material  Unpublished lecture
notes from mechatronics engineering courses
in Finland, Germany, Britain and Japan
have provided useful information on univer-
sity teachers’ ideas on design.

Imterviews in industry Designers in indnstry
will seldom voice a need for design meth-
ods, because that would be like criticizing
their own way of working (and even their
way of thinking). With some practice, how-
ever, it is possible through an interviewing
technique to detect problems of methodolo-
gical nature in 2 designer’s working practice.
One important experience is that only desig-
ners with some systematic method (acquired
by experience or through education) are
able to explain in general how they work:
"We usually do like...". This research compri-
sed 24 interviews in Danish mechatronics
industry and 38 in Japanese industry, inchud-
ing case-studies, The interviews have mainly
provided backgrommd information for this
thesis.

Case-studies in industry To analyse comple-
ted or still munning development projects in
companies is a roeans of obtaining informa-
tion on practical design probiems and prob-
lem solving patterns. There have been no
atterupts to directly influence projects. In-
dustrial projects differ very much as to in-
itial conditions, goals, ambitions, resources
etc. Therefore it is almost impossible to
derive any quantitative results from such

4

studies, and even general conclusions are
difficult to draw from a limited sample of
projects. This research included 14 case-
studies in Denmark and 9 in Japan. The
experience achieved throngh case-studies
will mostly be included in the thesis as
examples.

Discussions with university professors Engine-
ering education in mechatronics design
aspects is often provided by university tea-
chers with little personal design experience
and varying understanding of and attitude
towards the design activity. But the fact that
they are forced to abstract and generalize
knowledge of design in order to teach stu-
dents, makes disenssions worthwhile. ‘This
project included visits to universities with
mechatronics activities in Denmark, Finland,

- Germany, Britain and Japan and discussions

with approximately 20 professors.

Educational projects Some expetience was
also achieved from students’ design projects
and MSc-theses at my home institute. In
students’ projects it is possible to experiment
quite freely with new concepts and methods,
but one must accept that most engineering
students contribute with very little design
experience or practical feeling for techmical
solutions.

All interviews in industry and universities
and the case-studies have been documented
previously in a series of 6 progress reporis,
Please see page 111 for particulars.

Research in Japan

As a part of this project, 20 months research
was carried out at the Department of Me-
chanical Engineering, University of Tokyo,
during 1987-89.

The study focused on activities related to
mechatronics design research and education
in universities, and on mechatronics product
development in industry. A period of inten-
sive language training was included to achie-
ve sufficient abilities in Japanese to allow
visits to companies and discussions with
designers in their native language.

The main conclusions of the investigations
in Japan were that:

1 Mechatronics companies in Japan com-
pete chiefly in growth markets, and they
apply a set of product development strate-
gies quite different from their western com-
petitors. They seem to react fast to changes
in competition, to shorten the product cycle
to spur demand, to emphasize competitive
product properties, and to plan carefully for
new market opportunities.

2:  Japanese companies create the inter-
disciplinary basis and cooperative attitude
necessary for mechatronics product deve-
lopment by generalistic training of their
employees, favorable employment conditions
and suitable project environments,

3: Japanese designers apply design methods
mostly for general problem solving tasks, for
project management, for quality assurance
and for industrial design, - but not for the
synthesis of mechatronics.

4: Japanese universities play a minor role
in design methodology research and in me-
chatronics engineering education.

In this thesis, the Japanese experience will
contribute to0 Chapter 2 and 3, Le. to the
investigation of mechatronics technology,
and the discussion of product development
characteristics.

Results from the research in Japan have
already been published in 1989 in the first
part of this thesis, intended mainly for desig-
mers and executives in industry. It describes
strategies, methods and working practice in
Japanese mechatronics companies, and it
includes an appendix of Japanese design
methods and an extensive bibliography.

To support the message of the report in
a more comprehensible form, but also to
add to authenticity, I have completed a
video movie on the subject of Japanese
product development in mechatronics in-
dustry. Through interviews with industrialists
it illustrates attitudes to competition and
employee training, and it peints them up
with scenes from Japanese culture,

Experience on design methods and in-
dustria] design, which exceeds the scope of
this thesis have been published in separate
articles. For details on previous publications,
please refer to page 111

i NN S T e

1.2 The structure of this thesis

The dissertation basically consists of three
parts: a study of the mechatronics concept,
a review of design methodology literature,
and the development of theory and tools for
mechatronics design,

Each part will be treated in two separate
chapters as briefly described below:

Chapter 2 focuses on mechatronics as an
integrating technology and claims that me-
chatronics must be treated as an indepen-
dent engineering discipline oriented toward
product development, I conclude the chapter
by suggesting a rigorous definition of mecha-
tronics.

Chapter 3 states that the development of
competitive mechatronic products requires
company strategies, interdisciplinarity and
dedicated design methodology. The level of
design methodelogy is identified.

Chapter 4 gives an extensive review of avail-
able literature on methodology for mecha-
tronics design. No consistent design theory
is yet to be found, but when observed thor-
ough the framework of the Theory of Do-
mains, the fragments add up to a total un-
derstanding.

Chapter 5 discusses design theory and meth-
odology from the fields of mechanics, elec-
tronics and software for contributions to a
design theory for mechatronics.

Chapter 6 examines 2ll those aspects which
set mechatronic systems apart from ma-
chines, electronic devices and software. A
new theoretical basis is formulated in a set
of axdoms and theorems.

Chapter 7 suggests models,- methods and
principles derived from the theoretical basis,
which are advantageous for the conceptual
design of mechatronic systems.

The thesis is concluded with a discussion of
results and their relevancy in the final chap-
ter. The appendix contains two previously
published articles on the characteristics of
mechatronics design and on mechatronics
design modelling.
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2 WHAT IS MECHATRONICS?

In the mid 1970's the word mechatronics
started appearing in Japan, first in a com-
pany advertisement, later it was used by a
ministerial committee to describe the rapidly
increasing tendency to combine mechanical
technology with electrorics and computer
control to enhance performance and flexibil-
ity of products and manufacturing equip-
ment.

Mechatronics has become a catch-word,
and the penetration of this word in Europe
and the USA has indicated not only a grow-
ing awareness of the competitive potential
of combining mechanics and electronics, but
also a growing concern about Japan's strong
leader position in this field.

Mostly robots and CNC (computer nu-
meric controlied) machine tools have been
in focus as mechatronic equipment, but in
this thesis I will argue that a much wider,
product-oriented view is necessary, and that
in fact mechatromics must be regarded as an
independent engineering discipline, and not
just as a combination of traditional engin-
eering fields, In order to exploit the full
potential of the symbiosis of mechanics,
electromics and software.

In this chapter I will study the characteris-
tics of mechatronics in order to define the
subject of research. A definition of the tech-
nology itself is a necessary precondition for
treating the development of mechatronic
systems,

2.1 The concept of mechatronics

Besides robots and computer controlled
machinery, the group of typical mechatronic
systems includes video recorders, photocopi-
ers, electronic cameras, electro-hydraulic
actuators, sensors and so on. There is not
yet any generally accepted definition which
clearly distinguishes mechatronic systems,
but some typical patterns may be found.

When using the term mechatronic system
in the following, I will understand a subset
of all technical systems, as illustrated in
Figure 2. When we distinguish according to
applied technologies, mechatronic systems
are hierarchically at the same level as mech-
anical, electrical, software systems ete, I will
also use the word product, 10 emphasize the
system as a commercial artefact.

TR [

Figure 2 Mechatronic systerns as a subset of
technical systems, after HUBKA 1973
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Typical characteristics
A number of authors classify mechatronic
Systems according to the impact of electron-

ics on the systems concept, FROLICH 1982,
FUIIWARA 1984, GREGORY 1986, KISAKA, 1986:

1 Electronic control is added to traditional
machine systems {e.g. CNC machine tools,
electronic controls for engines).

2 Some of the mechanical functions are
replaced by electronic’ devices {e.g.
sewing machines, the gear mechanism has
been replaces. by stepping motors with
electromic control, and in telex trans-
ceivers, the mechanical coding mechanism
was replaced by digital logic).

3 The mechanical function is totally replac-
ed by an electronic concept (e.g. electro-
nic calculators have totally replaced me-
chanical types). .

The mechanical functions, which are repla-
ced by electronics, are often functions with
a control purpose, as shown in the example
in Figare 3, where the rigid, mechanical
coupling between three shafts is replaced by
three independent drives under compuier
control. Mechatronic systems are flexible in
the sense that software control algorithms
are ecasier to alter and diversify than ma-
chine structures, ISHIT 1989,

HMechatronscs
Controller

Figure 3 Example of a mechatronic concept:
a complex mechanism is simplified by multi-
Plying the electric drives and adding computer
CONtrol, YAMAZAKT 1957

A mere replacement of mechanies with
electronics or addition of electronic control
to machines however, does not fully explain
the magnitude of mechatronic systems.
Some systems, like telefax and video record-
ers, are only possible because of the integra-
tion of mechanics and electronics, and some
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systems obtain completely new functions,
FURCHERT ET AL 1979, TAKEUCHI 1986, like
the auto-focus function of electronic cam-
eras and the memory function of electric
typewriters. Mechatronic systemns seem to
take over intelligent functions from the user,
where machines have traditionally replaced
the muscular, energy fanctions of man.

When introducing microprocessors into
machines, the system seem to leap into a
kind of multifunctionality, where a large
mumber of features become available under
software control at low cost. The trade-in is
an increase in complexity, which is likely to
cause difficulties in the interface between
the system and its user, ISHII 1989.

Further, a number of general properties
will be improved by using the mechatronic
concept, KAJTTANI 1986, RIETDIIK 1989; reduc-
tions in weight and size due to the minjaturi-
zation of electronics, increase in reliabifity by
reducing the number of moving parts, sav-
ings in energy consumption because of the
shift from mechanics to electronics and due
t0 more efficient control, and saving in cost
by applying electronic standard components
rather than specially manufactared machine
parts.

The mechatronics evolution

According to Yapanese authors mechatronics
has developed from mechanical technology.
The fusion of mechanics with electrical tech-
nology led to electro-mechanics, which then
integrated with microelectronics and soft-
ware technology to form mechatronics, as
illustrated in Figure 4, KAJITAN( 1986, 1989
and KUROSAWA 1983,

There are in particnlar three circum-
stances related to microelectronics, which

Int % r—
e

Figure 4 The evolution of mechatronics from
mechanical technology, KAIITANI 1989

have pushed the development of mechatro-
nics forward:

1 Cheap, mass-produced integrated circuits
have made it attractive to replace me-
chanical functions by electronics.

2 The appearance of the microprocessor
has made it possible to control mechan-
ical processes simply, precisely, and at low
cost.

3 The reliability of electronic components
and circuits has become high enough to
withstand vibration, heat and other mflu-
ences caused by physical integration with
mechanics.

VORBACH 1982, KUROSAWA 1983, ITAQ 1986
and YAMAZAKI 1987 have traced the ten-
dency of the mechanisms part giving way to
an increasing amount of electromics and
software in different product types. Figure 5
shows roughly the ratio of contents of mech-
anisms, electronics and software changing
through six successive models of teleprinter
equipment.

The ’softening evolution of machines’ is
not limited to the systems themselves, but it
has affected also the means for their devel-
opment and production: CAD/CAM sys-
tems, flexible mannfacturing systems, CIM
etc., FUITWARA, 1986,

The new technologies which will most
strongly influence mechatronics in the near
future, are IC technologies (ASICs and
Smart Power chips), optical technology,
micro-mechanics and distributed intelli-
gence.

ASIC technology (Application Specific Inte-
grated Circnit) spurs a movement away from
the general purpose, off-the-shelf compo-
nents towards ICs designed specially to suit
e€very coropany purpose. YAMAZAKI 1987
envisions complete one-chipmicrocontrollers
including microprocessor, peripherals and
algorithms for intelligent mechatronics con-
trol, to be designed by engineers without
special knowledge of semiconductor fabrica-
tion through the use of silicon compilers.
One-chip solutions bave the advantages of
small size and high reliability, AMSTUTZ
1987.
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Figure 5 Content of mechanisms, electronics
and software in teleprinter models, ITAO 19586

ASIC technology is also a movement
opposed to the tendency towards an ever
mcreasing part of flexible software’ in me-
chatronic systems. Some authors have la-
beled this new prospect “super-mechatron-
ics’, DINSDALE 1988,

Smart Power technology means integrating
digital control electronics with power elec-
tronics on the same chip, YAMAZAKI 1987.
The advantages are fast control of high
power, simple wiring, small size and high
reliability compared to conventional so-
lutions with separate switching transistors.
Also it becomes possible to monitor continu-
ally the power components for rises in tem-
perature and malfunctions. A potential area
of application is automotive electronics.

Optical technology provides devices for input
(image sensors, hologram scanners, etc.),
output (semiconductor lasers, light enmtting
diodes), transmission (fibers, waveguides),
storage (optical disks) and eventually for
signal processing. Examples of current "opto-
mechatronics’ applications are bar-code rea-
ders, laser printers, CD-players, optical disk
storage systems, high precision measuring
systems, ITAO & NISHIDA 1989,
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Micro-mechanics technology is the technology
of designing mechanical structyres OR semj-
conductor material, like in available IC
pressure sensors. The perspective of micro-
machines and microactuators integrated with
sensor and micro processor on a single chip
opens a new field of ’micro-mcchatronics’,
BAJOREK ET AL 1989, ISHII 1989,

Distributed intelligence will make every com-
ponent of a system autonomous, so that they
can react independently to changing working
conditions, Intelligent sensors and actuators
will not just be connected by signals and
power, but communicate by data. This will
add redundancy, reliability and flexibility to
future systems. We may see an increasin,
tendency for mechanical structures to bave
a 'live state’ and *dead state’, like the Con-
trol Configured Vehidle, an aircraf which is
only aerodynamically stable under computer
control, ISHIT 1989, '

Besides these technological innovations, an
increasing user consciousness is bound to
change mechatronics. The days when me-
chatronic products were selling solely be-
cause of their functions have passed - now,
with competing models in plenty, buyers
tend to pay more attention to the man-ma-
chine interface and to whether the product
is expressing "life-style’. This is also 4 conse-
quence of the fact that functions of mecha-
tronic systems are becoming less vistble with
increasing content of electronics and soft-
ware,

The forernmners

The evolution towards integration of me-
chanics with electronics and software in
industry products has taken place in all
industriahized countries, though maybe not
with as much focus as in Japan, In Europe,
every country seem to have adopted its own
term for areas corresponding more or less to
mechatronics: Feinwerktechnik, Geritetech-
nik, Instrumentation Engineering, Apparat-
teknik and so on. Like mechatronics they
are not sharply defined and do not allow a
clear distinction between systems belonging
to this and to other industrial fields but one
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will notice differences which mirror the
industrial tradition of each nation. This sec-
tion will briefly review some of these terms
and their origi

Feinwerktechnik (BRD) appeared as 2 new
word in West Ge Just before the sec-
ond world war, but not until 1968 was there
4n agreement to apply this name cosistently
In industry and in engineering universities,
ZWICK 1971, 'Feinwerktechnik® is strongly
related to "Feinmechanik, ie. the seience of
designing and manufacturing small-scale
mechamisms and parts, so Feinwerktechnik
education is mostly located in the mechani-
cal engineering faculties of universities,
There is, however, also a strong tradition of
¢electromechanical engineering education in
the electronics universities of West Germa-
ny, mainly aimed at the electrocommunica-
tions industries, KEILWERTH ET A 1980

In the design of ’Feinwerktechnﬂc', the
Germans have emphasized an abstract,
function oriented design methodology, based
on the observation that Feinwerktechnik’
Systems process signals, as opposed to trans-
forming energy or materials, ROTH 1968,

The terms Feintechrnil and Microtechnique
are occasionally used for the same field i
Switzerland (in the German and French
speaking areas respectively).

Geriitetechrik (DDR) or Feingerdtetechnik is
the name uvsed in the German Democratic
Republic for the area identical to F, einwerk-
technik’, HILDEBRAND 1969, FURCHERT 1979,
It is derived from a distinction in the Ger-
man langnage between the words "Ma-
schine’, "Apparat’ and *Gerite’, which

be defined to describe systems with the
main purpose of transforming energy (e.g.
engines), material {e.g. compressors, lathes)
and information (e measuring instry-
wients) respectively, KOLLER 1976,

Courses in *Feingeritetechnil’ are mostly
based in Departments of Electrical Engin-
eering in the DDR.

Instrumentation Engineering (UK) is the term
used in Britain for the discipline of desig-
ning and establishing measurin, g Systems for
evaluating physical variables, e.g. BARNEY
1985. This field is clearly electronically bi-

® ®

Elwktronik Software

Figure 6 The characteristics of mechatronic
products (4) in relation to mechanics, elec-
tronics and software, FROLICH & SCHLOTT:
MANN 1982

ased, i.e. it is implied that the processing of
measurement information is processed by
electronic cirenits. Compared 15 the German
"Feinwerktechnik’, the field of instrumenta-
tion engineering is more sharply defined, but
also much narrower in scope.

(DK) was suggested in the

Appwmda-u?c t
early 1970°s in Denmark to cover the design

of electro-mechanical systems. It includes
mechanical aspects of electronic systems,
like cabinet design and electronics packag-
ing, NIELSEN 197, MEYER 19%. Quite in
contrast to the German *Apparat’, the word

ie Danish means *smali-sized electric equip-_

ment’. ‘There is no great tradition of preci-
sion mechanical work in Denmark like the
one in Switzerland or Germany, so *Ap-
paratteknik’ implies an electronic founda-
tion, and the existing engineering courses in
this field are mostly based in departments of
electronics.

Since 1985, or at about the time, when the
Commission of The European Communities
established a working group on the subject,
many organizations and national bodies in
Europe have adopted the term mechatron-
ics for activities already in progress, but
often without formmlating any clear defini-
tion. As a result, the meaning of the word
varies from country to country, depending
on traditions in industry and umiversity sys-
tems.

Distinguishing mechatronics and electronics
It seemy difficult to draw the fine between
mechatronic and electronic systems: a tele-
fax device is surely mechatronics, but how
about a push-button telephone or a com.
puter? The electronic circuit itself is not
mechatronics, but the design and mamufac-
ture of the components and the circuit both
have strong mechatronic aspects, DETTER
1984,

As illustrated in Figure 6, FROLICH &
SCHLOTTMANN 1982 characterize systems
with respectively mechanical, electronic and
software orentation in order to point out
the features of *mixeqd systems. In electronic
systems (e.g. pocket-calcenlators, communica.
tion equipment) and software oriented Sy-
stems (e.g. programmable machine control-
lers, microcomputers) the mechanical func-
tions are limited to bousing and parts as-
sembly, but in “mixed systems {e.g. elec-
tronic typewriters), the main functions are
assigned to both mechanics, electronics and
software during the concept design phase.

Even in systems which are comsidered
’purely’ electronic, there are two aspects of
mechanical importance:

1 When the electromic System exchanges
mformation with the user, and when it
cxerts control on mechanical processes,
then interface elements such as Sensors,
actuators, control elements, displays and
connectors become indispensable. Such
interface elements are always mechanical
or electro-mechanical in nature, ROTH
1985,

2 The manufacturing of electronic circuits js
2 mechanical process, so the detailed
design phase of electronic systems ("elec-
tronics packaging design’) is in fact me-
chanical design, but with a number of
additional constraints: heat dissipation,
electromagnetic noise suppression, non-
ignorable resistance of conductors, volta-
ge insulation etc. are determined in this
phase, FROLICH & SCHLOTTMANN 1982,

The best examples of intricate integration of
mechanics and electronics on the detailed
design level can be found in transducer and
actuator designs, where performance ig
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determined by not only mechanical and
electrical properties, but also by physics,
acoustics, chemistry and so on.

The definition of mechatronics mmst de-
termine, how mechatronic systems should be
distinguished from electronics. If it inchides
¢lectro-mechanical integration in the design
of interface components and in the detailed
design of electronics, then also very ’elec-
troni¢” systems must be considered as me-
chatronics.

22 A new engineering discipline

Should mechatronics be regarded as any-
thing but a clever combination of existing
engineering fields? It seems that the full
potential of mechatronics cannot be deseri-
bed by focusing solely on traditional tech-
nologies. PRESTON 1939 states that "me-
chatronics is also a mental attitnde - 2 way
of looking at problems”, and KAJITANI 1986
points out the neced for a philosophy of
mechatronics”,

Not just a techmology combination

I spite of what the word may suggest, me-
chatronics is not just a replacement of me-
chanics with electronics or a simple combi-
nation of mechanics, electromics and com-
puting technologies. It is more than that,
TAKEUCHI 198, KAJITANI 1986, DINSDALE
1938, JSME 1989, PRESTON 1989.

The extra something’, which can be achi-
eved using the mechatronic concept, is likely
t0 include one or more of the following five
features:

1 Realization of functions not seen before
(because they were either not technologi-
cally possible or economically realistic),
e.g. recording video signals on magnetic
tape.

2 Extension of the range of parameters
used for machine control into the intel-
ligent functions’ of man, eg. numerical
control of machine tools, adaptive heating
control.
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3 Increase of flexibility both during design
and use and multifunctional abilities, e.g.
videorecorders.

4 Compensation for weaknesses in mecha-
nism designs or mechamical structure
design, using electronic control to increa-
se quality of performance, e.g. tangential
record player, stepping motor drive in
electric sewing machines.

5 Physical integration of mechanics and

electronics in one body to reduce size, -

manufacturing costs etc. eg. integrated,
intelligent sensors, electro-hydrantic com-
ponents. '

The symbiosis of mechanics and electronics
means that previously unknown types of
solutions evolve, so that the designer has to
work without design examples in.mind.
Mechatronics is not a new specialization,
but an infegrating discipline, DINSDALE 1983,
RIETDIJX 1989;
“The whole concept of mechatronics is differcat:
instead of being a new specialised subject area devel-
opmg out of an existing disciphne, it s drawing to-
gether clements of existing sabject areas, (...) a move-
ment which opposes the traditionat style of academic
development.”
"Mechatronics is not a new branch of engincering, but
a newly developed concept that underlines the neces-
sity for powerful interaction between different fields
of engincering*

Some authors regard mechatronics as the
future discipline of mechanical engineering,
ENGLER 1990, KAJITANI 1989, They offer the
opinion that ’purely mechanical’ machines
will not exist in the firture, so all mechanical
engineers need to be able to handle me-
chatronic type solutions. RIETDIIK 1989 sug-
gests that mechatronics will have a rejuvena-
ting effect on mechanical engineering.

It is not only its interdisciplinary nature,
which sets mechatronics apart. A major dif-
ference in relation to mechanical and elec-
tronic engineering is that mechatronics is
designed based on knowledge of available
manufacturing technologies rather than of
what is realizable according to physical laws
and engineering fundamentals. Also thisis a
tendency in conflict with the academic ap-
proach to engineering,

A total approach

A mechatronic solution to z problem in-
volves principles from a wide range of
theory areas like control theory, acoustics,
optics, physics, electromagnetics, fluid me-
chanics. In particular this is true for trans-
ducer and actuator design

This combination of specialized subject
areas suggests that the set of altermative
mechatronic solutions to a problem is very
large. To handle mechatronic concepts, one
needs both a total view of available techno-
logies and a systematic attitude towards
technology combination.

In contrast to most other engineering fi-
elds, mechatronics engineering is character-
ized by a generalistic approach rather than a
specialized attitude.

Roles in industry are changing

It follows that the role of the engineering
designer is changing in mechatronics indus-
tries, Besides sufficient knowledge of specia-
lized areas, the designer now also needs to
have the ability to suggest and evaluate
alternative combinations of technologies. He
must be able to see how principles from
different areas may complement each other
and enhance the overall performance,

The impact of mechatronics, however, is
not limited to the design department. Also
the roles of marketing, manufacturing and
service experience a change:

Marketing finds an increased need for appli-
cation knowledge and knowledge of buyer
and user characteristics. This is because
mechatronics increases the content of appli-
cation specific information in products by
taking over intelligent functions from mag,
and because the flexbility of mechatronics
encourages the proposal of product variants.

Mamufacturing will as a result feel the urge
to produce smaller lots of product variants
but at costs equal to those of mass-produc-
tion. Manufacturing of mechatronic systems
is multiskilled, since it includes production
and test of both mechanical (and sometimes
optical) parts, electronic circuits and com-
puter software,

Service demands multiple skills, since defects
in mechatronic equipment may locate in
mechanical, electronic or software systems.
Service organizations geared for repair of
mechanical parts are forced to change to-
wards replacement of electronic modules
and subsystems, with resulting changes in
spare part policy etc.

In conclusion, mechatronics engineering
cannot be seen as a simple pooling of skills
from the traditional fields of mechanical and
electronic engineering. Mechatronics is a
generalistic, integrating discipline based on
wide technology knowledge and systems
thinking. The impact of mechatronics is not
limited to the design department, but is
altering the roles of marketing, manufactur-
ing and service too.

2.3 A product griented activity

The term mechatronics applies to compo-
nexts (e.g. sensors, actuators), products (e.g.
video recorder) and to larger systems (e.g.
flexible manufacturing systems, computer
integrated manufacturing). In this section I
will argue that a common point for all appli-
cations is that mechatronics design is a
product oriented discipline.

Here, "product-oriented’ should be under-
stood in the sense that mechatronics is not
a swictly technological discipline, since its
very existence is justified only by business
aspects. The main purpose of applying me-
chatronics is to create competitive products
that respond to needs, not merely to per-
form technological functions at a high level
of sophistication,

The business viewpoint

The business aspect is an intrinsic part of
mechatronics, HEIN 1989:

"Mastering the individual mechatronics disciplines,
without a strong perception of the rules of disposition,
does not make for good mechatronic products.”

The main assertion here is that the team of
engineering designers pre-decides the busi-
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Figure 7 The strategy of ‘Integrated Product
Development’, ANDREASEN & HEIN 1987

ness potential of a product already during
the design phase, This is becanse the dispo-
sitions of the designer severely limit the gap
between sales price and production cost to
be achieved by marketing and manufactur-
Ing departments. ANDREASEN & HEIN 1087
have formulated a strategy for Integrated
Product Development’ to clarify the inter-
actions between the activities of marketing,
design and manufacturing, Figure 7.

The idea that the designer pre-determines
the business potential to be created by the
produet, is true not only for mechatronics,
but for all industrial produéts, In mechatron-
ics however, the cocperation of specialists of
very different technologies seerns to make it
even more difficult to let design be govern-
ed by business aspects rather than technical
performance.

“The mechatronic product must be under-
stood both as a response to needs among
customers and as the business foundation of
the company. The design requirements must
therefore contain not just functional specifi-
cations, but all determinative aspects of
design, manufacturing, marketing, use, and
destruction, as in TJIALVE 1979.

In mechatronics it becomes increasingly
important to distinguish between duty bound
and success parameters that is, between the
properties, which are just necessary precon-
ditions for selling the product ('state-of-the-
art’), and those which actually increase its
competitive edge.

As an example, let us discuss the design
of video tape recorders for home use. At
present potential buyers expect 2 VIR to
record and playback TV programmes at a
certain quality level and to allow program-
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ming, picture search, and remote control.
Recording duration on standard tapes, the
number of TV channels, and the number of
events to be pre-programmed for antomatic
recording have all reached a level where
they bardly count as sales points. The prop-
erties that actually sell the product - the
success parameters - are quite different:
industrial design, ease of operation, price
level, and marginal features like teletext and
editing functions. So when a major Japanese
electronic company introduced a bar-code
reader as alternative to the tiresome button
programining of VIRs, this was not merely
an additional feature, but a deliberate at-
tempt to exploit "ease of operation’ as a
success parameter.

It seems that mechatronics bas developed
to a stage where mere functional perform-
ance does not determine the success of the
product in a competitive environment - at
least for a great many applications . So the
understanding of success parameters is in-
deed important, but it is not included in the
traditional engineering disciplines of mech-
anics and electronics; they are strictly limit-
ed to functional considerations.

Linking product- and production technology

One characteristic of mechatronics is that
design solutions are closely interlinked with
available manufacturing technologies, and
that they often have to be developed simul-
taneously. Most clearly this is seen in the
development of sensors and actuators (e.g.
optical scamners in telefaxes, recording
heads in video equipment, LCD displays,
computer printing heads), but it is also the
case in products like the Walkman, where
minjaturization is the main issue,

This link between product and production
technologies differs in strength in different
areas:

m The components in electronics are mostly
standard parts to be connected by a Jmit-
ed choice of well-deseribed packaging
technologies (cabling, printed circuit
board, thickfilm etc.). Manufacturing
technologies are mostly developed quite
independently of applications.

m Mechanical products consist mainly of
unigue parts designed with a large choice
of alternative materials and processing
technologies. Manufacturing technologies
are often critical,

® Micromechanical structures depend totally
on the IC mamufacturing technologies.
The technology is still very much at the
basic research level.

2.4 Defining mechatronics

A universally accepted definition of mecha-
tronics does not yet exist. Many individual
researchers, national boards and engineering
associations have given the field their atien-
tion, so a mxmber of proposals for definiti-
ons are available.

They range from very narrow descriptions
of electronic contrel of mechanisms to open,
all-embracing definitions, for instance those
of TAKEUCHI 1986 and ITAO 1985:

“Mechatronics is characterized by the use of elec-
tronics in ¢controlling mechanical systems to enbance
the controlling performance.” .
“Mechatronics & a system for transmitting, processing,
transforming and preserving energy and information.”
The key-words found in most definitions are
the combination (of mechanics and elec-
tronics} to form intefligent and flexible equip-
ment, like in the formulation used by the
Finnish Federation of Metal and Engineer-
ing Industries, SALMINEN & VERHO 1989:
“Mechatronics is a combination of electronic informa-
tion technology and mechanics, intended to raise the
intelligence level of machines and devices and at the
same time increase their flexibility, versatility, effi-
ciency and refiabifity.*

‘The definition proposed by a working group
under the Commission of the European
Communities describes the activity of me-
chatronics design rather than the substance
of mechatronics, IRDAC 1986:

"Mechatronics is a synergistic combination of precision
mechanical engineering, electronic control and systems
thinking in the design of products and manufacturing
processes.”

That there is indeed confusion as to the
naiure of mechatronics, can be seen in the
following definiton proposed at a recent
conference in the UK, HURST & JAMES 1990;
“An attitude or philosophy which ingtills an integrated
multi-disciplined approach to problem solving, It is by
its natare a tcam activity involving mechanical, elec-
tronic and software engincers, along with personnel
from other departments in the company. Tt aims to
produce optimum solutions to many different classifi-
cations of problems, Mechatronics is not a science but
a technology.”

Is mechatronics an attitude, an activity or a
technology? No consensus on a definition is
yet evolving. For the time being, the mea-
ning of mechatronics depends on the view-
point and interests of the people using the
word, and the word seems to inherit a dif-
ferent bias in every country, depending on
traditions in industry and education system.
There is a need for a concise, generally
acceptable definition.

The purpose of a definition

What is the purpose of defining mechatro-
nics? In this work, a definition is necessary
as a basis for design methodology research.
It is required for determining the scope of
systems, for which the design theories and
methods should be wvalid. But there are
other reasons for formulating a definition:

a The establishment of education for speci-
alized personnel (engineering designers,
technicians, equipment-operators), Me-
chatronics needs personnel with wider
qualifications than are taught in tradi-
tional mechanical or electronics courses.

= The coordination of special initiatives and
support to promote mechatronics indus-
tries, For many countries, mechatronics
industry is attractive, because it is an ex-
panding, knowledge intensive business.

It seems indispensable to distingnish bet-
ween a definition of mechatronics technology
(ie. the substance, of which systems are
composed) and a characterization of me-
chatronics engineering (1.e. the activities and
skills, which are needed to design and pro-
duce such systems).
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Which criteria define mechatronics?

The purpose of this paragraph is to discuss
the general characteristics of mechatronic
systems described in section 2.1, in order to
single out criteria for distinguishing mecha-
tronics from mechanical and electronics
technology.

Main function The defining criteria of the
related areas Feinwerktechnik (BRD), Gers-
tetechnik (DDR), Instrumentation Engineer-
ing (UK), and Apparatteknik (DK) are all
identical, namely that the main purpose of
systems is to transformn information (process-
Ing signals), as opposed to the energy and
materials transformation of machines, ROTH
1968, ROHRS 1980, KRAUSE 1986, MEYER 1980,
see Figure 8.
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Figure 8 General model of the transformation
function of products in the ‘Geriitetechnik,
ROHRS 1980 ’

Mechatronic systems also transform infor-
ation, but there are some exceptions: the
main purpose of an assembly robot is to
move objects (ie. tramsform material), a
sewing machine assembles cloth (L.e. trans-
forms material), and an actuator turns elec-
tric power into mechanical rotation (ie.
transforms energy). In the case of material
or energy transformation however, the effort
in controlling the process is predominant in
mechatronic systems.

Intelligence The intelligence level of a sys-
tem is determined by its control functions,
Intelligence is 2 word related to buman
brain activity, and different authors have
tried to measure advanced electronic control
function against human thinking, Instead, I
will propose a ’technical’ definition of intel-
ligence as a basis for this research:

16

Definition

Intelligence of a mechatronic system is
the ability to utilize a range of parame-
ters for the control of functions,

A room temperature conirol system for
instance, when designed using only mechani-
cal technology, is likely to adjust the heater
(or cooler) according to only one parameter:
room temperature. When thinking in terms
of mechatronic technology and microcompu-
ter applications, one can easily imagine se-
veral levels of more advanced control based
on the measurement of different parameters,
like out-door temperature, time of the day,
air humidity, air velocity, number of persons
present.

Note that the definition insists on an
assessment of the ’'range’ of parameters,
rather than on counting the simple number
of parameters.

If ’parameter’ is interpreted to imclude
combinations of parameter values at previ-
ous points in time, adaptability too can be
covered by this definition of intelligence.

It is possibly to realize intelligence in
mechanical technology, but an increase in
intelligence level is a direct consequence of
applying computer technology.

RZEVSKI 1990, 1991 bases his definition of

mechatronics on the property of intelligence.
He states that machines can be classified as
intelligent, if they exhibit some or all of the
following behaviours: Programmability, com-
munication, self-regulation, self-diagnosing,
self-repair, negotiation, learning and self-
organization.
Flexipility Systems are seenm as flexible, if
they can be changed easily to fit altered
requirements or situations. This term too
needs a more precise definition:

Definition
Flexibility of 2 mechatronic system is the
ease with which a product can be ad-
justed to a new environment during its
lifecycle.

Such alterations or product variants may be
desirable both during design (adapting to
new markets, standards etc.), during manu-
facturing (modifying production method, raw
materials etc.), and when in use (adapting to
new applications or situations).

Flexibility can be increased drastically
with the introduction of software control,
since computer programmes have practically
no manufzcturing phase, when compared to
mechanics and electronics hardware.

Flexibility and intelligence are predomi-
nant features of mechatromic systems, but
they are both properties of relative values
(also a mechanical system bas some degree
of flexibility and intelligence), so they can-
not be applied for a scientific definition.

Size and weight In Feinwerktechnik (BRD)
as in Apparatteknik (DK) there is a general
feeling that products are usually small, when
compared with energy and material handling
machines. ROTH 1963 examined whether "size’
is a valid criteria for distingnishing Fein-
werktechnik from mechanical engineering as
in Figure 9, but he concluded that this was
not the case.

MT FWT M8 GMB
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Figure 9 Comparing product dimensions
Mikootechnil; (MT), Feinwerktechnik (FWT),
Maschinenbautechnik (MB), and Grofma-
schinenbautechnik (GMB), ROTH I968,

For mechatronics it is true that microelee-
tronics technology offers the possibility of
shrinking size and weight due to the minia-
turization of components, but product size
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seldom depends on electronic circuits alone.
In the mechatronics programme of the Fi-
nish Federation of Metal and Engineering
Industries, there i a project of developing a
2 meter long hydranlic cylinder as an elec-
tronically controlled actuator with position
feedback. Is that too big to be mechatron-
ics? Likewise, the Technical University of
Lancaster include the design of vehicles and
excavators in their mechatronics course.

Small size and tight weight of systems are
not satisfactory criteria for defining mecha-
tromics technology.

Precision A separate field of mechanical
engineering has been devoted to studying
the design and production of precise mecha-
nisms: Precision Mechanics or Fine Mecha-
nics. Precision has been used as a criterfa
for defining Feinwerktechnik (ERD), ROTH
1968 and ZWICK 1971, and was suggested as a
distinct feature of mechatronics by for in-
stance KAJITANI 1989,

Mechatronic products may be precise in
two respects. Firstly, their performance may
be precise, secondly, their internal parts may
require precise manufacturing processes,
Precise performance is indeed a common
feature of mechatronic products, though not
necessarily a direct consequence of utilizing
mechatronic technology. Precise manufactar-
ing processes are required for some product
types (e.g. sensors and actuators), but one of
the advantages of bringing in electronics is
that high precision requirements for the me-
chanical system can be compensated using
¢lectronic control.

Precision is not a sufficient criterion for
defining mechatronics.

High reliability, low energy consumption and
mass-produced parts have also been sug-
gested as typical characteristics of mecha-
tronic systems, but since none of them are
direct consequences of applying mechatron-
ics, they can hardly be used as defining cri-
teria.
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A new definition
The only tenable criterion for defining me-

" chatronics seems to be the combination of

technologies, which I have elaborated in the
following proposal:

Definition

Mechatronics is a technology which
combines mechanics with electronics and
information technology to form both
functional interaction and spatial inte-
gration in components, modules, prod-
ucts and systems,

This definition is based on the following
observations:

1 Mechatronics is regarded as a group of
function realizing principles based on
similar physical phenomena.

2 Mechatronics combines principles from
the existing technologies of mechanics,
electronics and informatics,

3 There are two types of combination which
must occur in mechatronics:

Junctional interaction (i.e. the functions of
the device are split between the three
technologies) and

spatial integration (i.c. the subsystems of
each technology are physically realized in
one umit).

4 Mechatronics technology is applicable to
both component, module, prodnct and
system level of a design, and recursivity
exists.

This definition rules out electronic products

in simple mechanical housing (there is no

fimctional interaction) and control systems
using a separate computer (there is no spati-
al integration),

One must acknowledge that mechatronics
can be recognized by -certain typical pro-
perties like intelligence and flexibility.
Therefore the definition shonld be supple-
mented with the following general charac-
teristies of systems realized in mechatronics
technology:

18

Properties typical of mechatronic products
The transformation of information (sig-
mal processing} is predominant in 2
mechatronic system, either as the pri-
mary function or as the control function
of material or energy transformations,

The intelligence level and flexibility of
mechatronic systemns are likely to be im-
proved, when compared with the per-
formance of pure mechanical or electro-
mechanical products.

Recursivity in mechatronics?

The aspect of ify needs a closer
study. What is the lowest level of Subsystem
which may still be termed mechatronics?
Should a large system be called mechatro-
nic, even if only one of its subsystems is
covered by the definition?

First, a hierarchy of subsystems must be
defined. I have chosen to classify mechatro-
nic systems by degree of complexity in agree-
ment with HUBKA 1973;

0 A part is an artefact produced without
assembly operations. Mechanical parts
belong to this class.

1 A component is a simple subsystem as-
sembled from parts- and other compo-
nents. Machine elements and electronic
components belong to this class, and so
do sensors, actuators, controls and so on

2 A module or sub-assembly is a subsystem
assembled of components and parts,
which fulfills an independent function in
a product. E.g. separately testable mecha-
nisms, electronic boards, optical unit,

3 A product is an assembly of modules,
components and parts, which performs a
closed function. Robots and photocopiers
belong to the class of products.

4 A (product) system is an assembly of prod-
ucts, which interact to perform a nomber
of functions. FMS systems and Office
Automation systems are examples,

It is not possible to distinguish clearly be-
tween all levels. In parti , the multiplici-
ty of interpretations of the terms ’System’
and ’product’ in common use makes it diffi-
<cult to formulate any scientific definition. In
this research, the term system will be applied
both (1) to designate technical artifacts in
general, (2) for a class of artifacts of high
complexity, and (3) in a systems theoretical
sense,

In the hierarchy described above, 2 part
cannot be a mechatronic system, since parts
are produced withont assembly operations,
Electronic components are not considered
parts, since they are generally assembled
from several mechanical parts, Also a 'na-
ked’ IC chip will be included in the class of
components.

Does the term mechatronics apply to the
component level? Yes, devices like intelli-
gent sensors and actuators with builtin
control electronics must be considered me-
chatronic components.

A module, which incudes mechatronic
components is also to be understood as
mechatronics and likewise on higher levels.
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Figure 10 Definition of levels of subsystems in
mechan-omm; SALMINEN ET AL I990-C
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To conclude: recursivity applies to this def;
nition of mechatronics in the direction ¢
increasing complexity, but not necessarily i
the opposite direction.

The levels of subsystems defined here are
in close agreement with those of SALMINER
ET AL 1990-C, as shown in Figure 10.

The discipline of mechatronics engineering

Mechatronics engineering is the engineering
discipline of synthesising mechatronic com.
ponents, modules, products and systems,
This discipline mainly comprises the follo-
wing skills:

h istics of
mechatronics engineering
Interdisciplinarity - 4 general knowledge
of product and mamifacturing principles
from a wide range of technologies, in-
¢cluding mechanics, electronics and infor-
matics.

Systems thinking - 2 systematic attitude
towards combining principles of unlike
technologies to form an optimal concept.

Creativity - the courage to suggest and
experiment with previously unknown
combinations of technologies.

Business viewpoint - 2 business oriented

attitude towards evaluating design con-
cepts in 2 competitive context,
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3 PRECONDITIONS FOR
PRODUCT DEVELOPMENT

After the discussion of mechatronics tech-
nology in the previous chapter let us turn
our attention to the activity of developing or
designing mechatronic systems. How does
this activity differ from the design of *pure’
mechanical or electronic systems?

In the following I will argue that competi-
tive mechatronic product development needs
particnlar company strategies, that it needs
measures to ensute interdisciplinarity during
design, and that it needs spectal design
methodology.

3.1 Competitive
development strategies

Becanse of the characteristics of mechatro-
ni¢ systems, the markets for such products
respond in particular ways and demand
particular strategies for product develop-
ment from the competitive manufacturer.
Not that such strategies should be the same
for all types of mechatronic products - nat-
urally video recorders and assembly robots
ate developed and marketed under very
different conditions - but still one will see
similar patterns caused by the nature of
mechatronics.

It is profitable to study the success of
Japanese corporations since they exhibit a
temarkable understanding of mechatronic

markets and competitive strategies in prod-
uct development. For this reason my experi-
ences from Japan will form the basis for the
staternents of this section.

Industry characteristics

A common feature of mechatrorics compa-
nies is that they are technology oriented,
salary intensive, and that they have a high
level of product application knowledge, VAL-
BIJRN ET AL 1989,

They are technology oriented in the sense
that management mostly have a technical
background and that developrent, market-
ing, manufacturing and service are dominat-
ed by engineers, The companies have a tra-
dition of creating technical devices and sell-
ing them, rather than hunting up peoples’
needs and solving problems.

Mechatronics industry is rather indepen-

dent of raw materials, since the applied
components are freely available in interna-
tional trade, and the demand for special raw
materials is small. Tt is salary intensive and
the level of raw material refinement is very
high. NUCHEL 1984:
"Und erstmals in der Geschichte der Technik werden
die Fihigkeiten eines MCrgestenerten Produkts weni-
ger durch den Preis und dic Eigenschaften cinzelner
Komponenten bestimmt, als vorrangig durch die Vor-
stellungskraft und Krcativitit des Entwicklungsteams
geprigt”
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(For the first time in the history of technology the
abilities of a microprocessor controfled product are
determined less by the price and properties of single
components than by the imaginative power and creati-
vity of the design team.)

The amount of application knowledge that
goes into designing mechatronic products is
very large, especially for the professional
type products. Since microprocessors take
over ’intelligent’ functions previously perfor-
med by the product user, the development
of control software demands a thorough
ipsight into the user’s situation and needs.

Conditions for product planning

In order to understand the strategies of suc-
cessful mechatronics companies, we Tnust
examine the circumstances which influence
industrial product development most.

The technologies are changing very fast
and this encourages a constant stream of
innovations in new products. It also seems
to demand a shorter and shorter market
life-time for products. There is pressure es-
pecially from Japanese competitors to intro-
duce new models in a cycle much faster
than previously.

In general, markets for mechatronic prod-
ucts are moving very fast, following the tech-
nological developments in electronics. Espe-
cially in the consumer ares, the very existen-
ce of the product itself may create the need,
STONE 1984: -

*Mechatronics markets are often supply-driven, with

very strong force-feeding of or discounting into dis-
tribution channcls to achieve wadespread product
awarcncss, coupled with strong advertizing. In other
words, the forces operating on the buyer change sub-
stantially as the market starts to move.”

It seems that intelligent functioning and an-
tomatization is in great demand among cus-
tomers. Product users are no longer satisfied
with simple functions, which substitute physi-
cal labour only. Many mechatronics areas
have twmed into buyers’ markets: with
ample supply of competing models, which
fulfill roughly the same mpeeds, customers
start to evaluate secondary qualities of the
products, and competition gets harder.

22

A consequence of being independent of raw
materials and expensive processing is that
starting new business in mechatronic pro-
ducts needs rather small investments, This
makes for severe competition with low-pri-
ced copy products.

One other condition to which should be
paid attention is that the internal functions
of a mechatronic product are mostly invis-
ible 1o humans {e.g electronic control func-
tions). This causes the buyer to regard the
product as potentially unreliable, STONE 1984,
It means that customers purchase chiefly on
trust in the manufacturer or agent,

Typical strategy patterns

The mechatronics business is a field of fast
and constant changes: changes in technol-
ogies, in markets and buyers’ attitudes, in
competition. The mechatronics company will
only survive if it is constantly on the watch
for new developments, and if its organizat-
ion is geared for frequent upheavals in both
marketing, research, and manufacturing. It
seems that in the strategies of successful
companies one will find the following pat-
terns:

Far-sighted technology management to deter-
mine the future key technologies for the
company and methods 1o acquire them (by
licensing, research collaboration, in-house
research etc.). To maintain a sufficient stock
of both product and production technologies
throughout the field of mechatronics. To
decide on measures for protecting techno-
logical innovations (patenting etc.).

As an example, many machine tool manu-
factures in the first encounter with mecha-
tronics preferred to sub-contract the design
of control electronics and software to specia-
lists. They have since realised that elec-
tronics and software development must be
an in-house activity, because control elec-
tronics carries a major part of the added
product value, and because much of the
manufacturer’s application knowledge has to
be implemented in computer software, ISER-
MANN 1985.

Careful product plarming to recognize oppor-
tunities in new markets, new customerg’pge-
mands ete, To track competitors’ actions and
marketing results. To formulate new product
concepts in accordance with an overall com-
pany strategy.

FROLICH 182 claims that the area of
product planning needs development of
systematic methodology to increase the
accuracy in product definition and market
segmentation. HEIN 1989;

“While mechatronics I rescats a i
for creating new mﬂmm@ it almt::}
scots a threat in a competitive enviromment: The ones
to make the most intelligent use of the new possibil-
ities will pexsist over the others®

Market segmentation in markets with hard
competiion to exploit the flexbility of
electronics for creating product variants for
different customer groups. To exploit the
opportunities in flexible manufacturing for
producing smaller lots of product variants at
the low cost of mass production.

Japants; companies in the mechatronics
consumer industry put much effort into per-
ceiving new Jife-style trends among consumn-
ers not only in Japan but also in USA and
in Enrope. The purpose is to design product
variants that exactly fit the expectations and
the style of customers in narrow market seg-
ments. Sharp for instance has established 2
"Life Soft Center’ with 50 employees in Ja-
pan and an additional 10 in New Jersey and
10 in Hamburg to provide information about
changes in life-style.

Fast product development to increase mano-
cuvrability and speed of reacting in the fast
moving competitive environment.

Of course development projects cannot be
shortened ad libitum. The development time
is linked to the innovative change between
two subsequent models. The Japanese strat-
egy is to shorten the product cycle and in-
troduce new models faster than Western
makers, at the cost of smaller technical im-
provements, a pattern referred to as “incre-
mental design’, ABEGGLEN & STALK 1987, In
this way they tend to both outrun Western
competitors and spur demand among cus-
tomers, They encourage a profitable buy-
and-throw-away mentality,

1 2 3 4 5 ¢ e

Figure 11 Sequential versus overlapping pha-
ses in the product development cycle, TAKEY-
CHI & NONAKA 1988 :

TAKEUCHI & NONAKA 1988 describe how pro-
gressive companies change to a holistic
Strategy in product development. By increas-
ing the autonomy of the project team, the
development time can be reduced drastical-
ly, as compared to a traditional phase plan
project with checkpoints at phase transitions,
Figure 11,

Emphasis on secondary product properties like
man/machine interface, industrial design,
quality etc. to increase competitivety in
markets with ample supple of competing
products.

We are in the "Human-Ware Age’ where
products need not oply function, but must
be agreeable to the user, EVANS 1985, As a
consequence ©Of the missing visibility of
mechatronics functions, the communication
between product and user becomes a key
issue. Industrial design has less restrictions
on the shape-of mechatronic products when
compared with machines, but there is an in-
creased responsibility to create a functional
symbolism in the outer form.

Emphasis on brandname to foster trust
among customers in the products of the
company. This may be by advertising the
company name and slogan rather than indi-
vidual products, and by putting emphasis on
corporate identity design.

Mechatronic product development demands
strategies which are different from the ones
applied for machines, electronic devices and
software packages, because the nature of
mechatronics Is different, and because the
conditions for design differ.
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The patterns discussed in this section na-
turally do not constitute a complete strategy
for the development of competitive me-
chatronic products, but they seem to be
those clements, which are independent of
product type (e.g. consumer or industry
products) and markets. They will all be
recognized to some extent in the strategies
of successful manufacturers.

3.2 Interdisciplinarity

It is a basic principle in problem solving
techniques that design alternatives in quan-
tity increase the probability of finding an
optimal solution to the problem. Likewise in
mechatronics: To form a good design con-
cept, the designer must be able 1o suggest
many alternative combinations of techno-
logical principles. Therefore a wide know-
ledge of different technology areas must be
available to each designer or to all of the
design team,

' There are in principle two ways of achiev-
ing such an interdisciplinary basis for prod-
uct development, One is to educate all de-
signers with 2 generalists’ knowledge of ma-
ny technologies, the other is to put together
technology specialists and encourage com-
munication and cooperationwithin the team,
HERZOG 1974.

Industrial product development is mostly
2 combination of the two, for instance a
design team of specialists headed by a pro-
ject leader with a generalists’ education.
SALMINEN ET AL 1950:

*Because it is impossible to store the entire mass of
knowledge needed in a product design and develop-
ment project in the brains of all project participants,
we must in the future train a new kind of chief design-
er$ to control the multi-dimensioral mechatronic de-
sign process. The chief designers keep an cye on the
‘whole: they draft the products and act as interpreters
between the varions ficld experts. We must bear in
mind that experts on narrow fields will always be nee-
ded and they will more and more important as their
capacity for cooperation increases. The chief designers
rayst be familiar with the properties and uses of the
methods in order to be able to manage a multitech-
mical expert group efficently.”
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Educating designers for mechatronics

Here, I will treat education in a wide sense,
meaning not only university courses but also
the training and expetience gained within
the company.

In universities the traditional distinction
between departments of mechanical and
electrical engineering has created organiz-
ational obstacles to interdisciplinary educa-
tion. More than often an attempt to create
2 mechatronics course results in a quarrel
on teaching quotas between subject areas or
individual professors, since interdisciplinarity
threatens the principle of specialization,
which is fundamental to all engineering
educations today.

Figure 12 The technology competence of the
engineer respectively, MEYER ET AL 1950

Tt is really a conflict between depth (speci-
alization) and width (general knowledge) in
engineering education. If one wants to in-
crease the electronics competence of a me-
chanical engineer within the same four years
course, something else has to go out.
WASSELL 1980 categorises the technological
knowledge required of design engineers into
four depths:

“Pepth A The awarcness depth
Depth B The buy and use depth
Depth C  The theory depth
Depth D The design/make depth”

He states that most subject courses aim at
covering the theory depth (C), even though
effective designers need a balanced knowl-
edge at all depths ranging from a wide

MECHAWICS
HEDIMICAL
EXBCTROANCS
} ELECTRONILS
]m
} omeRs

awareness of many types of product techno-
logies to complete knowledge in a specific
product area.

"The depth and mix of the products technological
knowledge required by the designer is dictated by the
kind of products to be designed and not by any vaguely
gencralised traditions.”

Further, he recommends that at least one
area of technology should be stodied in full
D depth, so that the students learn to ap-
preciate the full technical professionalism of
the designer’s role.

The Danish Mechatronics Association has
suggested a detailed course curriculum for
the establishment of mechatronics educati-
on, MEYER ET AL 1980, It is based on a simi.
lar 4-level scale of knowledge depth. This
report states that besides the depth/width
dilemma, also the teaching attitude is a ma-
jorproblem in creating mechatronics courses
in universities, Most subjects are taught ana-
Iytically, leaving very little yoom for syn-
thesis or design activities.

A third obstacle in creating interdisciplin-
ary education is the timing problem, Was-
SELL 1980. New technologies arise continual-
Iy, and the efficient designer needs a wide
awareness of potential principles. In univer-
sity envirorments there is the risk that edu-
cation is either too slow in reacting to
trends in industry, or puts too much empha-

sis on esoteric front-end research. areas, .

which may never find application in indu-

4 year mechatronics ¢omrses have been
established at a mumber of universities in
Europe, either as new initiatives or as de-
velopments of previous courses on electro-
mechanics, Feinwerktechnik or precision
mechanics, FASS 1981, MEYER 1988,

In such courses, it is common to find elec-
tromics taught by the mechanical engineering
department and vice versa, simply becanse
the barriers between departments are too
large and the acceptance of the need for
mterdisciplinary education too little for co-
operation. Thus at a Danish engineering
college for instance, there are two mechatro-
nics courses with very little collaboration:
One in the mechanical and one in the elec-
trical engineering department.

Surprisingly, the number of engineering
universities in Japan with a full mechatro-
nics course is very small (KATO & TSUTSUMI
1986). It scems the Japanese try instead to
increase the contents of electronics/micro-
processor education in the curriculum of alf
mechanical engineering students and leave
the rest to in-house training within the me-
chatronics companies.

The number of umversities with labora-
tories researching in areas of mechatronics
technology (robotics, FMS, computer con-
trol, micro-mechanics etc.) is naturally much
larger, both in Europe and in Japan. Espe-
cially laboratories with hands-on micro pro-
cessor control exercises are becoming in-
creasingly popular, YAMAZAKY 1985, 1989;
MILNE & FRASER 1989. The students graduat-
ing from such laboratories will also achieve
a kind of interdisciplinary foundation,

In companies, design engineers will achieve
a general kmowledge of a wide range of
technologies after working on several dis-
similar projects or by following post-grad-
vate courses on techmologies (company
internal or external).

There is a noteworthy difference in atti-
tude between European and Japanese com-
panies in this respect. In Europe design
engineers will mostly be employed in a
specialist position {even when hired directly
from university), and they will seldom move
to another specialist area within the com-
pany, unless they are promoted.

E W S SeME Henly
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Figure 13 The Japanese priority is for gene-

ralists: designers with not just one specializ-
ation

In Japan, because of the life-time employ-
ment practice, all engineers are employed
right after university graduation and in no
particular position . The company will auto-
matically assyme all freshmen in need of
additional training, before they can be po-
sted in their first designer’s position.
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Through job-rotation between different
departments the company will ensure that
its designers acquire a generalist’s compet-
ence within a few years, Figure 13.

In this way the Japanese company achie-
ves z flexibility in its work force to respond
to changing market sitnations. In Europe a
similar flexibility can only be exercised by
laying off abundant specialists and hiring
new employees with the required compe-
tence.

Communication and cooperation

The second way of providing the interdisci-
plinary basis for mechatronics development,
is to encourage cooperation between special-
ists from each of the necessary technology
felds (mechanics, electronics, software etc.).

Besides being an attitude problem ("do I

need to cooperate?"), there are first of all
the aspects of personal cooperative skills,
language of communication, physical project
environments and documentation techniques
to be considered.
The designer’s attitude towards cooperation
depends very much on his understanding of
the product development activity, and the
role he plays in it The rules of disposition,
success parameters, business aspects etc. In
Denmark, industry courses in Integrated
Product Development’ have had great sunc-
cess in changing the attitude of designers,
ANDREASEN & HEIN 1987, )

Another factor influencing the attitude of
the design engineers is the organization of
the design department. Many companies in
Europe have established a matrix organiz-
ation in order to provide the best possible
technology back-up for all development
projects. This means however that the speci-
alists on & project are responsible not only
to the project leader, but also to their de-
partment managers, who may not agree on
the priority of the project.

The cooperative attitude also depends on
personal relations. To establish cooperation
with people whom you already kmow, is
much easier than if both the personal and
working relationship have to be established
at the same time. Here is one of the advan-
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tages of the job-rotation system of Japanese
companies: not only do the Japanese engin-
eers obtain knowledge about a number of
product areas and technologies, they aiso
build a vast network of personal contacts
throughout the company.

Fersonal skills in communication and coop-
eration are not traditionally seen as the re-
sponsibility of the engineering universities,
though occasionally departinents of engine-
ering design include such training in their
exercises: coaperation in- teams, oral and
visual presentation of ideas, cooperation
with industry, report writing etc.

At the Technical University of Darmstadt
for instance, students at the Electromechan-
ical Engineering Department have to com-
plete four one-semester design projects in
sequence during their 3rd and 4th year.
Each project 5 accomplished in teams of
five members, and the teams are rearranged
for every new project, to train the students
in cooperating with different human types,
BUSCHMANN & WEISSMANTEL 1954,

A design course in Denmark assembles
students from engineering, industrial design
and business administration universities to
complete a one-semesier design project in
mixed teams, GIERLOV-KNUDSEN ET AL 1589,

At Chiba University in Japan, a class of
20 industrial design smdents are requested
to cooperate on completing the design spec-
ifications and concept design for a complex
system. Then they branch out in smaller
groups to design a snbsystem each.

Figure 14 The oper office style in Japan en-
courages communication

Common language is a necessary precondi-
tion for specialists of unlike technological
fields to cooperate. Ways of expressing
functions and principles, for instance, are
very different in mechanical, electronics and
software engineering.

There is an urge to develop such a com-
mon Janguage in mechatronics design,
HEINZL 1984 and ISHII 1939. We need a com-
mon language on three different levels,
claim SATMINEN & VERHO 1989

*- Ianguage for determining the fametions that the cus-
tomer needs, ’symbolic langnage for required
functions’

- language for the task setting and conceptual design
phases, *conceptual phase language”

~ langnage for embodiment- and detailed design
phases, "cxpert phase language’™

Since the topic of 2 common language for

designers is closely related to design modell-

ing in mechatronics, this aspect will be treat-
ed in detail in a later chapter.

Project environments The physical surround-
ings of the development team (the lay-out of
the design office, available facilities ete)
influence the communication between team
members,

The Japanese open office style, in which
designers work in the same room or even
around the same table, encourages informal
conununication, since all the groups will
overhear telephone calls, overlook each
others drawings etc. see Figure 14. A System
of individual offices, as found in many com-
panies in Europe, may increase concentra-
tion and creativity, but it prevents efficient
communication. The individual office re-
quires both a conscious decision to com-
municate and action from the engineer (pick
up the telephone, walk to the next room).
Another dilemma is whether design engin-
eers should be placed close to colleagues in
the same technological field, to ensure spe-
cialist backing, or whether they should be
placed with the development team to em-
phasise cooperation in the project. This is n
particalar a problem with electronics engin-
eers, for whom the knowledge of new elec-
tronic components is crucial. In the special-
ist group, there is an informal sharing of
knowledge.

»»»»»»
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Documentation The handling of written
information on the project results (ideas,
specifications etc.) is important for the com-
munication between team members,

Some companies utilise common docu-
ment files for all engineers on one project.
Instead of individual bookshelves, team -
members share the sare files for their ¢al-
culations, notes and drawings. The result is
that activities are docomented more careful-
Iy and communication within the group gets
easier, since all documents become openly
accessible. It is however a system which is
difficult to keep up in the West, becanse
engineers here tend to regard information
as private property or as an object of trade.

In conclusion, the imterdisciplinary basis
necessary for mechatronics product develop-
ment is not just a question of creating me-
chatronics courses at university. There are a
range of possibilities for organizing the pro-
ject team and design department to achieve
2 suitable width and depth in competence
and cooperative attitude,

33 Special design methodology

Wken interviewing -designers in industry,
there are indications that methodology for
mechatronics design is missing:

= Designers find it difficult to describe and
discuss the way of working of a total
mechatronic system,

o To choose the right design concept in
mechatronics is regarded as very import-
ant, but the decision is often made early
in the design process with very few de-
signers involved.

m There are difficultics in dividing the de-
sign activities i a meckanical, electronics,
and software part, and iz mamaging the
interfaces between the three areas.

m The function of the total concept will
mostly not be verified until a very late
stage of the project ("software design has
to be finished first"). At that time alterna-
tive concepts are not available for corm-
parison, and only details may be altered.
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The purpose of this section s to examine,
how mechatronics design differs from the
design of mechanics, electronics -and soft-
ware in a methodical sense. Also I will
identify the type of design methodology
needed for mechatronics.

Design methodology on three leveis

The design activity is toa complex to be
described in a one dimensional process,
starting with a need sitoation and resulting
in a complete technical system. This ye-
search is based on the framework for design
methodology as taught at the Institute for
Engineering Design of the Technical Uni-
versity of Denmark. It states that design
must be regarded from three viewpoints or
on three levels, ANDREASEN & HEIN 1987:

1 The designer’s way of solving problems in
general (specifying, creating ideas, evalu-
ating). : . -

2 The synthesis of technical systems (func-
tions, techmologies, working principles,
form of components).

3 The total activity of product development
as performed by the company (relations
between design, manufacturing and mar-
keting).

The activities on each level may be divided
into phases, and design methods can be
attached to each phase. -

Problem solving is the elementary activity
carried our repeatedly in every design pro-
ject. Methods on this level may be applied
to any type of 'open’ problems, ie. problems
with a multitude of solutions. They include
methods for specifying problems, for gener-
ating ideas (e.g. brainstorming, synectics)
and for evaluating and presenting solutions.
‘These methods are based on the human way
of thinking and are designed to enhance the
designer’s capabilities, to prevent mental
blocks arising from traditional thinking etc.

Synthesis of technical systems covers the
engineering development of a machine or
technical system from abstract functions (e.g.
black-box models) to concrete and detailed
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form (parts drawings). Methods on this level
are based on the characteristics of technical
systems and therefore specific for classes of
systems. For machine design, methods,
which "handle transformations (material,
energy, information), physical effects, func-
tion carriers, form variation etc. belong to
this level. ‘

Product development includes all the activ-
ities necessary for the company to establish
business based on a new (or revised) prod-
uct. As describes in the model of Integrated
Product Development in Figure 7, this in-
volves the cooperation of marketing, devel-
opment and production. Methods on this
level are based on the structure of com-
panies and on the complex nature of prod-

et developroent. They include scenario-

techniques, competition analysis, design
Teviews, planning etc.

The three level approach has been adopted
here, because it shows z consistency and
completeness in describing the design pro-
cess not found in any other ’school’ of de-
sign research. It also allows an identification
of the level, which is of particular interest
for mechatronics.

On the first and third level, design me-
thods are rather technology independent,
and therefore mechatronics does not show
any differences compared with ’pure’ ma-
chine design. However, difficulties must be
expected, if we try to apply machine design
theory to mechatronics design on the level
of synthesis. This is the level, I will examine
in the following.

Machine design, electronics and software

There are significant differences between
designing mechanics, electronics and soft-
ware. Not only are different technical skills
required, but the very nature of design pro-
blems differ in terms of functions to be
tealized, types of solutions available, and
realization of the intended functions. Be-
cause of this, also the options for design mo-
delling and the existence of design meth-
odology and computer aids differ great-
ly. Figure 15 sums up the characteristics of
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the three fields. For details, please refer to
Appendix 1. Major differences are found on
the following two points: - -

m The term function is understood very
differently, rangiog from physical effects
and transformations of material/energy/
information to logical relations between
data operations.

In machine design theories, it is common to
describe the main purpose of a machine in
terms of transformations of material, energy
and information. However, designers do not
only think of transformations, when using
the word ‘functions’. They also think of
‘effects needed in a machine’ or purpose
functions, HUBKA 1973 and ANDREASEN 1950,
and they mostly ignore logical finctions. In
¢lectronics, designers handle signal trans-
formations that is, transformations of infor-
mation with the energy aspects (e.g. heat
dissipation) mostly ignored. Software is
manipulation of data (Le. transformations of
information only), but with the logical rela-
tions between transformations (order of
execution, conditions) explicitly described
{e.g. in Petri-nets).

m The conditions of design modelling are
different, both in the ease of making
functional models and in the tools avail-
able for the designer to illustrate his ideas
for colleagues. In particular, abstract
software principles are found very difficnlt
to ’visnalize’,

Design models describing function are on
very different levels of abstraction. Mechan-
ical models are rather concrete (3D sket-
ches, principle diagrams), where models of
electronic circuits and computer programs
are more abstract, and thus more problem-
atic as a basis for discussions in a2 mechatro-
nic design group. An electronic circuit dia-
gram can bardly depict functional states of
the device {e.g. switches open or closed),
while 2 program flow-chart mainly describes
functional states and conditions for progres-
sing from oune state to another,

The first point means that it is difficult to
come to a total, abstract understanding of a
mechatronic system, ie. to describe a func-
tional structure. The second point means
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that snggesting new design concept ideas in
mechatronics is difficult, because the design-
er cannot describe a total comcept in just
one language (e.g. symbols, drawing,' dia-
gram), he needs a different langnage for
each of the mechanical, electronic and soft-
ware parts.

I will discuss the differences in design
methodology for mechanics, electronics and
software in detail in Chapter 5.

The need for new methodology

Can we describe more precisely the kind of
methodology  mecessary for mechatronics
design? At this point it may be concluded
that:

1 Only design methodology belonging to the
level of synthesis of technical systems is
specific for mechatronics.

Activities relating to problem solving and
product development - though important
also in mechatronics - are not performed
differently from other fields of design.

2 Design methodology which handles total
aspects of the mechanics/electronics/soft-
ware combination is missing,

Methods and models for each of the individ-

ual engineering disciplines exist (to varying

degrees), but cannot easily be combined.

3 Inparticular the early stages of mechatro-
nics are in meed of methodology: for
functional description, technology assign-
ment, conceptual design ete.

After the concept has been decided, the
design process tends to separate into spe-
cialized activities of mechanics, electronics,
and software, where the need is rather for
technology specific methodology.

Why develop special methodology at all,
would it not be possible to adapt the the-
ories and methods of existing design disd-
plines? To some extent it is certainly poss-
tble to apply elements from the fields of
machine design and software design, where
such theories have been developed, but they
are not fully sufficient for mechatronics,
because:

m Machine design methodology™ has no
means of abstractly describing the logical
relations between functions (i.e. when, in
which sequence, and under which condi-
tions the functions must be performed),
since these relations are in a complex way
bullt into the physical structure of the
machine.

u Electronics design methodology is mainly
based on analysis of 2-dimensional struc-
tures. There are neither tools nor tradi-
tions for formulating alternative concept
ideas.

u Software design methodology is mot ca-
pable of bridging the gap between ab-
stract functional descriptions and physical
effects and spatial relations, since such
effects and relations do not exist in the
software domain.

‘The comparison in the previous paragraph
of the design characteristics of mechanics,
electronics, and software, indicate that the
most important areas for research are a
theoretical basis for the functional under-
standing of mechatronic systems, and design

models (‘common language’} to deseribe
functional structures and design concepts for
such systems. These will be the main topics
of this thesis,

There are two areas which I will not
include in this research, even though in
particular the Finnish project (SALMINEN ET
AL 1990(2)) has called atiention to their im-
portance for mechatronics design:

" Design specification methods zre in principle

independent of technologies and therefore
not specific for mechatronics, Le. it should
be possible to specify the desired system wit-
bout indicating a technical realization. Such
methods belong to the levels of problem
solving and product development. The same
argument holds for design evaluation meth-
ods. ;

Design procedures, i.e. recommended step-
by-step plans for activities and results to be
achieved in a design project, are closely
related to the company structure and cannot
be based solely on an understanding of
mechatronic systems. They belong primarily
to the level of product development.
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4 MECHATRONICS DESIGN THEORY

IN LITERATURE

The field of mechatronics design is very
new, so to talk abont the existence of any
design theory in literature is hardly appropri-
ate, No single author has yet presented a
general theory of mechatronic systems or a
theory for the design of such systems.

A number of articles offer elements of
design methodology: systems models, design
procedures etc, but only if studied through
a theoretical framework of design, do those
elements give some contribution to a total
understanding. In the first section of this
chapter I will discuss such a framework.

Articles, which directly discuss mechatron-
ics design, have been published mostly by
Japanese, Finnish, and Britisk authors. This
study will also include literatore on Fein-
werktechnik (BRD), Geriitetechnik (DDR),
and Instrumentation Engineering (UK),
primarily where aspects of the interaction of
mechanics and electronics are treated.

In Chapter 5, 1 will review literature on
design methodology for the traditional fields
of mechanics, electronics and software for
contributions to mechatronics design theory.

4.1 A theoretical starting point

After defining four important terms related
to design methodology, I will describe a
theory for the synthesis of technical systems
as a basis for the literature review.

Defining design terms

In this research I will distinguish the four
terms design method, design model, design
principle, and design procedure, which all
describe tools to aid the designer during the
development of techmical systems.

Definition

A design method is a set of instrnctions
for how to perform activities to proceed
one or more steps in a design process.

A design method describes a transformation
process in which information about a prob-
lem is transformed into information about
on¢ or more solutions.

According to ANDREASEN 1980, methods
are characterized by their

1 scope of validity (e.g. technology specific
or general),

2 level of operation (e.g. the ’size’ of the
design step: a full design process or an
elementary operation), and

3 basis of origin (e.g. theory of human
reasoning, theory of machine systems,
theory of company organization).

A few examples: ‘Brainstorming’ is a method
of general validity for the elementary design
operation of generating ideas for problems
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of limited complexity. It is based on human
association forming mechanisms. "Establish-
ing functional sttucture’ is a method with
validity for mechamical systems for the de-
sign operation of deriving an abstract de-
scription of the functions of a product. It is
based on the theory of machines transfor-
ming material, energy and information.

In spite of many atterpts it has not been
possible to develop design methods or de-
sign algorithms, which automatically lead to
design solutions. Only for problems of limit-
ed complexity, or where the solutions are
slight variants of well-known concepts, have
such design algorithms been implemented
successfully in CAD systems. In general,
design methods can only recommend ways
of thinking and operation sequences for the
human designer to follow.

Definition
A design model is an artefact, which
reproduces a subset of the properties of
an object.

Here, property means any attribute or char-
acteristic of the object. The object is the
product or rather the designer’s idea of the
product to be designed. This understanding
of design models may be iHustrated as in
Figure 16. The model has a set of properti-
es, the modelled properties, in common with
the product, but it carries also properties,
which do not belong to the produet, and
which are irrelevant for the modelling ac-
tivity. A circuit diagram for instance has the
property of stracture in common with the
electronic circnit of the product, but it is
drawn on paper and does not work.

Figure 16 The relation between a design
model and the product
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The activity of design modelling can be
characterized by

1 the object (e.g. the need sitnation, the
total form, the working principles),

2 the modelled properties (e.g. design costs,
design appeal, function),

3 the purpose of modelling (e.g. to specify,
to evaluate), and

4 the model user (e.g. design .c'olieagues,
managers).

The design model itself can be regarded as
part of a communication between the de-
signer and 2 model user {which may be him-
self), and can therefore be specified in terms
of model medium (talking, paper, etc.) and
modelling code (langnage, mathematical
symbols, etc.). Please refer to Appendix B
for a more detailed account of this under-
standing of design models,

Design is a propagation through a large
number of models, each of them modelling
different aspects of the not yet finished
product, e.g., mathematical formulae, verbal
descriptions, sketches and prototypes.

Design models and design methods are
closely related, because the designer works
with nothing but product models until the
product itself exists. Methods are often de-
scribed by the kind of models they create or
act on, e.g. “specification methods’ prescribe
how 1o establish 2 design specification.

One can think of design methods as in-
structions for how to establish a2 product
model or how to propagate from one model
to another.

Defnition
A design principle is a general rule for

the design activity, which will frequemtly
favour good solutions.

Design principles are recommendations for
the designer to follow, usnally in the form
"Best designs are achieved by doing ... They
are established through experience from
development projects and will have a fre-
quent, but not general validity. An example
from the machine design field:

I IR ST

® Low assembly cost is achieved by mini-
mizing the munber of parts in the design,

‘This principle is obviously true for as long
as a small number of assembly operations is
cheaper than 2 large mumber, However, if
the small number of assemblies each be-
comes very complex or requires great preci-
sion, then the principle will lose its validity.

SCHILLING 1984 defines two related terms:
"Richtlinien’, which are recommendations or
directions, and "Prinzipien,’ which are basic
options for stucturing the technical artefact
and its parts. The first term involves an
evaluation, whereas the second is an objec-
tive description of a design possibility or
strategy ("minimizing the number of parts” in
the above example). I will not distinguish
between the two meaniogs in this research.

Design principles can be locked upon as
short-cuts during design. They can be ap-
plied for rejecting solution alternatives with-
out too much investigation.

Definition

A design procedure is 2 recommended
sequence of activities to be performed
during one or more phases ofa deve]op-
ment project.

The procedure will prescribe results to be
presented at the end of each phase (key-
point plan), and may suggest design methods
to be applied. It is an organizational type of
plan and will mostly depend on the company
structure, ANDREASEN & HEIN 1987,

A design procedure does not - in contrast
to a design method - describe Aow activities
should be performed, it merely lists the
activities and results.

The design procedure is based on a model
of the design process, but it tries to recom-
mend how it should be, rather than to de-
seribe bow it is. Design procedures are very
common in design literature, for instance
VDI 2222 1977 and PAHL & BETTZ 1977,

One other frequently used term needs com-

menting: I will apply design methodology to
denote a collection of all four elements:
methods, models, principles and procedures.

A systems approach to mechatronics

Systems Theory is a very important basis for
understanding and generalizing the nature of
mechatronics, Only by regarding the mech-
atromic artefact as a number of abstract
systems, each amplifying a different charac-
teristic, is it possible to derive design tools
of some general application value.

Systems Theory provides a concept and a set
of rules for the abstract modelling of techni-
cal artifacts and for the decomposition of
such artifacts into subsystems on hierarchi-
cal levels,

Any object, which is composed of ele-
ments and their relations, and which can be
regarded separately from its surroundings,
may be considered a system. It will be char-
acterized by the two systems properties fure-
tion and structure. Please refer to Figure 17
for an illustration of the systems concept.

‘_._.—'---

5\‘5'1'3{

e

- 3

T s —

e
SURRODNDINGS
Figure 17 Basic terms in systems theory

Systems Engineering is a field that originated
in the USA, and it is closely related to sys-
tems theory. It has been mostly concerned
with the procedures of designing large, com-
plex systems like aircraft, defence systemns,
and the NASA space programmes. Systems
engineering divides the design process into
sizeable phases, and it has developed
methods for predicting design costs, for
compater modelling, for specifying and
evaluating solutions ete, HALL 1962

The present research, however, is not so
much concerned with the design procedure,
as with an understanding of mechatronic sys-
tems (which may then eventually form the
basis of a procedure oriented synthesis me-
thodology).
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ANDREASEN 1980 in his efforts to formulate
a scientific basis for machine design, has
developed a "Theory of Domains’ based on
a systems perception of machines.

The Theory of Domains states that the syn-
thesis of machines consists in successively
establishing four systems, each correspon-
ding to a (mental) working domain for the
designer, Figure 18. These systems represent
four different aspects of the machine:

1 The process system - a structure of pro-
cesses, which transform material, energy,
and information.

2 The Junctional system - a structure of pur-
pose functions or effects needed in the
machine to create the specified transfor-
mations.

3 'I’heorganic.system— a structure of organs,
cach of which realises one or more func-
tions through physical effects.

4 The parts system - a structure of single
machine parts that make up the embodi-
ment of the machine.

The process of machine synthesis cannot be
described as a simple sequence of activities
belonging to each domain. The designer is
likely to jump back and forth between the
four different perceptions of the machine,
The main advantage of the Theory of Do-
mains is that it allows a precise positioning
of design models and design methods either
within a particular domain or on a transition
from cne domain to another.

The domains should not be confused with
the .Ievel of abstraction or the munber of
details in the designer's momentary activiti-
es. In fact each domain should be regarded
as a two-dimensional plane spanned by
those two parameters, as in Figure 19.
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Ft}gwg19 The Process Domain as a two-di-
mensional plane of design models

BOSMAN 1978 has published 2 systems ap-
proach to the design of instrumentation
systems, which shows some similarities to
the Theory of Domains. He recormmends
that the designer prepares five structures
(goal-related aspect systerns”) during instru-
ment design:

Junctional structure

organic structure

irjqr{na!im structure

activity structure

Sociotechrnical structure.
Of those, the first two can be directly e-
quated to the process structure and organic
structure of ANDREASEN 1920. Bosman’s
information structure is also 2 process strue-
ure, only it is restricted to transformations

mRocess | [rovaon] [oran | [
DOMAN TOMALY , DOMAIN DOMAIR “TETAL
J L—) L SPECA-
CATION

Figure 18 The Theory of Domains: a general strategy for machine design, ANDREASEN 1980
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of information. The last two structures re-
present aspects which are not treated in the
Theory of Domains.

The - activity structure d&scn‘bcs ‘cqntrol -

procedures for the "operation’ of organs, Le.
the sequence and timing of effects. With the
sociotechnical stracture, Bostan expands his
systems understanding to inchde not only
the technical system itself, but also its hu-
man operator, This structure stipulates the
interrelations between the activities of the
operator. and those of the equipment.
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Figure 20 Symbolic vepresentation of trams-
formation functions: (a) single, (b) nultiple,
(c) integrated, (d) dependent on external

The Theory of Domaius is developed on 2
machine systems understanding and is not
fully adequate for mechatronics, but being
currently the most consistent theory for the
design of technical systems, it forms a good
starting point for this research.

In the review of mechatronics design lit-
erature I will concentrate on publications
which treat the nature of mechatronic sys-
tems, assuming that the topic can be dealt
with on two levels: s

m A functional level: the technology inde-
pendent systems of transformation and
purpose functions.

m An organic level: the systems of technical
principles chosen to fulfil the required
functions.

At the end of the chapter, T will briefly
discuss the few suggestions for mechatronics
design procedures found in literature.

4.2 The fonctional level

Though a definition of the term function is
rarely formulated in literature on mechatro-
nics design, it 15 mostly understood as a
transformation of input into output, for in-
stance BOSMAN 1978

*Function is defined as the characteristic action by
which the instrumentation fulfills its purpose, For a
mcasuring system the action is that specificd input
variables are transformed into desired output variabies.
The input variables can be matter, energy and infor-
nmation.”

The total function of a mechatronic system

can be divided into subfunctions according

to various critetia, KRAUSE 1986:

*1 nach der Bedentung fir die Erfillung des Zwecks:
Haubt- smd Nebenfunktionen

2 pach der Art der Veranderungen von Funktionsgré-
Ben innerhalb des Funktionsflusses in einem Gerat:

Grundfunktionen {Wandeln, Leiten, Speichern
usw.) oder Elementarfunktionen

3 nach dem physichalischen Charakter der Funktions-
groBen: Teilfunktionen der Stoff-, Encrgie- und
Informationsverarbeitung.”

{1 According to their significance in fulfilling the pur-
pose: pri and secondary functions.

2 According to their types of transformation of vari-
ables in the functional flow of the system: clemen-
tary functions (transform, conduct, store, tc)

3 According to the physical character of the variables
to be transformed: subfunctions for matenial, energy
and information transformation.)

In his method of "Fewest Necessary Subfune-
tions” for the design of electro-mechanical
systems, TAYEFEH-EMAMVERDI 1981 states
that the subfunctions of a functional struc-
ture are indispensable and sufficient, if their
solution principles make a complete syn-
thesis of the total function of the system
possible.

Logical functions are frequently mentioned

in literature on mechatronics design. They

are necessary to create causal relations of
the type cause and effect between actions in

a system, ROTH 1963, WEBER 1987. ‘The means

for realising logical functions has changed

significantly with the introduction of micro-
electronics, as can be clearly seen in the
case of the teletypewriter, ROTH 1963 and

VORBACH 1982, see Figure 21.
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An explanation of the relationship between
transformation functions and logical func-

tions in mechatronic systems was not found
in the literature.

Understanding functional stractures

A mumber of authors have suggested general
flm{:_tiona] structures, which apply to mecha-
ronic systems. They claim that besides the
primary function (main function, "Verarbei-

Engobe- "i-l' Ai( Melde-
griBe e

Kommunthotions- -
funktlon . el

Sioherungsfunktion

o 4

Figure 22 General functional structure and
control structure of mechatronic Systems ac-
cording to ROHRS 1980/RRAUSE 1986,
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tungsfunktion”), a set of amxiliary functions

mmist exist in any system to support the main

function. ROHRS 1980/KRAUSE 1986 hame

three such support functions, Figure 22:

1 Commurication function (Kommunika.
tionsfunktion”) for the cxc]gange of {con-
trol) information between the system and
the user or other systems,

2 Protection function (‘Sicherungsfunktion’)
for protecting the main function against
undesirable inputs (disturbances) and for
protecting the environment from unde-
sirable outputs,

3 Control function (Interne Steuerung’) for
coutrolling the main function and for
adjusting the interface between main
fmction and commmnication function,

From the functional structere of KAIITAND
1989 in Figure 23, two additional support
functions may be added to the Jist:

4 Power function to supply the main fune-
tion with the required energy,

5 Structure function to fix the components of
the system in a spatial relationship,

Concerning the relations between the system
and its surroundings, most authors agree,
that three types of functional relations must
be considered: input/outputs for the main

Disturbance Wastg output

Structure function
1
| Matin function (conversion,

—] pr;:rvaﬂon)

Power Control ‘\ICW“

P == Control information
e

5

Powerinput (Energy) Contrel input Control output

Figure 23 Functional structure of mechatro-

nic systems including a structure function’
KAITTANT 1989
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Figure 24 Characterizing the relations betwe-
en the technical system and its surroundings,
GERHARD & LENART 1982

function, input/outputs for control purposes
(commumication with man and other sys-
tems), and input/outputs which are not
functionally relevant (disturbances).

GERHARD & LENART 1982 in their model
of systems relations in Figure 24 establish
the connection between the functional pur-
pose of mput/output flows (Anweisung,
Immision, Akzeption’) and the correspon-
ding systems of the surroundings (man, envi-
ronment, other products).

As to the purpose of their model, GER-
HARD & LENART 1982
"Das ganzheitliche Produktmodell-Denken fithrt wih-

n cmem Vol

1>.=ﬁmptpha""c mﬁwﬁmﬁm den Schrittstellen des
zu realisirenden Produktes mit seinen Umfcldsystemen
{Mensch, Nachbarprodukt, Umwelt)”

thinking in the total product model concept leads
gﬁﬁdy in the concept phase of the design process
almost systematically to a total definition of all flows
inlhchtmfambctwmthcpmdnctmditssunqnnd-
g ws;ms (humans, neighbor-products, cnviron-
ments).

Usually the authors of such functional struc-
ture models attempt to explain general char-

acteristics of mechatronic systems as a basis
for improved design behaviour,

N,
;rmizc

States and transitions

As demonstrated by HEINZL 1984 and COR-
DES 1984, 1986, the futiction of a mechatronic
system not only depends on the combination
of input variables, but also on the previous
activities of the system (Le. the ’history’ of
the system). The same combination of input
may cause different functions at different
points in time.

The functional structure of a mechatronic

: system seems to be variable and change with

the momentary state of the system, BORME
1978, FURCHERT ET AL 1979,

The mechatronic system can be regarded
as a finite state machine, and it can be de-
scribed In terms of states and fransitions
from one state to another. CORDES 1586 sug-
gests the application of a state transition
diagram (Zustandsgraph’) and a state tran-
sition matrix (Zustands-Ausgangs-Matrix’)
for modelling the system functions, as illus-
trated in Figure 25. These are tools borro-
wed from electronics design.

The state transition diagram and matrix
complement each other in that the firstis a
graphical tool for easily understandable

AUFSETZEN( 1] FABHEBENC§)
Endschalter Taster vern
Endachalter Taster hinten

Isage
18811
1103
1 Tastar chgehoben 1 iux
[
{xx4x
[431xx

2 Toster voufohren
3 Taster aufgesmetzt
4 Toster zurdckfohren

Aupgangevekioren: 41 Motor VORWARTS £IN, NICHT MESSSEREIT
2;  Hotor STOP, 1T

A1 Mator ROCKWARTS €IK, NI(HT MESSSEREIT

4; Motor ITOP, MICHT MESSBEREIT

Figure 25 State transition diagram and ma-

trix describing the 4 states of a surface tester

drive system, CORDES 198§
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modelling, and the second allows a systerm-
s design. A practical exam-
Ple of application to robot gripper design is

atic analysis of the

described by SALMINEN ET AL 1990.4.

It will be recognized that the logical func-
tions discussed in the previous paragrapjl?:ri
closely related to the state transition under-
standing of the mechatronic system. The
transition from one state to another will
only occur if certain conditions are fulfilled,
Le. the states of the system are related in a

causal way.

52 53

Figure 26 The function of an ignition for
automobiles described with @ state Dmkg'ﬁfc;n
dz_qgmm,!!mmms

Fro::p the user’s point of view the mecha-
tronic system as a whole will also react s a
finite state machine, HEINZL 1984, i

on the previous entries performed by the
operator, the system will be at rest in a state
where some control elements may be ac-
tivated, others may not. A new combination
of inputs will make the system change to

another state, Figure 26,
Ablauferientierts Strukd (!
ik W l;f W&mﬂ' Strukbur

Zapipistole ent.
nehenen

The conflict between,
fransformations and state transitions

There secems to be a conflict between the
wo ways of modelling the function of a
mechatronic system: The transformations
approach, where function is described as a
continuous flow of material energy, and
information, and the logical approach, where
the system changes mode of fonctioning

. from one state to another,

- When describing a complete structure of
transformation functions, the different states
of the system cannot be expressed explicitly,
and v_vhen medelling the state tramsition
behaviour, the flow of information is not
clear, - information is required for a change
of state,

This conflict is a primary obstacle 1o
mechatronics design, since mechanical and
eicch:omcs engineers have a tradition of
functlon.?lly oriented thinking, whereas soft-
ware designers are precccupied with sequen-
ces of operation and causal relations, FRO-
LICH & SCHLOTTMANN 1982 and HEINZL 1984,
Figure 27 illustrates the structure of a self-
service petrol filling system seen from both
2 sequence ‘oriented and function oriented
viewpoint. It should be noted that the fync.
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Figure 27 A sequence oriented and Junction
oriented structure describing a self-service
petrol filling system, FROLICH & SCHLOTT.
MANN 1982
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Figure 28 Expanding the functional descri
tionbyaddbtg(a)acantrolﬁtm:tion ro£

black-box diagram or (b) a separate structo-
gramt, NUCHEL & PILLER 1986

 tional structure of this example does not
exhibit subfunctions in a transformation
fashion, but rather in the form of purpose
functions (effects needed in the system).
NUCBEL & PILLER 1986 state that a trans-
formation structure model (ie. black-box
diagram) does not give any information as
to the sequence, the pace, or under which
conditions subfunctions must be activated.
To give 2 more complete description of the
system function, they reconmend that a con-
trol function should be added to the trans-
formation diagram, or that the diagram
should be complemented by a flow chart-
model of the logical structure, Figure 28.
Reports from the Finnish mechatromics
research programme also show attempts to
handle both transformation and state transi-
tion aspects in the same design models, SAL-
MINEN ET AL 1989, 1990-B. I will' discnss de-

sign models for mechatronics in a2 later |

chapter.

Information in. mechatronic systems

It was established in Chapter 2 that the
transformation of information is a primary
feature of mechatronics. ROTH 1968 and Ka-
JITANI 1989 point out that two categories of

equipment must be distinguished according
to their handling of information:

1 Equipment with the main purpose of
transforming information (e.g. equipment
for signal processing).

2 Equipment which mainly applies informa-
tion for the control of energy or material
transforming processes.

Along the same lines, KRAUSE 1986 suggests
that two kinds of information must exist; the
first kind is processed by the system ('Ar-
beitssignal’) and the second kind is applied
by the system for control purposes (Steuer-
und Kontrollsignale”),

The term information is hardly defined in
mechatronics litterature except for a loose
explanation given by BARNEY 1985
“Information is the data or details relating to an object
or event.”

Other authors point out the strong relation-
ship between information and human beings,
KAJITANI 1989 and KRAUSE 1986: :

“Information is produced by the mental activities of
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Figure 29 Classifying mechatronic systems
according to their main flow of information,
GERHARD & LENART 1982

beings. The resources of information are hu-

man beings.”

"Dic Information stellt cine letzhich stets auf den Men-
schen bezogene erkenntnistheoretische und kommuni-
kafionswissenschafiliche Kategorie dar, die fir den
Sendenden und Empfangenden mit einem bestimmten
T einer Semantik, verbunden ist*

(Information forms a knowledge theoretica! and com-
munications scientific category which always relates to
human beings, and which the seader and receiver will
associate with a specific meaning, a semantic))

The concept of information is very impor-
tant in mechatronics, and it will be taken up
again in Chapter 6.

It is possible to systematize different cat-
egories. of mechatronjc products according
to the main flow of information, as shown
by GERHARD & LENART 1982 (Figure 29) and
HEINZL 1984. The information to be process-
ed by the main function of the system derive
from the operator, from other technical
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systems or from the environment, and the
information outputs will be directed to the
same three recipients. A measuring instro-
ment for instance, obtains information from
the environment and presents it in processed
form to a buman being.

Such a categorization is useful for study-
ing the types of components which take care
of the inferface between the system and its
surroundings: sensors, actuators etc.

According to HEINZL 1984, the analysis of
the type and amount of information entering
and leaving the system through imterface
components is extremely important in mech-
atronics design. Especially the flow of infor-
mation between the system and its user is
increasing in quantity with increasing intelli-
gence of the system, - one only has to think
of the complicated operation procedure of a
videotape recorder, ISHII 1989.

4.3 The organic level

On the organic level, the mechatronic sys-
tem is described by the technologies and
functional principles which realize the func-

tions of the system. Ideally, the organic
structure is a result of allocating techmolo-
gies to the functions of the system.
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Figure 30 Technology allocation in the syn-
thesis of mechatronics: a plane of possibilities,
SALMINEN & VERHQ 1989

42

?-ﬁ’:"

A question of technology allocation
The' technology allocation is a choice be-

tween z large number of alternatives, since

many functions can be realized using either
mechanical, electronical or software technol-
ogies, and within each field a range of alter-
native principles are available. ISHT 1983:

"Therefore, the strategy for the development of mecha-
tromics technology will have a very wide range of alter-
natives. Naturally, not all possible eombinations are
practical, which will make the dependence of decision-
making on strategy cven more fmportant in the fture.”

FROLICH & SCHLOTTMANN 1982 express the
dilemma of technology allocation in terms
of displacing interface lines:
“Erst die Verschicbung der Schnittstellen zwischen
Mechanik, Elckironik und Software ermdglicht cine
imicrung des Gesamtsystems gemiB technischer
und wirtschaftlicher Anforderungen.”
(Only the displacement of interfaces between mech-
amics, electronics and software makes it possible to
optimize the total system according to techmnical and
business oriented specifications.)
The two expressions technology allocation
and interface displacement reflect idealised,
but slightly different attitudes towards de-
sign: The first is the perception of ’revo-
lutionary design,” where the product func-
tions can be formulated theoretically, inde-
pendently of technological realizations. The
second is the perception of 're-design,’ in
which a technical solution already exists and
must be modified by changing principles.

Neither of these two views give full credit
to the iterative nature of the design syn-
thesis activity, but in this work the term
"technology allocation’ will chiefly be used
to explain the transition from the functional
structure to the organic structure. This is a
key issue in mechatronics design.

As illustrated by SALMINEN & VERHO 1989
in Figure 30, there are two dimensions in
technology allocation. One is to choose an
appropriate techmology (mechanics, electron-
ics or software) for each function, the other
is to choose a suitable working principle
within gne technological field. In some pro-
jects, the circomstances will justify that the
choice of technology is made before the
choice of actual principles. For instance a
demand for design flexibility may favour a

software solution, confidentiality may re-
quire ASIC technology, and available manu-
facturing facilities may dictate a particular
mechanical technology.

An activity which is closely related to
tecknology allocation is the man/machine
allocation, ie. the division of functions or
activities to be performed by the human
operator and by the technical system. This
allocation cannot be completed in the func-
tional domain, but needs decisions on prin-
cipies in the organic structure, BOSMAN 1978
*The sociotechnical structure is the network of inter-
relations between human activities and equipment

activitics, It can be derived only when the actiwvity allo-
cation and the choice of the organic structure have

The organic structure

The organic strocture of a mechatronic sys-
tem is a collection of thase principal entities
chosen to fulfill each subfunction and the
relations necessary to establish the total
function of the system. BOSMAN 1678:

" the organic structure shows the distribution of
equipment according to constructional criteria, The
familiar diagram of 2 computer &s depicted with organs
instead of functions. It shows the central processing
umit, core memory, disc units, a tape reader, ete.”

For this research I will propose the follow-
ing definition of organs ("Funktionstriger’),
adopted from ANDREASEN 1980
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Figure 31 The organic structure of a movie camera modelled in two diggrams, ZWICK 1971
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Definition
An organ is 2 class of entities consisting
of parts, which exploit physical, chemical
or biological phenomena to create a
particular, required effect (function).

According to KRAUSE 1986, two types of rela-
tions between elements are interesting for
the design process, the geometrical and the
functional:

“Anordnungen sind RelationenzwischenSystemelemen-
ten, dic dic geometrischen Relativiagen der Elemente
beschreiben®

"Kopplungen sied Relationen zwischen Systemelemen-
tcn,dxcdancrtragtmgvonStoff,Eucrpeodu]n—
formation zwisch

{"Spatial relations’ arc the relations between system
clements which describe the geomctn(al relative
positions of elements,

"Couplings” arc the relations between system elements
which provide the transfer of material, energy or infor-
mation between clements.)

As an example, Figure 31 shows two dia-
grams of the organic stracture of an electro-
mechanical movie camera, ZWICK 1971, In
the first diagram, each organ is described in
verbal form and the flows of energy and
information between organs are illustrated.
The second diagram depicts the system
elements in symbolic form, and the relations
are electrical connections for the electrical
system and the optical aligoment for the
mechanical system.

Several anthors have described organic
structures which they claim have general
validity for mechatronic systems. Most of
them show a computer in a central position.
A typical example of such a structure com-
posed of actuators, sensors, electronic inter-

Peripherals

Man—Hachise & Hachine-Huchine|
Communicetion Equipment

Figure 32 General organic structure of me-
chatronic systems, YAMAZAKT 1957
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Figure 34 General organic structure including
hardware and software elements, ITAC 1986

face circuits, man-machine communication
eic, is shown in Figure 32,

A more detailed model in Figure 33 de-
scribes the funetional relations between ele-
ments. It was suggested by BOBME 1978
TTAO 1986 adds software elements to his
model of a general organic structure, but he
does not specify relations between the el-
ements, Figure 34,

Figure 35 The five mechatronic elements
resernble the organs of man, KAITTANI 1986
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Figure 33 The organicsﬁuctwe of a typical mechatronic system with microprocessor, BOHME 1978

Typical mechatronic organs

Many Japanese authors count five types of
organ, which generally make up all mecha-
tronic systems: sensors, eomputers, actuators,
energy sources, and /structuxe,
One may think of this as evolved from tradi-
tional machine systems, which were made up
of only mechanism/structure, actuators, and
encrgy sources, ITAQ & NISHIDA 1989,

FUNIWARA 1584 and KAJITANI 1956-B find
that these five elements of mechatronic
systems resemble the organs of man: the
senses, the brain, the hands and legs, the
internal organs, and the bone structure,
Figure 35. They find that man himself is an
jdeal mechatronic system to imitate.. This
understanding is clearly robot-biased: Hu-
mans are not able to replay a video record-
ing or to copy a document at high speed,
for instance.

ISHI 1989 argues that future mechatronic
designs will more and more acquire the
characteristics of bioclogical systems. They
will have a pronounced ’live state,” when the

B A

control system is working and a ’dead state,
when it is not. An example is the Control
Configured Vehicle, an atreraft which is only
aerodynamically stable under computer
control.

Let us take a closer look at some of the
most common types of mechatronic organ:

Sensors A sensor is a device, which in a
reproducible way transforms a non-electrical
property into a processable electrical output
signal, SCHAUDEL 1982. The signal transfor-
mation properties of a sensor depend
strongly on the mechanical design, and this
makes the design process very complex,
BUUR 1987. The mechanical housing of the
sensor, besides contributing to the main
function, has a protective function and a
*window function,” SCHAUDEL 1982,

The development of sensors points to-
wards increased integration of the electronic
signal conditioning and signal processing
circnits, see Figure 36, KOHLER 1986. An-
other trend often referred to as *intelligent
sensors’ involves the clustering of several
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Figure 36 Levels of integration of a sensor
systermn, KOHLER 1986

unlike sensor elements into one unit. Under
microprocessor control it becomes possible
to measure the momentary condition of the
main sensor (e.g. temperature, calibration)
and to calibrate or correct the output signal
accordingly.

ISME 1989 suggests that sensors should be
categorized in internal and external sensors
in a functional sense. The internal sensors
measure the internal state of the system
(¢.g. the position of a robot arm), while the
external sensors measure features of the
environment of the system (e.g. ambient
temperature).

Actuators A {mechatronic) actuator is a
device which transforms an electrical signal
into a non-electrical physical property in a
reproducible way. It seems that mechatronic
actiators are limited to electrically powered
devices and do not include actuators, which
are powered by for instance hydraulics or
poeumatics,

The design of actuators is similar to sen-
sor design in that the physical realization is
critical for achieving the functional properti-
es. The main trend is to increase power and
efficiency while at the same time minimizing
size and weight, STUTE 1981 A development
towards integrating electronics and micro-
processor control in the actuator bousing
can also be seen. Like in intelligent sensors,
additional sensor elements are built in to
provide data on internal working conditions
for more ideal control, eg position feed-
back sensors.
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Computers The micro computer allows fast
and precise software dependent control of
actions in the system. It also allows complex
digital processing of signals, for instance
pattern recognition.

A major problem in microprocessor appli-
cation has been that conventional computers
work sequentially while events in the real
world mostly appear in parallel. This has
motivated the development of processors
with semi-parallel features (interrupt fune-
tions) and fully parallel working computers,

Mechanical design has hardly any influ-
ence on the functional properties of the IC
computer, though a mechanical housing is
needed for protection of the chip.

Microprocessors are mcreasingly designed
specifically for particular application areas,
like for instance motor control and signal
processing, Such dedicated processor chips
allow the integration of circuits for sigpal
conditioning, analog/digital conversion,
power control ete, into one~chip controllers.

For mechatronics design, it is important
to note that the CPU (Central Processing
Unit) of the microcomputer is flexible in 2
functional sgnse: jt is programmed to per-
form a set of functions in a desired se-
quence, BOSMAN 1972. So it is not possible to
read the function from a model of an orga-
nic structure which includes a microproces-
sor, unless it is supplemented with informa-
tion gbout the program structure.
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Figure 37 The organs of electronic confrol
Systerns require mechanical and electro-me-
chanical energy transformers, ROTH 1985

T

Mechanisms The term mechanism is here
used to denote all kinds of mechanical
transformers of energy and signals,. like
gears, levers, link mechanisms ete. Sensors
and actuators in mechatronic, systems will

seldom be able to treat physical properties

in exactly the form in which they are avai-
lable/required, so mechanical-mechanical
transformers ("Umformer’) are  required,
ROTH 1985. The same goes for those organs,
which communicate with man: control el-
ements and displays, see Figure 37.

External and internal interfaces

The concept of inferfaces is important in
mechatronics, because organs based on
different technological principles are coup-
led together to achieve the total function of
the system.- . - | :

KATITANI 1986-A finds it advantageous to
regard the mechatronpic system as a chain of
imterface ¢lements, as in Figure 38. Design-
ers must consider the quality of input/out-
put for cach element and think i matching
fimetions to convert output from one ele-
ment into input of the next.

06

Figure 38 A mechatronic system regarded as
a chain of interface elements, KAITTANT 1986-4
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CUTRLT INTERFACE.

Two types of interfaces mwust be distin-
guished: The interface between the system
and its surroundings (systerns or external
interface) and the interface between organs
within the system (infernal interface).

Systems interfaces According to GERHARD &
LENART 1932 we may define 18 different
types of 'Grenzeelemente’ that facilitate the
relations between the system and its sur-
roundings, see Figure 24. They classify these
organs according to the direction of ex-
change (input or output), to the type of
corresponding system (man, environment or
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Figure 39 Model of the information flow in
microelectronic control systems for mechanical
processes, HEINZL 1984

other products), and to the type of flow
object (material, energy, or information).

HEINZL 1984 concentrates on the interface
organs of electronic control systems for
machines and proves that only four types of
¢lement are relevant when describing the
fiow of information, Figare 39.

These are sensors and actuators to mea-
sure and influence the state of a mechanical
process, and control elements and displays
to communicate with the user. This model
has been adopted as the basis for the West
German VDI/VDE Richtlinie 2422 for the
design of machines with microelectronic
control systems.

In his model, Heinzl does not explicitly
prescribe any interface organs for the ex-
change of information with other producis
(except for "Leitung’), and the model does
not allow for aspects of environmental inter-
action (disturbances, etc.).

Internal interfaces The topic of interfaces
between subsystems of mechatronic systems
for process control has been studied by
CORDES 1986. He suggests that the central
block in HEINZL 1984s model should be
divided into two commmunicating elements,
ProzeBsteverung’ (process control) and
"Benutzerfithrung’ (operator guidance), as in
Figure 40.

He then shows, how functionally corre-
sponding sensors and actnators can be
grouped with dedicated control electronics
to form a structure of avtonomous subsys-
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Figure 40 Dividing the microelectronic control
system into two subsystems, CORDES 1956

Figure 41  Process control by autonomous
subsystems consisting of sensor (S), actuator
(A), and dedicated control (T), CORDES 1986

tems, by means of a systematic synthesis
process, see Figure 41. Such subsystems
must then be coordinated by a higher level
control organ.

A detailed account of interface levels in
microprocessor based control systems can
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be found in SAUPE & LAMMEL 1936. They

describe 10 interface levels between both

hardware and software organs, Figure 42.
The mechanical transformers ("Umfor-

mer’) and the electro-mechanical transdu-

cers (Wandler’) described by ROTH 1985 in

Figure 37 must also be considered internal

interface organs. )
Interfaces can be classified according to

the type of conversion needed to match the
output signzal of one organ with the input

requirements of the next, BOHME 1978:

= Change of physical property (physikali-
sche GroBe’), e.g. mechanical into electri-
cal signal,

» Change of signal coding ('Darstellungs-
form’), e.g. analog to digital.

m Change of signal timing (Zeitverlauf’),
e.g. parallel to serial, unsynchronized to
synchronized,

KAJITANI 1989 suggests a classification ac-

cording to the effort necessary for matching

output to input:

m Zero interface, meaning no conversion
necessary.

= Passive interface, without energy supply.

® Active interface, with additional epergy
for conversior.

= Intelligent interface, applying a micropro-
cessor for programable signal conversion.

Mt Srcive Arspscnn R A

Tl %
[ o

Figure 42 Internal interfaces on 10 levels in
a microprocessor based control system, SAUPE
& LAMMEL 1986
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Figure 43 Orgaric structure of three types of
coruroller hardware. Communication function
(KF) and main function (VF), ROHRS 1580

fe A S T e B ST

o Control functions in the organic structure

It does not seem possible to illustrate a con-
trol strategy in an organic siructure diagram.
Organs cartying control functions are likely
to be depicted as black-boxes with all appro-
priate input and output, like in Figure 39
and Figure 41. This leaves the reader the
only choice of guessing about internal strue-
ture and working principles of the control
organ. ‘

In-many cases the control algorithm is
realised in computer software, meaning that
the hardware structure of the control organ
is a standardized microprocessor configur-
ation not directly reflecting the acmal con-
trol procedure. Figure 43 shows three such
standardized hardware strnctures for dif-
ferent levels of control sophistication,
ROHRS 1980.
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Figure 44 Activity structure (Functional flow
diagram) for a radio position navigation sys-
tem, BOSMAN 1978

BOSMAN 1978 claims that the organic struc-
ture must be supplemented with a descrip-
tion of the "activity structure’ of the system,
i.e. a description of the activity sequence
and execution niles, which are laid down in
computer programs and in cperation pro-
cedures for the human operator. He finds
that the activity structure must be a flow
system, because of its sequential nature and
gives the example shown in Figure 44.

R ANAINRRNAS AN L e

Another means for explaining the control
principle in conjunction with the organic
structure, is the timing diagram, which illus-
trates the states of different organs or sig-
nals of the system in relation to an axis of
time. A timing diagram was for instance
applied by DPANGELO & UFER 1938 to model
the logical functions of an electronic single
lense reflex camera,

The application of models from the area
of control theory for describing mechatronic
systems is illustrated in VDI/VDE 2422,
Figure 45. The purpose of such diagrams is
to mode] the dynamic behaviour of the
systems, and for the professional control
engineer, there is direct comrespondence
between the model and a mathematical

description of the transfer function.
Prozaf—Sehnitistells
Aktor Lasd
(Steiigied) Gotrlatrg p:,
=@
KR
{Tuchogenerator)
—{7 rones.
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]
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!
f
R
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Figure 45 Three types of control theoretical
models for describing a DC-motor control
system. (a) ‘Ubersichtsplan’, (b} ‘Blockschalt-

plan’ and (c) ‘Signalftufiplan’, VDI/VDE 1986
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Sigrals in mechatronic systems

“T'o allow manipulation in a technical system
information must be tied to either energy
or material. So in discossions of the organic
structure, information can only exist in the
form of signals (e.g. electrical signals) or
coded in material objects (e.g. a blood
sample, text printed on paper). A definition
after KOLLER 1976 and KRAUSE 1986:

Definition

A signal is the physical carrier of infor-
mation as the time variance of en energy
form.

A signal can be characterized according to
the signal carrier, the information parame-
ter, and the signal form, see Figure 46. It
should be noted that Kraunse.includes the
coding of material in his understanding of
signal ('geometrical’ and *chemical signals”).

4.4 The synthesis activity

In Sections 4.2 and 4.3 I considered pheno-
mena related to the mature of mechatronic
systems: their purpose, functionality, strac-
ture etc. In this section, I will review litera-
ture related to the synthesis of suck systems
in general.

No descriptive analysis of the synthesis
activity were found in the literature, but a
few authors offer prescriptive statements, i.e.
recommendations as to how the design of
mechatronic systems should be carried out.
These statements take the form of either
design procedures (i.e. recommended sequ-
ences of activities) or design principles {ge-
neral rules for designing). I will discuss each
kind in a separate paragraph.

General theory of systems or synthesis
strategy to support the suggested design pro-
cedures and design principles is not found in
the literature, s0 the reader has to guess
their basis.

2. Signaltriiger 3. Informutionsparameter P 4, Sigoalform

2.1. Mechanisches Signal (Geschwindig- 3.1, Amplitude “143. Analoges Signal
keit, Boschleunigung, Kraft, Masse, 3.2. Frequenz P kann innerhatb eines be-
Druck, Arbeit usw.) 33. Phase . stimmten Bereichs belicbige

2.2, Geometrisches Signal 3.4. Anzahl von Impulsen Weste annchmen
(Linge, Dicke, Winkel, Fliche, Vo 3.5. Dauer von Impulsen 43, Diskretes Signal
{umen, Niveauhdhe, Schriftzeichen 3.6. Folge von Inspulsen ' P kann nur endlich vicle Werte
usw.) 3.7, Lage von Impulsen annchmen

2.3, Hydraulisches Signal 38. Anzah!von Punkten 4.2.1. Biniires Signal
(Druck, Druckdiffercnz, Flissigkoits- | 3.9. Anordnung von Punkten P kann nur genau xwei Werte
menge usw.) 310, Abstand von Funkten zu annchmen

2.4, Pocumntisches Signal Bezugspunkt bzw. von 4.2.2. Digitales Signal
{Druck, Druckdifferenz, Gasdurch- Winkeln ze Bezugswinkel Die Werte von P eatsprechen
Satz usw.) ‘Wortern ¢ines vercinbarten

2.5, Akustisches Signal Alphabets -
(Schall§ﬂrkc, ‘Tonhdhe wsw.) 4.2.3, Mehrpusktsignal

2.6, Thermisches Signal Diskretes Signal ohne verein-
{Temperatur, Wirmemenge usw.) bartes Alphsbet

2.7, Magnetisches Signal 4,3, Kontinuicxliches Signal
(Induktivitit, Feldstirke, Magnet- P kann sich zu jedem belicbigen
fuf usw.) Zeitpunkt dndemn

2.8. Elektrisches Signal 4.4, Diskontinuicrliches Signal
(Strom, Spannung, Loistung usw.) P kann sich nur zn bestimnmten

2.9. Optisches Signal Zeitpunkien findern
(Leuchtdichte, Brechungsindex,
Wellenliinge usw.}

2.10. Kemphysikalisches Signal
(Neutronendichte usw.)

2.11, Chemisches Signal
{pH-Wert, Gaskonzentration usw.)

Figure 46 The characteristic properties of a signal, table compiled by KRAUSE 1986
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Design procedures

1 will concentrate on the conceptual activ-
jties in mechatronics design with the central
problem being how to split the design con-
cept into mechanical, electronic and soft-
ware subsystems.

“The VDI/VDE Richtlinie 2422 suggests a
design process of five phases: problem defi-
nition, concept design, embodiment design,
detailed design and systems test, Figure 47,
VDI/VDE 198 and LEHMANN 1985. It builds
on the model suggested by HEINZL 1984
(Figure 39) as a fundamental functional
structure for microelecironic controlied
machines, and it recommends the following
steps for finalizing the design concept:

1 Functional structure:
ADescribe the operational procedure on
the user’s level
B Describe the system function on the
process level.
C Describe the control interface.

2 Choose the means for central control
(analog, digital, microcomputer)

3 Fstablish the subtasks and balance the
subconcepts for the mechanical subsystem
inci. industrial design, for the software,
and for the electronic circuit.

As soon as the concept has been establish-
ed, the procedure recommends to divide
activities into the traditional electromechan-
ical, electronics, and software design and
proceeds to describe detailed steps of the
embodiment and detailed design phases.

Comprehensive research on the activities
of the comceptual design phase has been
carried out in Finland. Based on the experi-
ence from a mmmber of development pro-
jects in Finnish industry, SALMINEN ET AL
1990-A recommend methods to be used along
with their mechatronics design procedure:
VDI 2222, Quality Function Deployment
(QFD), Structured Analysis and Structured
Design (SA/SD), Fault Tree Analysis etc.

Of interest here is that Salminen distin-
guishes between a functional and a beha-
vioral description of the mechatronic con-
cept, as in Figare 48.

’ r Aufgabenstellung J Aufgabe
I
. Gerfitekonzept J Konzept
1 l |
glekiromech. Software Schaltung -
E':\I;n\::'r?l Eatwurt Entwurt Entwurf
] 1 1
elektromech, +Sottware Schaltung \ '
?ﬁrﬁium susarbeitong 1 | Ausarbeitung Ausarbeitung
] : ] |
I Erprobung Gergit J Erprobung
‘ !
Fertigungsfreigabe

Serienhetreuung

Figure 47 Coarse phase plan for designing
machine systems with microelectronic control,
VDI/VDE 1985

i

FUNCTION DESCRIPTION:
SONTEXT DIAGRAM (SA-METHOO)
“EVENT LISTS
- FUNCTION STRUCTURE MODEL (VDU 2222
K
é_
28 | FUKCTION MODELS
o]
g-’raﬁ 1
E?féf BEHAVIGURAL n?::ﬂmnou:
B3 | D
cé_‘}_ég MIMISPECS }
ap
233 LOGICAL, STRUCTURAL MODEL AND
w DYNAMIC BEMAVIOURAL MODEL
[ OF THE SYSTEM
2509

CONCEPTS OF TOTAL SYSTEM 1

Figure 48 Conceptual activities in a Finnish
procedure for designing mechatronic systems,
SALMINEN ET AL 1990-A
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Figure 49 Splitting the conceptual design activity into material, energy, and information systems
design, SALMINEN & VERHO 1959

For the initial proposal for a design concept,
SALMINEN & VERHO 1989 suggest that tasks
should be split into three groups: The sket-
ching of the material, energy, and informa-
tion subsystems respectively, rather than
groups of mechanical, electrical and soft-
ware design, see Figure 49. In this way they
focus on the purpose of the systems, not so
much on their technological realization,
One other suggestion on design pro-
cedures for mechatronics should be men-
tioned here, though it is not too explicit
about how the spiit into mechanical, elec-
tronic and software subsystems should be
performed. YAMAZAKXY 1983 has published a
procedure for the design of micro-computer

52

control systems for machine tools, part of it
is illustrated in Figure 50. The method in-
cludes detailed flow chart work sequences
for the specification, hardware development,
software development, and debugging pha-
ses. Yamazali prescribes 6 types of design
specification to be completed, and he advi-
ses the use of standardized working docu-
ments (like data sheets, I/ O port maps, mo-
dule strusture charts) to improve communi-
cation between team members and minimize
double work and errors. Yamazaki has inte-
grated elements from the software methods
*Structured Analysis and Design Technique’
(SADT) and "Hierarchy plus Input-Process-
Output” (HIPO) in his design procedure.

iy’
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Figure 50  The conceptual activities of a
design procedure suggested by YAMAZAKT 1983

Of further interest for the conceptual design
of mechatronics are procedures for. estab-
lishing the man/machine interface.

BOSMAN 1978 presents such a procedure,
based on his concept of activity structure of
the mechatromic system, as discussed on
page 49. He describes how the allocation of
activities between operator and machine
determines the sensory architecture and the
functional architecture, see Figure 51. The
activity sttucture of Bosman bears a strong
resemblance to the behavioral description of
SALMINEN ET AL 1990-A.

Also for the design of user interfaces,
HEINZL 1984 and CORDES 1986 recommend
the following steps:

1 Estimate the flow of information in both
directions.
2 Choose control elements and displays.

3 Describe briefly the main steps of the
operation procedure and the main alter-
native cheices.

4 Model roughly in a state diagram.

5 Complete a state-transition matrix,

6 Describe the operational dialogue in
detail.

Here one will recognize a similar distinction
between sensory architecture (control el-
ements and displays) and functional archi-
tecture (operational procedures).

AR A

Design principles for mechatronics

Design principles are tied to the present
state of technological progress. So for in-
stance a principle which was popular in the
1950s: "Do not apply electronics for fune-
tions which can be realized with mechanics"
is hardly applicable at present. In fact, the
opposite statement is more likely to be true
today.

-. Very systematic work on design principles
has been carried out by SCHILLING 1984 for
mechanical design, see Figare 52.

The design principles dedicated to mecha-
tromi¢s found in the literature mostly reflect
experience derived from design projects. A
few examples follow. ITAO 1986 (design of
data storage systems):

m Minimize the role of mechanisms by using
electronics and software.

® Make the mechanism simple, ie., de-
crease the number of moving parts and
minimize fricion.

a When high performance is wanted, make
specialized designs instead of general

purpose modules.
VORBACH 1982 (teletypewriter design):

m Move the electro-mechanical transducers
as close as possible to the mechanical
functions, in order to minimize the acce-
lerating masses and thus decrease noise
and wear.

Funchons.
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Figure 51 Design procedure for man/machine
systems desigrn, BOSMAN 1978
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TAKEUCHI 1985. (machine tool

design}:

® Divide functions into modules
to increase flexibility and the
degrees of freedom during de-

sign.

From interviews with designers in

industry:

m Accept any complication inm
software, if the electro-mecha-
nical design becomes simpler.

m Digitize input signals as early
as possible.
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Figure 52 Summary of design principles for precision
mechanical design, SCHILLING 1984

B e LS

5 METHODOLOGY FOR MECHANICS,
ELECTRONICS & SOFTWARE DESIGN

The purpose of this chapter is to describe
the characteristics of mechanical, electronics
and software design and to highlight impor-
tant aspects for the design of mixed systems.
T will not attempt any complete review of
original publications on design in these
fields, since literature is far too extensive
for that. This chapter is mostly based on
contributions which summarize the state of
the art, to achieve an overview of design
characteristics, basic theories and methods.
Broadly speaking, the developments in
each field may be summed up as follows:

Machine design was established as a science
in the 1960’s with two main approaches: a
functional one in West Germany/DDR and
a procedural one in Britain and the US. The
main motivation was that systematics could
help in obtaining the best solution out of
many alternatives, and that a methodical
approach conld increase efficiency and con-
trollability in the design process. Machine
design methodology has not been well ac-
cepted in industry, though the recent quest
for increased development speed and pro-
duct quality scems to add to the interest.

For this research, it is mainly the func-
tional approach which is of interest, because
the synthesis activity must be based on
knowledge of the technical system to be
designed, whereas procedural aspects can
largely be explained on the problem solving
and product development levels.

AT 1

Electronics design is dominated by theories
of circuit analysis and logic design, but de-
sign methodology in the conceptual sense is
very rare. The electronics field seems to
have concentrated on finding and optimising
the one solution which fulfills specifications,
rather than searching for several alternatives
to be evaluated systematically. The systems
engineering approach of decomposing comp-
lex tasks into subsystems with separate spe-
cifications and interface considerations is
well accepted in electronics industry.

There scems to be a growing awareness
that the detailed design phase in electronics
needs special design methods to cope with
the problems arising from. the physical real-
ization of circuits: Electrical disturbances
(EMC), heat dissipation etc. Such problems
cannot be dealt with by traditional circuit
design tools.

Software design has been forced to apply a
structured approach since the early 1970,
when the complexity of systems became to0
high for intuitive programming methods, and
the number of errors rose to an unaccept-
able level. Software engineering has become
a scientific discipline with research concen-
trating on procedural and specification tools.

The need for structured design methods
is well recognized in industry, and also here
does the quality consciousness increase the
demand for better transparency and docu-
mentation in the design process.
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5.1 Machine design

The purpose of a machine system is to faci-
litate a technical process, ie. to effectnate
the transformation of 2 process object from
a given to a desired state. An engine for
instance turns petrol into rotary energy and
a lathe (with the help of the operator) trans-
forms raw material into a machine part.

HUBKA 1973 in his Theory of Technical
Systems strains 1o prove that the machine is
not in itself a technical process, it exerts the
effects ( Arbeitswirkumgen”), which are neces-
sary to make the process happen. For most
technical processes, the effects are created
by the machine system in collaboration with
a human operator, see Figure 53,

EinganagrSfe (Information)
. o ° Frerkie
Edmwirkung Anagangsgrine =
des Menachen Eiowirkang des MS

Odi'—h-

Technischer Prozes Odz -

Figure 53 The technmical process and the
necessary effects realized by machine system
(MS) and operator (Me), HUBKA 1973

The process objects, which are transformed
by machine systems, can be classified as
either material, enetgy or information. This
is fundamental to the German schools of
design theory, since it allows us to regard
the machine as 2 system of processes (trans-
formation functions) interacting through the
flow of material, energy and information,
Figure 54. In ANDREASEN 1980's Theory of
Domains, this is the process domain.

The effects created by the machine can
be understood as purpose functions, or more
precisely, ANDREASEN 1950:

Definition
A (purpose) function is the ability of a
machine to create an expedient effeet

In the functional domain the machine is
regarded as a structure of purpose-functions
with causal or logical relations. An example
of a functional structure diagram for a tea
brewing apparatus is shown in Figure 55.
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Figure 54 The machine system regarded as a
structure of transformations: A mechanical
test bench, PAHY. & BEITZ 1977

According to ANDREASEN 1980, the link
between process and function is the choice
of technology, where the term technology is
defined in a narrow sense:

“Technology must be nderstood as the kind and se-
quence of the subprocesses of a process and the inter-
action in spacc and time between the process object
and the cffcets, which ereate the transformations.”

This means that the designer has to decide
on a general technology, before he can
transform a process structure into a strie-
ture of purpose functions.

The coneept of purpose functions is not
widely accepted in desige theory literature,
but it is important, because it explains a
step in between the description of transfor-
mations and the actnal realization of func-
tions through physical principles in the ma-
chine (organs). Also, the term comes close
to the designer’s practical understanding of
machine functions, for instance the function
of a ball bearing and of a static structure is
much easier explained in terms of effects
than transformations.

o neat

4 Encrag lelcwrionl)

Figure 55 The machine system regarded as a
structure of (purpose)} functions: A tea brew-
ing machine, Words in capitals denote activ-
ities, HUBKA ET AL 1988

Theory of properties

The benefit obtained by using a machine is
measured by its properties, i.e. how fast, how
heavy, how expensive, how durable, how
beautiful it is etc. The main function can be
regarded as the most important property of
the machine system.

The machine is characterized by a wide
range of properties, and it is the value of all
its properties which determines the quality
of the machine. Any machine will for instan-

¢e have a size, an appearance and a life.

time, no matter whether they were chosen
consciously by the designer or not.

The product properties can be classified
in a number of ways, HUBKA 1973: according
to technology areas, their importance, quan-
tifiability and so on. It is advantageous to
classify ‘according to the five stages of the
product life-time cycle, TIALVE 1979-A: de-
sign, manufacturing, marketing, use, and
destruction.

One may understand design as a process

which establishes the values of all the pro-
perties of the product. The thing which
makes design such a complex activity, is that
each property has a different priority, and
that properties are greatly interdependent.
Therefore a small change of the design will
affect not only one, but a2 whole range of
properties.
The Theory of Basic Design Properties states,
that the designer can only manipulate a
small set of properties directly, and that all
other product properties stem from those,
HUBKA 1973, For machine design, the set of
basic design properties have been listed by
TJALVE 1979:

for the total product structure

(clements, relations)
for each part Jorm

i ions

material

Surface quality
HUBKA 1973 has also suggested iolerances
and manufacturing method as basic prop-
erties, but since they can be covered by
dimensions and material respectively, they
have been omitted here.

L

- Vertical causality

The decomposition of & particular function
into subfunctions is only possible, when a
means has been chosen to realize the func-
tion. This is the essence of The Law of
Vertical Causality as formulated by HUBKA
1976 and ANDREASEN 1980. Here means is a
general designation for the solution to 2
problem, ie. a technical principle or an
organ, which can realize the required func-

“tion.

There is causality in the sense that once

- a function is formulated, then it is possible

to designate a number of alternative means,
which may all carry out the desired function.
Every means will however need the realiza-
tion of a set of subfunctions on a lower
level

The Law of Vertical Causality is best
fllustrated in the function/means tree, TIAL-
VE 1979-A. This is a hierarchical structure of
alternating levels of required functions and
of alternative means to realize the fanctions.
In Figure 56 a function/means tree for a tea
brewing apparatus is reproduced.

Please note how the symbolics in the
figure underline alternative sets of means
(either... or...) and obligatory sets of func-
tions (both.... and...) on alternating levels.

This Law of Vertical Causality, as ex-
pressed in the function/means tree is an
important tool for the functional synthesis
of products, and it seems to have general
validity for all technical systems, including
mechatronics.
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Figure 56 A function/mesns tree for an automatic teamaker: The normal tea process requires
the realization of four purpose functions, TIALVE I975-A

Complex of secondary functions

This - principle proposed by HUBKA 1973
states that any function will need the simul-
taneous realization of secondary functions of
the types:

power (or propulsion) function
control function.

assisting (or auxiliary) function
support (or structural) function

For instance the halogen lamp of an over-
head projector can only fulfill its function
when sufficient electricity is available (power
function), if power can be switched on and
off {contro] function), i there is cooling
(auxiliary fanction), and if the lamp is fixed
in a)smtable electrical socket (support func-
tion

The principle states that in general, some
(but not pecessarily all) of the secondary
functions of the complex will be required for
any function of a machine system.
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When this principle is combined with the
Law of Vertical Causality described in the
previous paragraph, then we will see that it
is the means (principle) realizing the fume-
tion, which determines what types of secon-
dary functions are needed on the next level,
see Figure 57.
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Figure 57 The choice of means determines
the complex of secondary ﬁmctwns on lower
level, ANDREASEN 1980
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Logical functions

In machines, it is often necessaty 10 assure
that functions are performed in the proper
sequence and with appropriate timing, This
task requires the realization of logical func-
tions, Le. functions which basically deal with
the semantic value of information in order
to derive decisions.

A logical function is a discrete type of
control function, so for instance the purpose
of the speed controller of a steam engine
should not be termed logical function, since
it is to exert contimous control.

There is no tradition of the explicit handl-
ing of such logical functions in machine
design, so literature on the topic is rare. 1
will treat logical functions in detail, because
this is an important aspect of mechatronics
design. ROTH 1982:

"Mechanisch-Jogischen Techniken wird viclerorts im
Zeichen der rapiden Verbreitung von Mikroprozesso-
ren weniger Bedeutung zugemessen. Das ist berechtigt,
insbesondere fiir Prozesse der Nachrichienverarbei-
tung; es ist jedoch nicht gerechtfertigt

- fir zahlreiche Fille der Nachrichtenein- uod -aus-

gabe,

- fiir sehr cinfache Verkniipfungen, bei dencn der
Ubergang von der Mecharik zor Elektronik min-
destens den gleichen Aufwand wie eine mechani-
sche Logik erfordert,

- bei besonderen Sicherheitsanforderungen (z.B.
mechanisches Sperren micht erlaubter Lagekombi-
nationen)."

(With the rapid spread of microprocessors, mechani-

cal-logical technigues are mostly given little considera-

tion. This is rcasonable in particular for processes of
information transformation, but it is not justified

- for many cases of information input and output,

- for very simple connections, where the change from
mechanics to electronics requires at Jeast the same
effort as mechanical logic,

- for cases with exceptional safety requirements (e.g.
mechanical blocking of son-permitted combinations
of movements).)

ROTH 1982 bas demonstrated that mechan-

isms with logical functions can be system-

atized in design catalogues. Examples of me-
chanisms which realize the elementary logical
functions of storing, conducting, transfor-
ming, transducing, and connecting informa-
tion (Speichern, Leiten, Umformen, Wan-

deln, Verkniipfen), are shown in Figure 58.

In Roth's opinion, logical functions are

transformations of information. He distin-

guishes mechanisms with combinatorial logic
(AND, OR, NOT) and mechanisms with sequ-
ential logic (flipflops with -1-bit memory).

RODENACKER & CLAUSEN 1973 suggest the
formulation of logical relations between furc-
tions (logische Wirkzusammenhinge”) as an
important precondition for the decision on
the techmical/physical realization of func-
tions. For example the tasks of turning on
and operating a machine will include logical
activities from the operator.

Logische
funktion
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Figure 58 Mechanisms which realize logical
functions on information, ROTH 1958
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Such logical relations can be clarified by
asking questions of "if.. then...”, for instance:
"If somebody enters the elevator and if a
button is pushed, then the doors of the ele-
vator will close”. An example of logical rela-
tions is illustrated in Figure 59.

“If.. then..” sentences relate to characteri-
stics of the functions: position, route, dur-
ation, condition, number (Ort, Weg, Zeit,
Bedingung, Zahl), according to RODENACK-
ER & CLAUSEN 1973.

RIESCHEBERG & WOITASCH 1976 have
completed an analysis of information trans-
forming logical mechanisms with the purpo-
se of improving design procedures for such
devices. They report the main conclusions as
follows:
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Figure 59 A drilling system consisting of five
paris A-E, which all have two possible states.
Logical relations are symbolized by arrows,
RODENACKER & CLAUSEN 1973 ’
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"1 In informationsmechanischer Konstruktionen sind
alle Grundfunktionen einschlieBlich deren Kombi-
nationen, wie Leiten und Verkniipfen, Wandeln und
Speichern, zu beobachten.

2 Die informationsmechanische Grundfunktion "Ver-
kniipfen' crweist sich von der Signalart abhiingig,
d.h. cine durchgingige Zuordnung zwischen Funk-
tion und FunktionsgxdBen gieht es m der Informa-
tionsmechanik nicht.

3 Diskretc mechanische Signale AuBern sich als wech-
seibafte Bewegungsschritte von Kérperflichen in
einem allgemem krummlinigen Koordinatenraster.

4 Informationsparameter ciner diskreten Signalbewe-
gung kann deren Schrittweite, Schrittrichtusy,
Schrittzeit oder Schrittort sein. Scin Wertevorrat ist
iallg. unbestimmt,”

{1 All the clementary logical functions of conducting,
connecting, transforming, and storing, together with
combinations of these, can be observed i infor-
mation transforming mechanisms.

2 The elementary function of 'connecting’ proves to
be dependent on the type of signal, Le. there is no
consistent attachment of functional parameters to
the functions of the information transforming
mechanism,

3 Diserete mechanical signals appear in the form of
steps of movement of object surfaces in a usually
curved plane of coordinates.

4 The information parameter of a discrete signal
movement is either step distance, step direction,
step duration or step position. Its number of avail-
able values is generally undetermined.)

Figure 60 The logical mechmum of a line
shifter device. The possible steps of movement
are illustrated in the graphical model below,
RIESCHEBERG & WOITASCH 1976

The last statement proves that an applica-
tion of logical symbols from digital elec-
tronics is not appropriate for describing jogi-
cal mechanisms, because such symbols are
dedicated to systems with a single informa-
tion parameter (i.e. electrical potential). The
authors voice the need for graphical models
of logical functions in mechanisms and sug-
gest the application of a *Schaltliniendar-
stellung’ as in Figure 60.

The organic siructure

The units which realize the required effects
in a machine are denoted organs (HUBKA
1984 and ANDREASEN 1580} or function car-
riers (Funktionstriger’ - PAHL & BEITZ 1977,
ROTH 1982),

Organs are units in a material-geometric
sense, which independently perform one or
more functions, just like the organs of the
human body. They are for instance a bear-
ing, a gear, a hydraulic ¢ylinder, 2 mecha-
nism or a clutch. The term organ is conveni-
ent, because for a functional purpose the
designer can handle such types of solution
without considering the detailed assembly
structure of machine parts and their interac-
tions.

The organic structure realizes the total
function of the machine. As proposed by
TIALVE 1979-A, we can distingnish between
two types of organic structures according to
the kind of relations between organs.
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Figure 61 Basic organic structures of an auto-
matic tea maker. Organs are illustrated by
simple machine symbols, TIALVE 1979-4

The basic structure (prinzipielle Struktur’)
is a structure of organs and their functional
relations (Kopplungen’), i.e. relations, which
transfer material, energy or information, see
Figure 61. This structure is mainly used to
express the functional principle of the ma-
chine.

In the quantified structure, the relations
between organs are of geometric-spatial
kind (" Anordnungen’), Figare 62. This strac-
ture expresses the relative, spatial arrange-
ment of the organs, and it gives an idea of
the total form of the machine.

Tt is easy to see from the two figures that
the use of simple symbols for the organs
makes it very easy to alter the functional
order of organs and the spatial arrangement.
TIALVE 197%-A has suggested a number of
variation methods for creating alternative
solutions based on the organic structures.

For machine design it can be concluded that
a theoretical basis exists for describing the
funetions of the machine from both transfor-
mation and effects viewpoints. Likewise the
physical realization of the machine can be
described in an organic sense emphasizing
functional and spatial arrangements.

Fundamental theorems link together the
different systems viewpoints or domains:
The principles of Vertical Causality and the
Complex of Secondary Functions. Knowl-
edge of logical functions however, is not
sufficiently incorporated in machine design
theory.

-{A.' \ Cj) 18, _;
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Figure 62 Quantified organic structures of an
automatic tea maker. Geometric relations can
be recognized, TIALVE 1979-A
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5.2 Electronics design

The purpose of an electronic system is to
transform information in the form of electri-
cal signals: voltages and currents.

The electrical signal is characterized by the
information parameter (e.g. amplimde, fre-
quency, phase) and by the form of the signal
{e.g. analog, digital), refer to Figure 46. Ac-
cording to KRAUSE 198 it is possible to
formulate an information efficiency ("Infor-

‘mationswirkungsgrad’) by analogy with the

energy efficiency of engines:

*_.maximale Erhaltung brw. minimale Verfalschung
der Information, dh. Einhaltung einer vorgegebenen
Informationverarbeitongsfunktion durch  misimale
Fneare und nichtlineare Verzerrungen der Information
und keinen Ausfall von Teilen baw. der gesamten
Information.”

respectively the maximum retcntlon and the mini-
l(num falsification of Information, i.c. the fulfilling of
the specified information transformation function with
minimal lincar and non linear distortion of the infor-
mation and without omission of part or all of the
information.)

The information efficiency is the most im-
portant property for evaluating systems like
measuring instruments and equipment for
speech, image and data processing.

The kinds of signals to be transformed by
the electronic system are defined by its
environment that is, by inferface components
such as sensors, actuators, control elements
and displays, and by the communication with
neighboring systems. This perception was
illustrated in Figure 39.
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Figure 63 General structure of a mixed ana-
log/digital signal processing electronic system,
ROHRS 1980
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The electronic system can be regarded as 2
functional structure of information trans-
formations or - since information in elec-
tronics exists only in the form of electrical
signals - as a structure of signal processes.

No theory to support the decomposition
of the total function into a process structure
is found explicitly formulated in the litera-
ture. Some types of subfunctions will gen-
erally be found in all electronic systems:
power function, user interface, communica-
tions interface, driver function for actuators
etc. ROHRS 1980 has suggested a general
model of the structure of a signal processing
electronic system, shown in Figure 63.

If it has been decided to apply a micro-
processor in a design, then the kinds of
secondary functions required {memory func-
tions, clock-generator ete) and their stre-
ture will also be specified, see Figure 33 and
Figure 43.

Electronics design can be divided into
three comparatively independent design
activities: component design, circuit design
and electronics packaging design. I will
proceed to consider each activity separately.

Electronic compouent design

To design standard components for elec-
tronic systems is a process not unlike ma-
chine design.

For simple corponents like capacitors,
resistors, potentiometers and transformers,
the Theory of Basic Design Properties is
applicable. A component is fully defined by
a (mechanical) structure of single parts,
each specified by its form, dimensions, ma-
terial and surface quality, see Figure 65.
Naturally the electrical and magnetic prop-
erties are essential for the choice of ma-
terials,

The relations between parts are functional
{conducting electric current) and geometric-
spatial {ensuring mechanical stability).

For components like semiconductors and
ICs, which perform complex functions, the
Theory of Basic Design Properties does not
sufficiently explain the manipulable design
properties. The central element in an IC
component, the semiconductor chip, has in
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Figure 64 Circuit design and electronics pack-
aging desigre: 2- and 3-dimensional thinking

itself a complex material structure Carchitec-
ture’) of infused areas and conductor net-
works. With the number of single transistors
running above 1.000.000 for VLSI compo-
nents, design can only be accomplished
using a hierarchical, systems-oriented ap-
proach aided by computer design systems,
RUCHARDT 1985 and DARBY & ORTON 1986.

Electronic components are primarily de-
signed by specialized companies and they
are to a very high degree standardized in
component values and tolerances, functional
specifications, mechanical packaging (e.g
DIL-packages, SMT-packages), temperature
range ete.

Only in exceptional cases will the mecha-
tronics designer need to design electronic
components himself:

m ‘When applying thick-film technology, the
Tesistors, capacitors and inductors are
produced directly in a printing technique.

= For production of custom specific chips
(ASIC technology), IC semiconductor
design is required.

a For sensor and actuator designs, special
components may be required.
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Figure 65 The structure of electronic compo-
nents: electrical and mechanical functions
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Circuit design

In electronics it is possible to design the
function of a circuit almost independently
of its physical realization, BECKER & NEU-
MANN 1583. The result has been a separation
of the design activity into circdt desigr and
packaging design, Figure 64. Some com-
panies, especially in the USA, even prefer to
separate the two activities in the organiza-
tion, so that specially trained packaging
engineers take over from the circuit design-
ers and design the packaging systen.

An electronic circuit i$ basically a 2-di-
mensional structure of functional elements
connected by conducting relations. The el-
ements correspond to discrete  (single
function) or integrated (complex or multiple
function) standard components.

Circuits are seldom designed from scratch.
Electronic engineers seem to share a large
fund of knowledge on solution concepts for
typical functions: amplifiers, oscillators, fil-
ters, A/D converters, microprocessor circuits
etc. Such solution concepts are well-docu-
mented in teaching material, handbooks,
technical journals and application notes of
component manufactures.

The design of digital logic circuits differs
from analogue circuit design, in that it is
actually possible to derive the structure of
logical gates (NAND, NOR etc) from a
mathematical descripion of the required
function, VDI/VDE 1985

Circuit design can be compared to the
scheming of process plants and hydraulic
systems: creating a new structure from exist-
ing elements. The most frequent recommen-
dation in design literature is therefore to
subdivide the task systematically into sub-
problems in a top-down manner, until the
modules correspond to known solution types
or 1o integrated components, SMITH 1983,
COOKE 1984, HEATH 1986,

Electronic circuit design is mostly based
on analysis and dimensioning methods. Once
a diagram structure is suggested, then the
performance can be calculated and often
sirnulated in detail. The general approach is
thus to suggest one solution proposal quickly
for circuit analysis, and to modify that solu-
tion until specifications can be met, HEATH
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1986, Methods for imitially sugpesting alterna-
tive concepts are not presented in Literatare,
There are a few factors which prevent the
function of an electronic circuit from being
completely independent from the physical
realization (packaging) of the «rcuit dia-
gram, for instance:
m The geometry of conductors limits power
transfer and switching rates.

m Heat dissipation in a circuit depends to-
tally on the mechanical structure.

m Electrical shielding is critical for proper
microprocessor operation (EMC).

® Small dimensions canse feed-back and
cross-talk between signal carriers.

= Manufacturing tolerances can add up to
deviations from the stipulated function.

It should be mnoted that most of these as-
pects can be related fo the energy content
of signals, which is commonly ignored in
¢lectronic engineering education. They are
problems in the imterface between circuit
designers on one side and packaging and
mechanical designers on the other.

Figure 66 Electrorics packaging design re-
quires choice of component type and circuit
technology (compiled by the author)
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Electronics packaging design

The packaging of an electronic circuit is the
manufacturable realization of the oircuit
diagram. It is a spatial structure of standard
components and a specially designed 'con-
necting medinm’ like printed circuit boards
(PCBs), thick film substrates or conventional
wiring. The connecting medinm contains all
the interconnections between components
(the functional relations) and will often
mechanically fix the components in the
spatial structure as well.

Typical parameters of electronics packag-
ing design include the following, MATISOFF
1982:

s Mechanical design: Structure, shock and
vibration control, manufacturability, re-
pairability.

w Heat transfer design: internal and exter-
nal heat transfer.

m Electrical design: ¢ircuit lay-out, intercon-
nections, interference reduction.

w Industrial design: styling, human factors.

HARPER 1967 has described the design of
electronics packaging in terms of two major
decisions: a choice of packaging fechnology
{component types and ’general packaging
methods”) and a chaice of circuit grouping
(functional and manufacturable modules).

The choice of packaging technology The
number of available technologies is limited,
at least when compared with mechanical
manufacturing technologies. The choice of
technology includes two aspects: A choice of
component type and of the technology of
the connecting media, see Figure 66. Com-
ponent types (leaded or leadless ete.) are
critical for the function of the circuit, and
HARPER recommends the use of a checklist
to ensure that all necessary information for
making the choice is transferred from the
circuit designer. The choice of circuit tech-
nology is based om the properties listed
above rather than on functional aspects.
Choices of component type and circuit
technology are naturally interrelated, as in-
dicated in Figure 66, and in general soluti-
ons are of hybrid type, i.e. 2 combination of
several technologies. A study of Japanese
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¢electronic products has indicated that Far
Eastern companies are much more bold in
choosing compound packaging than their
European counterparts, whose engineers go
for the beauty of a pure-bred, but often
more expensive solution, JYSRGENSEN 1986.

The choice of circuit grouping The modula-
risation of electronic cireuits is very import-
ant for a range of activities: manufacturing,
test, quality control, installation, repair,
troubleshooting ete. On the other hand
modularisation introduces less reliable,
separable connections and higher manufac-
turing costs.

HARPER 1967 recommends a conscious
choice of plug-in level and throwaway level
for the design. The first refers to the levels
of subassemblies which can be replaced
without soldering. The second is the highest
level of subunits which will not be repaired
if service is needed. Figure 67 illustrates the
two terms.

Electronics packaging design is similar to
the detailed design phase of machine design.
Both require spatial thinking and attention
to manufacturing properties. In packaging
design however, the uniqueness of a solution
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Figure 67 The ‘plug-in level’ and “throwaway
level’ as parameters in circuit grouping (com-
piled by the author)
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is caused by a clever combination of known
techniques. In machine design, solutions
often contain previously unseen principles.

Some activities during the packaging
design process are trivial and are for the
most part already computerized, BALINT &
HASLINGER 1980, The sophisticated lay-out of
printed circuit boards or thick film sub-
strates for instance, is hardly possible with-
out computer aids.

Analogies of electro-mechanical systems

The well-developed set of theories for the
behaviour of electronic cireuits can be ap-
plied for the analysis of mechanical systems
by establishing dyramical analogies, RASMUS-
SEN 1970. This is based on the fact that me-
¢hanical systems can be considered a net-
work of components, which in a dynamical
sense have functions analogous to the capa-
citor, inductor, and resistor ete. of an elec-
tronic circuit, see Figure 68,

An analogous network is a model which
is established in a physical system different
from the one to be examined. It is an analy-
tical tool, which allows the establishment of:

m A mathematical model for calenlating the
dynamical functions of a system.

B A functional model using electronic stan-
dard components for measuring functions
and response of the system.

®m A computer model for simulating the
dynamic functions of the system.

The technique is not limited to mechanical
systems, but applies to acoustic, hydraulic,
pneumatic, magnetic, biological and thermal
systems as well. It is useful for the design of
such systems, since the dynamic function can
be optimised in 2 'cheap” medium by cal-
culation or electronic measurements, before
the actual system is built.

From a mechatronics viewpoint, dynamic
analogies are interesting for technology
assignment in the class of designs in which
dynamic properties are of great importance,
By establishing an analogous network, it is
possible to express the function of a mixed
electromechanical system in one uniform
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Figure 68 A film transportation mechanism
and its analogous network, symbolizing the
dynamic behaviour, RASMUSSEN 1970

language: The diagram symbols of elecironic
cireuits, see Figure 69. It is possible for the
designer to change the component values
and add or remove components with the
same effort, irrespective of the technological
realization.

The technique of dynamic analogies is
mainly useful for electrical engineers, who
have learned the theories of electronic cir-
cuits, and who can imagine circuit modifica-
tions for improving the system.

To conclude this discussion of electromic
systems design: The functional design and
the physical realization (ie. the basic and
quantitative structure of organs) can be
determined much more independently than
in machine design.

Theory exists for describing the electronic
functions in the sense of transformations,
and for modelling the organic structure in
diagram symbols, but theory for synthesis is
very scarce. To some extent, machine design
theory is applicable to electronic component
design and to electronics packaging.
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53 Software design

A computer program is a sequence of coded
instructions for the processing unit of an
electronic computer, specifying how to per-
form information transformations. It exists
in an electronic memory medium either in a
form which can be directly executed by the
processor {(machine code), or in the form of
a higher level programming language, which
can be automatically compiled to machine
code by 2 standard program.

The term software is mostly used to cover
more than just the computer program, BER-
SOFF 1984;

*Software 1s mformation that is:

- structured with logical and functional propertics,

- created and maintained in various form and repre-
sentations during the Hife cycle;

- tailored for machine processing in its fully devel-
oped state.

So by our definition, software s not simply a set of

computer programs, but includes the documentation

required to define, develop, and maintain these pro-

grams”
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Figure 69 The analogous network for an
electrodynamic microphone. Acoustics, me-
chanics and electrics expressed in a single
model, RASMUSSEN 1970

Computer programs are immaterial. The
magnetic disc and the IC memory are not
programs in themselves, they are merely
carriers of coded information. The program
listing on paper does not have a function in
itself, it is only a model of the program.

This is probably the reason why the term
software has come to take on a wider mea-
ning than just the computer program. To
modify, test or transfer the program to a
different hardware system is simply not pos-
sible, unless its structure and functions are
thoroughly documented.

Software in itself is not capable of trans-
forming information. The main purpose of
software is to prescribe the types of trans-
formations to be executed by the computer,
and to control the sequence and timing of
their execution.

The types of transformation are limited to
a basic set of operations determined by the
computer hardware (basic arithmetic and
logic operations, data storage and retrieval),
The processing units and the hardware ar-
chitecture may be designed explicitly for
special applications, for instance fast data
handling for data management Systems or
fast multiplication for FFT signal processors.

Also the sequence of operations is limited
1o certain standardized patterns representing
the possible logical conditions for execution
(if. then.; do.. while... etc.). Seven such
elementary patterns are shown in Figure 70.

Those seven patterns are not dictated by
electronic hardware, but based on conven-
tions laid down in the structured programm-
ing strategy, which evolved following a *soft-
ware crisis’ in the late 60’s. The strategy
suggested a number of principles for soft-
ware design to improve testability and main-
tainability, and to reduce the sky-rocketing
faiture rates. The main principles (DIKSTRA
1969) were to:

=m Subdivide the program into small, testable
modules,

m Design modules with only one entry and
one exit.

m Avoid the use of goto-instructions.

w Permit a limited set of elementary logical
sequence patterns only,
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Data flow and sequence of 'operations

There are two concepts for describing the
program function in software design, and
each is supported by different design models
or methods. One emphasizes the flow and
transformation of data, the other emphasizes
the sequential structure of operations,

In the first concept, software is regarded
as a system of transformation functions rela-
ted by the flow of data (information) to be
transformed. The methods, which support
this concept include the Structured Analysis
and Design Technique (SADT), ROSS$ 1985,
and Structured Analysis (SA) by Yourdon
Inc, WARD & MELLOR 1985, see Figure 71
and compare with Figure 28. This percep-
tien of software comes very close to the
transformation functional models of machi-
nes, as pointed out by BRUNTHALER 1935.

The transformation system has a dual
represeéntation, in which the data forms
(stages) are regarded as system elements
and the transformations are relations be-
tween elements. This representation is ad-
vantageous for the design of large data
administration systems, but ROSS 1985 states
that the application of both the data and
function oriented models gives the most
complete understanding of the system.
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Figure 70 Seven elementary logical program
sequences in flow-chart-symbols, HERING 1984
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In the second concept, software is deseribed .

as a sequence of functions to be executed by
the computer in a prescribed order. The

functions are operations on data (transfor-
mations and data storage/retrieval) or
operations which control the sequence of
execution. This perception of software is
derived from the program listing and the
computer'’s way of executing instructions.
Typical models are program flow charts and

the structograms of Nassi/Schneiderman,

e.g. SNEED 1986,

Figure 71 Software regarded as a system of
transformetions and dma flow in the notation
of WARD & MELLOR 1985 (SA-method). Note
the control function

In both the flow and sequence oriented
concepts, the computer program can be
regarded as a hierarchical structure of mo-
dules and submodules. The methods which
support this understanding include Jackson
Structured Development (JSD, JSP) JACK-
SON 1983, the Structured Development (SD)
of Yourdon, WARD & MELLOR 1985, and the
Hierarchy plus Input Process Qutput method
(HIPO), e.g. HERING 1984,

Any theory to support the hierarchical de-
composition of the structure of transform-
ations or the sequence of functions is not
found in the literature.
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'Design properties of software

Many authors describe such properties as
user friendliness, efficiency and reliability as
important aspects of software quality, but in
fact the computer program itself cannot
possess such properties. They are 2 result of
the combination of software and electronic
bardware. So it does not make sense to
compare software design alternatives on the
basis of such qualities, unless the hardware
has aiready been determined, for instance a
standard personal computer with alphanum-
erical keyboard and CRT screen.

Mechatronic systems will usually be em-
bedded systems i.e. systems where the en-
vironment and the functions can be rather
precisely defined (this is not the case for a
PC). In an embedded system, both hardware
and software will often be unique, and pro-
grams cannot be transferred to different
systems without modifications.

Some authors attempt to formulate hard-
ware independent properties for computer
programs, for instance modidarity. When
software is divided into independem modu-
les, then testability, portability, ease of docn-
mentation ete. are improved. Yourdon’s SD
method recommends the evaluation of the
coupling between modules and the binding
within each module. A high degree of mo-
dularity is achieved by weak coupling and
strong binding, WARD & MELLOR 1985,

Formalism in design specification

Due to the immaterial nature of computer
programs, it is very difficult to specify com-
plex software systems. This has lead to the
development of formalized, mathematical
methods for the formulation of program
specifications. Such methods prevent the
ambiguities and contradictions found in spe-
cifications based on natural language. The
formalized methods require very abstract
thinking and extemsive education, and the
issue has split software scientists into two
different camps:

m The "formalists” who believe formalism to
be a necessary precondition for efficient
software development, MEYER 1985,

N ———— b e

8 The “anti-formalists’ who find formalism
harmful to design, because it makes the
specification incomprehensible 1o both
customers and designers, NAUR 1682,

Based on formal specification models, com-
puter scientists work to develop design met-
bods, like the Vienna Development Method
(VDM), LOVENGREEN 1980, which allows the
designer to prove that every development
step is in agreement with the original speci-
fication. The designer still has to suggest
and choose design alternatives at every step,
but the verification can be computerized.

Fast prototyping

Another topic of discussion In software
design circles is the application of early
functional modelling in the design process.
Fast prototyping offers the advantage of
early identification of high-risk issues and
provides a good basis for- discussing design
specifications with the users ("F'm not sure
what I want, but Ill know when I see it").

Fast prototyping has been described as a
method in opposition to the specification
driven design approach. BOEHM ET AL 1984
have undertaken a multiteam design experi-
ment to investigate the different charac-
teristics of both approaches. They found that
the prototyping approach vielded better
hrman-machine interface designs with less
effort than structured programming. Their
conclision was not unexpectedly that soft-
ware design is not a question of either-or.
Design specification activities and fast proto-
typing should complement each other to
achieve the best designs,

The major issue here is reafly the missing
visibility of computer programs. It requires
a high level of abstract thinking to under-
stand the function of software systems be-
fore they are actoally implemented. This
applies to program users, customers and
design managers alike, and often to the
designer himself too. Likewise it is difficult
for outsiders to see any progress within the
software design project until it is finished,
BRYAN & SIEGEL 1984 strongly recommended
‘making software visible’ through the use of
standardized documents and design reviews,
to motivate customers and management to
participate in the design process

Concurrent programming

In traditional computing systems, program
instructions are executed in sequence, one
by one. For some applications however -
real-time control of technical systems being
one -input does not arrive in sequence, and
several inputs might require simultaneous
action from the computer. This has forced
the development of parallel processing sy-
stems and also methods for programming
such systems, ANDREWS & SCHNEIDER 1981,
RAVN ET AL 1986.

Physically, paralle]l processes are realized
by multiple processing umits, which operate
in synchronization and share the same data
files. For some simple applications, semi-
parallel processing can be realized on micro-
processors with an interrupt facility, i.e. with
an organized way of breaking off a current
program sequence, {0 execute more urgent
instructions before tuming back.

Methods for concurrent programming are
becoming popular with companies designing
embedded, real-time control for mechatronic
systems,

It can be concluded that software design is
based on theories describing transformation
and sequence aspects of computer programs.
The fact that software does handle logical
relations, sequence and timing of functions,
makes it very difficult to relate its design
methods to machine design theory, which
does not.

To conclude this review of design methodo-
logy for mechanics, electronics and software,
there is a general tendency that the litera-
ture on design shows very little consensus on
theories and methods, and it is mostly based
on the personal design experiences of in-
dividual authors. There are no indications
that such an agreement will be achieved in
the near future.

The surge into CAD-systems development
seems to unveil the lack of design theory in
all three disciplines, -and. it motivates a
stream of new contributions to the design
theory field. Such contributions are however
often entrapped in computer programs and
not explicitly explained.
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6 A NEW THEORETICAL BASIS

In this chapter I will present a theoretical
foundation for the development of new
methods for the synthesis of mechatronic
systemns. It has been my intention to achieve
consistency in the theory by ensuring that
all those aspects which set mechatronics
apart from mechanical and electrical systems
are discussed and related to the design
activity.

In agreement with the findings in Section
3.3 and Appendix A, I will concentrate on
issues related to the functional interaction of
technologies in mechatronics. I will not deny
that a study of spatial integration in me-
chatronics (particularly in transducer design
and in electronics packaging in machines)
could also lead to efficient design methodo-
Jogy, but this goes beyond the scope of the
current research.

As in Chapter 4, the discussions here will
be structured in two parts: The aspects that
belong to a (rather) technology independent
functional description of mechatronics in
Section 6.1, and those aspects which deal
with the choice of technological principles
(technology allocation} in Section 6.2. In the
final section, the discussions will be sum-
marized in a set of axiomatic statements on
the nature of mechatromic systems. Those
principles which seem most important for
the design activity will be formulated in
seven theorems.

6.1 The functions of
a mechatronic system

The most important issues here are the
applicability of the purpose function concept
in mechatronics, the role of state transitions
in a functional framework, and the structure
of information processing in the mechatronic
system.

Transformation and puxrpose functions

A discussion of transformational versus pur-
pose functional description of mechatronic
systemns really comes down to discussing
whether the machine itself is transforming
the process object involved, or whether it is
merely providing the effects necessary to
facilitate the main transformation, which is
then somehow realised externally to the ma-
chine,

The concept of purpose functions was
derived from observing material transform-
ing machines, because there the distinction
between the two concepts of function is
evident. The effects created by the machine
can be described almost independently of
the transformation taking place.

One example is the fully automatic ECG
electrode manufacturing machine illustrated
in Figure 72. A basic layer of foam is cut, a
label is attached, then a rivet, a ring and a
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Figure 72 The manufacturing process of an ECG electrode, ANDREASEN & HEIN 1987, The
Ppuipose functions of the machine can be described independently of the transformation

foam block are added and 50 om, all in a
sequential pattern. The effects of the ma-
<hine corresponding to those processes are
to provide cutting effect and to generate a
circular pattern, to establish position and
provide attachment force for the label ete.

The relations shown in the figure between
purpose functions are of causal type: All
purpose functions are necessary to accom-
plish the required transformation.

For emergy transforming machines the
distinction between transformations and
purpose functions is not so evident. A mech-
anical gear, for instance, transforms rotary
energy from ome speed of revolution to
another, Here it becomes difficult to point
out the effects which the machine exerts to
facilitate the transformation,

Energy transforming processes are central
1o any mechatronic system, because informa-
tion is mostly tied to energy. Electronic cir-
cuits for instance realize energy transform-
ations (of electrical signals) only. The inter-
pretation of purpose functions in energy
transforming systems must therefore be
examined more closely.

To do this, reasoning based on the analy-
sis of well-known systems is necessary, ie.
one must ask which functions existing sy-
stems and components fulfill expressed in
terms of transformations and exerted effects.
From such reasoning, it may be possible to
generalize findings which are applicable also
to the synthesis of non-existing systems.
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ANDREASEN 1980 favours distinguishing
transformation functions (or processes) from
purpose functions by strictly verbal formula-
tion of verb/noun combinations.

Trapsformation functions are expressed in
passive constructions of the form:

{object (noun)} is {transformed (verb)}

For instance for a turntable: *record is rotar-
ed’, the state of the object 'record’ is chang-
ed frem non-rotating (input} to rotating
(output) in the process.

Purpose functions are expressed actively
to denote the purpose of the machine:

to {activate (verb)} {effect (noun)}

For instance for rotating the record in the
above example, the purpose function of the
turn table is "to create rotation’, since 'rota-
tion’ is the effect exerted by the machine.
The following table shows examples of com-
ponents and the associated transformation
and purpose functions:

Component | Transformation Purpose function

Motor clectric energy is | create rotation
transf. into rotat,

Gear rot.cpergy changes| ensure suitable

revolution/torque | speed of revolution

Electronic | signal is amplified | ensure sufficient
amplifier amplitude
Battery cnergy is stored | provide power
Diode AC signal is reject signals of
rectified neg,. polarization

Finished
electrode

It is evident from the list that the same
component may serve several different pur-
pose functions, depending on the system it
is part of. The purpose of the gear for in-
stance could also be 'to ensure sufficient
torque’ or ’to enmsure correct orientation of
movement’,

When observing the purpose function and
the transformaticn of individual components,
we seem to formulate functions on different
levels. The purpose relates to the effect,
which the component provides to a system
on a higher leve], but the transformation
relates to the object (material, emergy),
which is processed by the component itself,
The purpose of the motor for instance is "to
create rotation’ in order to facilitate a trans-
formation of some object in a system, where
in the motor is a component.

If we ask *How does the motor create
rotation?, then the answer is "By performing
the transformation of electric energy into
rotational energy’. This transformation pro-
cess is only one out of a number of alterna-
tive ways to *create rotation’. Another is "By
performing the transformation of potential
energy into rotational energy’ (& spring).

There is a cansal hierarchical relation
between purpose fanctions and transform-
ations. When asking for the effects necessary
for a transformation, we get purpose func-
tions, and when asking, how the effects can
be realized, we get transformation functions
on a secondary level.

Also typical electronic (energy transform-
ing) components can be described in pur-
pose function terms. Such a description is
not common for electrical engineers and will
certainly appear alien to them, but the pur-
pose function concept can help to clarify the
hierarchical pattern of functions and alterna-
tive subsolutions in electronics design.

Is a purpose functional description of
computer programs possible? In fact the
definition of purpose functions (page 56) ru-
les out this option. Software cannot in itself
exert any effect on a technical process - only
the combination of computer hardware and
software may do that. The functional desc-
ription of software is limited to the process
domain, i.e. data transformation and state
transition modelling,

R

State transitions
and transformation functions

It was established in Chapter 4 that a full
description of the functions of a mechatron-
ic system cannot be accomplished whea
using transformation functions only. The
mechatronic system works in different states
{at minimum an or- and an off-state), and
the function depends on the state of the
system. Transitions between states are con-
trolled by logical conditions (e.g. if switch is
turned on by the operator, then the machine
changes to its on-state).

There is general agreement in design
literature on the definition of transformation
functions:

Definition

The transformation fonction (or pro-
cess) of a mechatronic system is the
action which changes a process object
{material, energy or information) from
an input state to a desired output state.

There seem however 10 be two different
interpretations of the transformation con-
cept:

1 Transformations in which output has a
’continuouns’ quality, ie. depends only on
the state of input {e.g. conducting, am-
plifying, transducing).

2 Transformations in which output may take
on several different states for the same
input, depending on logical relations (e.g.
coupling, storing).

When mixing the two interpretations in the
same functional structure, the perception of
states of the mechatronic system gets blur-
red. This is what happens, for instance, if
one wants to read the fanction of an elec-
tronic circuit from the circuit diagram. For
every switch, relay, zener diode ete. oné has
to imagine two states and deduce the corre-
sponding changes in the pverall circuit fune-
tion.

I will argue here that transformation
functional descriptions of mechatronic sys-
tems must be limited to interpretation (1),
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ie. the continuous type of transformations.
This description mast then be supplemented
by a model explicitly describing the states of
the system and the transitions between
states, for instance a Petri-net.

A simple example may illustrate this
discussion, Figure 73. We want to design an
intelligent system for room lighting. The sy-
stem should only turn on the light, when
persons are present in the room, and the
lighting level should be adjusted according
to the ambient daylight.

The system has one switching funcnon and
thus two states. If the function of the system
is described in transformation terms only,
then the output object of one or more
blackboxes will exhibit those two states

-t
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Figure 73 The functions of an intelligent
lighting system. An example of the relations
between a fransformation functional model
and a state transition model
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Figure 74 The function of an electric switch.
A one- and q two-state system

(light - no light). Instead, a ’continuous’
transformation structure can be established
for cach state of the system, and the struc-
ture of states and transitions can be de-
scribed separately.

To distinguish between continuous and
multistate transformations is no easy task.
The function of a switch has two states, but
if the switch forms part of a pulsing relay,
the function becomes continuous, Figure 74.
It is rather a question of the scope of obser-
vation in a hierarchical structure of systems
and subsystems. Since the multistate func-
tien Is a direct cause of there being two
states in the system, a system having multi-
ple states may on a next higher level also be
regarded as a stable one-state sub-system.,

1 will therefore define:

Definiti.
A transformation function belonging to
the functional struchire of a mechatronic
system must be considered of multistate
type if it causes the system output to
change state momentarily due to an
external logical input.

If a multistate function is present in a trans-
formation functional structure, then it is
possible to replace this function by a state
transition structure plus a continuons trans-
formation structure for each state. During
the design of mechatronic systems, such an
operation allows us to single out the logical
functions of the systems.

State transitions
and purpose functions

Another aspeet that has to be clarified here
is the relationship between the state transi-
tion point of view and the concept of purpo-
se functions. A purpose function is the abili-
ty of the mechatronic system to create an
effect needed to realize a desired transform-
ation, and the snm of all necessary effects
constitute the purpose of the system.

I will regard the functional structure as a
table of contents of necessary effects (on the
hierarchical level observed). If the system
has multiple states, then a different subset
of purpose functions will be required in
each state. Figure 75 shows the purpose
functional structure of the previous example
of an intelligent lighting system. The two
states of the system require each a set of
purpose functions.

It should be noted that the function of
the on/off switch, which causes the transi-
tion between the two states, will appear only
as a secondary control ion on a lower
hierarchical level. It is dependent on the
physical realization of the functions ‘register
room condition” and ’create light'.

TURPOSE. FUNCTIONAL STRUCTURE.

ALTIVE PURROSE FUNCTIONS
O] ®
A

\

Figure 75 The purpose functional structure of
an intelligent lighting systern. Each state of the
system regquires a subset of ‘active’ purpose
Junctions

It is only possible to a certain extent to illus-
trate the logical relations between functions
by connecting lines, I believe that the main
adva.ntage of the purpose function structure
is the total view of necessary effects in the
system. Therefore it provides a good starting
pomt for a.llocmng technology, i.e. for sug--
gesting solutions in the organ domain.

A second example of a functional descrip-
tion of a mechatronic system is shown in
Figure 76, It is a telephone modelled in the
process domain (transformation structures
and state/transition diagram) and in the
functional domain (purpose functional struc-
ture). The telephone has four states, of
which one is idle.

The structure of information processes

The concept of information in mechatronics
needs a more careful treatment than found
in the mechatronics literature considered in
Chapter 4. A good starting point is FRANK-
SEN 1984’s discussion of the nature of data:
*In the sciences, measurements constitute the only link

between reality and theory, Henee, sinee data are facts,
they must originate in measurements”

In his search for a theory of data, Franksen
discusses two viewpoints: the operational,
which ascribes meaning to measurements in
accordance with the operations of measur-
ing, and the symbolic viewpoint, in which
measurement is the assignment of a numeral
scale-value to an observed property.

*The crucial property of a datum in contradistinction
to a measurement, s therefore that it captures this
information {of the identity of the object or event) in
addition to the numeral ascribed to the observable
property.’

Like BARNEY 1985 {page 41), one could sug-
gest that information is simply the same as
data, ie. that information is facts which
always originate in measurements. This is
clearly not the case, and it would contradict
the statements of KRAUSE 1986 and KAJITANI
1989 that information is produced by and for
man, Instead, I will consider data a subset
of information and likewise accept that the
message {‘Nachricht’} exchanged between
people is also 2 subset of information.
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Figure 76 The functions of a telephone
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To define information is hardly within the
scope of this research. The definitions found
in the literature (e.g. KLAUS 1968) mainly
originate in probability theory (information
is a measure of the uncertainty of the occur-
rence of an event) and information theory
(information is a selection of characters
transferred from a sender to a receiver).

The meaning adopted here is rather cy-
bernetic (information is an independent cat-
egory of transformation objects besides en-
ergy and material). Also of value here is the
control theory interpretation, which distin-
guishes between numeric information (meas-
ured or reference values) and control infor-
mation (instructions for necessary actions).
Control theory is - as opposed to informa-
tion theory - concerned with the semanties,
the 'meaning’ of the treated information.

A mechatronic system basically handles
two types of information:

1 Process information, which is transformed
by the system regardless of its semantic
value, and

2 Control information, which is applied by
the system for controlling its function (i.e.
which is *understood’ by the system).

At any one level it is comparatively easy to
distinguish between process and control
information, but when observing the system
at different hierarchical levels, confusion is
bound to arise.

An electronic feed-back loop in a robot,
for instance, clearly carries control informa-
tion, since the purpose of the arrangement
is to control the movements of the system.
When observing the feed-back sensor and
the signal conditioning circuits locally, howe-
ver, the type of information treated has
process character. As far as the sensor and
pre-amplifiers are concerned, the semantic
value of the processed information has no
influence on their functions.

I will claim that in general, process and
control information in a mechatronic system
appear alternately in a hierarchical struc-
ture: Control information needs processing
functions, and processing functions are likely
to be governed by control information on
the next lower level etc, see Figure 77.

62 Technology allocation -

For the activity of establishing the organic
structure of a mechatronic system, the most
powerful principles are the Law of Vertical
Causality and the Principle of the Secondary
Function Complex, both borrowed from the
field of machine systems theory (page 58).
The first paragraphs of this section will
verify the validity of those principles to
mechatronics, After that, the basis for allo-
cating technology will be examined closely.

Vertical causality in mechatronics

The Law of Vertical Causality states that
there is a caugal relationship between the
{purpose) functions of the system, and the
alternative means of realizing it. Once the
means for 4 function on one level is found,
it can be decomposed into subfunctions on
a lower hierarchical level, each of which in
turn requires its choice of means.

If the law applies to mechatronics, then
we must expect means of purely mechanical,
of purely electronical and of mixed prin-
ciples on the same level of alternatives.

This is indeed the case. When analysing
the principles utilized in mechatronic design,
one will find several levels of functions,
which could be realized in a very mechani-
cal way, in a very electrical way, or as an
integrated combination, Figure 78.

If the purpose function term of the vertical

" causal chain is interpreted more widely as a

problem statement rather than an effect in

- the machine, then mearns may cover a trans-

formation process, an organ or a parts struc-
ture. 1 will elaborate a little on this state-
rent put forward by ANDREASEN 1980,

CONTROL. WRORMATION)
PROCESS INFRORMATION

£ f———

Figure 77 The process/control information
hierarchy in mechatronic systems

{ HECHANICAL,

Figure 78 Different principles for realizing the
Junction of a watch

A technical process, i.e. a sequence of trans-
formations, which basically solves the prob-
lem, may appear as a means on the upper
levels of the function/means hierarchy. An
example of a process in a mechatronic sys-
tem is: "The line pattern on the paper origi-
nal is read, and a similar pattern 15 printed
on copy paper’ (electronic photocopier),

An organ can be understood as a category
of physical entities, which exhibit similar
working principles to realizes a required
function, Examples of organs are: a motor,
2 mechanism, a battery, a display, a poten-
tiometer. A microprocessor is in itself only
an organ if it is supplied with a software
program. Without it, the processor cannot
realize any particular function. Software
modules alone cannot be considered organs.

A parts structure is an assembly of those
mechanical parts which constitute an organ,
for instance for a potentiometer: The circu-
lar resistor path, the rotating contact pin,
the axle bearing and the mounting base.
Parts structures will appear as means close
to the bottom of the function/means hier-
archy, where the construction of the system
is described in every detail,

When moving down through the causal
chain, the function term will change from
general problem statements at the top to
specific descriptions of required effects and
geometrical arrangements towards the bot-
tom. At the same time, means cover techni-
cal processes, organs and parts structures
successively, Figure 79 shows an example of
the function/means tree for a telephone
System.
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Figure 79 The function/means tree for a telephone system. The means change from processes

to organs and part structures

The Law of Vertical Causality bas one im-
portant consequence for the understanding
of functional structares: When preparing a
model of the functional structure of a sy-
stem, only ome level of partial functions
from the function/means hierarchy can be
included in the structure model. This obser-
vation is illustrated in Figure 80,

It is not possible to include lower level
subfunctions, since they require that the
choice of means to realize functions on the
level above has already been made. If high-
er level functions are described in the func-
tional structure, then the fact that their
means have been already selected, will be
disguised.
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Figure 80 A functional structure model can-
not contain more than one level of the func-
tion/means hierarchy

i e T

Figure 81 The functional structure for a tele-
phone handset. The transducer principle (cur-
ved PVDF membrane) and the form of the
casing have been chosen at this level

‘When applying functional structures for
concept design, I think the preconditions for
each structure diagram must be stated clear-
ly, ie. the decisions on means made up to
this point. An example of such a structure
mode! with clear-cut preconditions is shown
in Figure 81, BUUR 1984.

The complex of secondary fonctions

The system models proposed by ROHRS 1980
and KAJITANI 1986 (see page 38) both sup-
port the idea that there is 2 general set of
secondary functions to be found in the vici-
nity of any main function.

The Complex of Secondary Functions as
formulated by HUBKA 1973 in his machine
systems theory, is basically sound also for
mechatromic systems, but not fully adequate.
As an appropriate set of secondary func-
tions, I have chosen:

power function

control function

interface function

protection function

communication function

structural (or support) function
“The rather vague term ’assisting function’
from HUBKA 1973 has been omitted, since it
js most likely to be identical to either the
interface, the protection or the COmIunica-
tion fonction. I will briefly discuss each
function in the following.

R

The power function provides energy for the
primary means, if energy supply is required.
The control function governs the state of the
means. In the simplest case it may just be
an on/off control. It also controls the func-
tional performance in accordance with exter-
nal inputs, e.g. a feed-back loop.

The interface function is needed, if the main
inputs or outputs do not directly fit the
environment of the primary meavs. If an
electromotor was chosen to power a linear
moving mechanism, some means of convert-
ing rotary motion into Tinear is necessary.

The protection function epsures that the
functional parameters of the primary means
are kept within a permissible range. The fan
of an overhead projector for instance, pro-
tects the lamp from overheating,. In addition,
a second type of protection function pre-
vents the means from exerting unacceptable
impact on the system environment.

The communication function permits the
means to exchange (Status-) information
with its surroundings. A laser system nay
for instance give a warning signal that it is
working (output), and the system may func-
tion according to some reference settings
(input). In general, the communication func-
tion will mostly provide information to 2
control loop on a higher level.

The structural function ensures that spatial
conditions are satisfied to make the primary
means work. The socket of an electric lamp,
for instance, has a stractural purpose, but it
also provides an electrical interface.

The principle does not claim that all the
secondary functions of the complex are
required for the realization of any function
of the system, only that some or all of the
set are likely. The aspect of recursivity is
important: the secondary functions of the
compiex can themselves be regarded as
primary functions on the next lower level of
the hierarchy, each requiring a new complex
of secondary functions. So the power func-
tion of a higher level means may for in-
stance need a control function, which again
may require power.
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By applying purpose functional terms for
formulating the complex of secondary func-

tions, one circumvents the problem that for
instance the structural function cannot be
described in transformation langnage (see
Fignre 23), and that the control and commu-
nication functions are imtertwined in an
input/output sense (see Figure 22).

The contrel function occupies a special .
- position in mechatronic systems, since it is

often realized by a (multifunctional) micro-
processor with software. Two important
statements can be derived from the Law of
Vertical Causality and the Principle of the
Secondary Function Complex:

1 Control functions are secondary functions,
always depending on the choice of means
to realize a primary function.

2 Control functions - though often realized
centrally in the same coroputer ~ belong
to different levels of the function/means
hierarchy.

In other words: It does not make sense to
discuss the control function until the means
to realize the function to be controlled has
been decided on. And the interrelations be-
tween different control tasks in the system
quickly become complex, becanse they con-
nect controls on different hierarchical levels,

The example m Figure 83 explains the
control functions of the on-off switch of an
overhead projector.
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Figure 82 A system model for mechatronics,
which complies with the principles of Vertical
Causality and the Complex of Secondary

Functions
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A system model for mechatronics

Is it possible to suggest an elementary trans-
formation functional structure which has
general validity for mechatronic systems? If
so, then it must comply with the two prin-
ciples discussed previously:

1 It should include all the functions of the
complex of secondary functions.

2 Full recursivity corresponding to the le-
vels of the function/means causal chain
should be maintainable.

A suppestion for such a system model is
shown in Figure 82. I have placed all the
secondary functions on the systems boundary
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Figure 83 The function/means tree for an
overhead projector: Two control functions on
different hierarchical levels interact in a simple
mechanical control organ: an electric switch
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Figure 84  Comparing the principle of an
imaginary mechatronic gear-reducer with a
traditional mechanical gearbox

to indicate that they may be shared with
connecting systems. In a process chain of
systems for instance, there will only be one
interface function between each pair of sys-
tems.

The structural function has not been
included in this model, since it cannot readi-
iy be expressed in transformation terminolo-
gy. Likewise, the formulation of the protec-
tion function as an input/output relation
may limit the understanding of its full scope.
For instance the function of a mechanical
safety pin which prevents a mechanism from
moving out of the safe working region, can
hardly be dcscribed in transformational
terms.

When comparing the system models sug-
gested by ROHRS 1980 and KAJITANI 1983
{page 38) with this one, it becomes clear
that they each emphasize certain aspects
and omit others.

The main advantage of such a system
model is its value as a pedagogic tool. It
allows us to explain the Complex of Second-
ary Functions and the structure of input/-
output relations between primary and secon-
dary functions.

To apply the system model as a design
tool, i.e. for abstractly describing the func-
tional stmcture of a particular artefact, is
hardly expedient. When several blocks are
combined, the relations between them will
quickly become too complex to allow easy
sketching on paper.

Realizing controf functions

First, let us conduct an experiment of
thought: we will design a mechatronic sys-
tem to replace a traditional, mechanical
gear-reducer, Figure 84. The gear wheels
are replaced by a sensor and an electric
motor connected by electronic control, The
movements of the input and cutput shafts
are completely independent except for the
control system. The energy transmission.
properties of the mechanical gear are lostin -
this design, so external power is required.

To achieve a shaft speed and torque
conversion similar to the mechanical gear,
we need computer software to control the
motor in accordance with the signals from
the rotary decoder and torque sensor. This
software represents the logical relations
which in the mechanical gear have been de-
signed into the structure by its designer.

In the mechatronic system, the control
function, which realizes these logical rela-
tions, can be totally separated from the
geometry of mechanical parts and accom-
plished in a different media altogether. It is
important to note that the logical relations
do not suddenly appear because we intro-
duce a computer into the system. Even in a
purely mechanical system, we will find a
kind of mechanical software.

The control function can be realized in
mechanics, in elecironic logic, or in com-
puter programs. The main differences are
the ease with which complex logical rela-
tions can be designed, and the flexibility of
making changes in the design.

The mechatronic gear will be programm-
able in the sense that the speed and torque
conversion ratios, the direction of rotation
ete. can be altered independently by modify-
ing only the computer program. Programm-
ability is not a property which depends on
the presence of an electronic computer. The
street organs of older times, for instance,
would claim programmability, since the
music could be changed just by altering the
hole pattern of a paper program. Electronic
programmable logic devices (PLDs) contain
no computer, but their logical structure of
gates can be decided by the designer after
purchase.

81




bl

I will define programmability as follows:

Definition

A mechatronic system is programmable,
if logical instructions for the execution
of functions exist in a separate medium
which can be altered without re-manu-

facturing the parts structure.

So in conclusion, the control functions of a
mechatronic system can be realized in mech-
anics, electronics or software, and they can
be programmable or not, but naturally dif-
ferent properties are achieved by different
technologies in terms of complexity, design
effort, costs, flexibility etc.

But also the operator of the mechatronic
system is required to carry out control fune-
tions for the system to serve its purpose.
Examples of a current shift in the allocation
of control functions between operator and
system are CNC machines, electronic sewing
machines and auto-focus cameras, where the
system takes over part of the control tasks
previously performed by the operator.

The sequence and logic of operation, as
describéd for instance in the operation man-
ual of the system, must be considered soft-
ware of operation from a design viewpoint.

OPERATOR £ MECHATRONIC SesTEM

- 111 1

PIITIIIII]

THE TOTAL SUK o¢//”/ Wj//’/} o

NECESSARY TO SOLVE THE ‘PanauaH

Figure 85 The allocation problem in mecha-
tronic systems. Interfaces between mar/ma-
chine (A), mechanics/electronics (B), and
electronics/program (C)
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The choice of technology and principle

As indicated in the discussion in Section 4.3,
technology allocation in mechatronics design
has two important aspects:

1 The general choice of an appropriate
technology (mechanics, electronics or
software) for each function of the system.

2 The choice of suitable working principles
(organs) to realize each function.

For some designs the synthesis. of principles
can be made directly, which means that the
first choice becomes obsolete. For others, an
initial choice of technology is justified. In
this paragraph, we will investigate whether
there are any general rules for technology
allocation to be derived from a systems
understanding of mechatronics.

‘When we assume that both working fune-
tions and control functions can (at least
theoretically) be realized in any of the three
technologies mechanics, electronics and
software, and that furthermore the operator
of the mechatronic system performs both
working functions and control functions,
then we may draw a rough model of the
technology allocation problem in mechatron-
ics, see Figure 85.

The allocation of technology inside the
system and the man/machine allocation is a
complex activity, which depends on the par-
ticular application area and on the techno-
logical state-of-the-art. Nevertheless, we can
derive useful kmowledge by studying the
characteristics of those interfaces indicated
in the figure.

The man/machine interface mostly conveys
information in both directions, but energy
input may also be required for some sys-
tems. We know that information may be
categorized in process and control informa-
ton, and that it must be tied to either en-
ergy or material. This could provide the
basis for categorizing the type of organs,
which constitute the man/machine interface.
A catalogue of displays and controls for
electronic systems presented by VDI/VDE
1985 represents this line of thought. Another
starting point for systematising the interface
organs is the capability of man to perceive

information by means of his five senses and
to convey information/exert comtrol by
hands, voice etc.

The environmental interface between the
system and its environment is more difficalt
to characterize, since both material, energy
and information c¢an be exchanged, see
Figure 24,

The systems interface between two mechatro-
nic systems is provided either electrically
(Le. via energy or signals) with appropriate
connecting organs, or mechanically (materi-
al, energy or information) by means of coup-
ling type organs. For electronic signal inter-
faces, a communication standard (protocol,
common set of characters) is necessary.

The electro/mechanical interface internally in
the systemn is provided by only two types of
interface organs, as stated by HEINZL 1984:

Sensors for information retrieval and actua-
tors for controlling or powering the mechan-
ical process.

The electronic hardware/software interface
conveys information only. It is important to
note that the computer programs are totally
*embedded’ in hardware, i.e. there are physi-
cally no other interfaces to the program. An
account of this interface was given by SAUPE
& LAMMEL 1986 in Figure 42.

The analog/digital interface is a special type
of interface rendered necessary by the work-
ing principle of the digital computer and by
the fact that most physical properties are
analog in nature. One could suspect that this
is a strictly internal electronic/electronic
interface, but this is not the case. One will
find examples of designs where the analog/-
digital conversion is realized mechanically,
for mstance in pressure sensors and even
microphones, which due to their membrane
design give a digital signal directly. Another
examiple is rotary encoders.

The result of the allocation activity is the
organic stmcture depicting those principles
in mechanics, electromics and software,
which will realize the functions of the sys-
tem, and a description of the expected be-
haviour of the organs (software) and of the
operator.

It is convenient to apply the term design
concept for such a principal sclution:

Definition

The design concept of a mechatronic
system is a principal solution, character-
ized by:

1 The structure of those organs, which
realize the most important functions.

2 ‘The structure of interface organs,
which define the system boundaries
and the borders between mechanical,
electronic and software subsystems.

3 The activity structure describing the
expected operator behaviour and
software for programmable organs.

In the organic structure, the relations be-
tween organs are of functional (Kopplun-
gen’) and spatial ('Anordnunger’) kind.
Therefore we can establish two types of
organic structures, which focus on functional
and spatial properties respectively (the basic
and quantified structures in the terms of
TIALVE 1979).

The design concept should not be con-
fused with the product concept, which is a
term often applied in the early phases of a
product development project. Besides the
technical idea of the product (i.e. the design
concept), the product concept must also
include basic assumptions as to market
needs, sales channels, production methods,
financing etc.
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63 Axioms of a
mechatronic systems theory

I will sum up the considerations of the pre-
vious sections in a set of axiomatic state-
ments describing general characteristics of
mechatronic systems. The axdoms will form
the basis for discussing design models and
methods for mechatronics in Chapter 7.

Axdoms are statements which are accepted
as true without proof, so there is no way of
scientifically proving that the set is sufficient
and complete. The main criteria for suggest-
ing this set of axioms are that:

1 Each axiom expresses fundamental char-
acteristics or relations between character-
istics of mechatronic systems.

2 The axioms correspond to observations
made by experienced designers.

3 The terms which are treated in the ax-
ioms have been previcusly defined or are
generally understood.

4 'The set of axioms is logically consistent
and does not show ambiguities.

Axiom 1

A mechatronic system complies with the
Theory of Domains, ie. it can be regarded
as a system of transformation functions, of
purpose functions, of organs, and of parts.

Axign 2
Fransformation functions and purpose fine-

tions ¢an be distinguished by strictly verbal
formulation of verb/noun combinations.

Axiom 3

There is a cansal relationship between trans-
formation functions and purpose functions:
A transformation requires different effects
(purpose functions) from the system, and an
effect can be realized by alternative trans-
formation functions on a secondary level.

Axiom 4
The function of a mechatronic system de-
pends on the state of the system. Every

system has a minimwum of two states (an on-
and an off-state).

Axiom 5§
The transition from one state to another is

caused by logical inputs which are external
to the mechatronic system,

Axiom 6
A subsystem with more than one state may
be regarded as a one-state system on a next

higher level, if the external input causing the
change of state has become internal,

Axiomn 7
Two types of transformation functions can
be distinguished: continuous and multistate

types. The multistate type is characterized
by its external control input.

Axiom 8
A structure of transformation functions has

multiple states, if at least one of its ele-
ments is of multistate type.

Axiom 9
Each state of a mechatronic system defines

one particular structure of (continuous)
transformation functions.

Axiom 10
Each state of the system requires a different

set of effects in the total structure of pur-
pose functions.

Axiom 11

A mechatronic system handles two kinds of

information:

1 process information, which is treated re-
gardless of its semantic value, and

2 control information, which is directly ap-
plied ("understood’) by the system.
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Axiom 12

Control functions constitute the logical rela-
tions between the purpose functions of the
mechatronic system.

Axiom 13

Control functions are secondary functions,
which always depend om the choice of
means to realize a primary function.

Axiom 14

Both working functions and control func-
tions in a mechatronic system can be real-
ized in alternative combinations of mechani-
¢al, electronic, and information technologies.

Axiom 15

There is 2 causal relationship between pur-
pose functions and organs: A function can
be realized by alterpative organs, and each
organ will in turn require purpose functions
on a secondary level.

Axiom 16

A mechatronic system is characterized by
those organs, which provide the external
interfaces between the system and its en-
vironments,

Theorems for mechatronics design

Based on the axioms, I will suggest a set of
theorems which are directly applicable to
mechatronic systems design. The two first
are adopted from HUBKA 1973 and ANDREA-
SEN 1980 and extended to mechatronics.

Theorem 1: Vertical causality

The structure of a mechatronic system is
determined by a causal chain of alternating
(purpose) functions and means, which real-
ize the functions. Means denote transform-
ation processes, organs and parts.

Every level of means shows alternative
solutions, so from a design viewpoint, the
causal chain is a hierarchical tree structure
(the function/means pattern).

Theorem 2: Complex of secondary functions
For the realization of any function, some or

all of the following set of secondary func-
tions are required simultaneocusly:

power function

control function

interface function

protection function
communication function
structural (or support) function

Theorem 3: Control/process inform. hierarchy

In a mechatronic system, process and con-
trol information is transformed alternately in
a hierarchical pattern of systems and sub-
systems.

Theorem 4: Substituting multistate functions

If a transformation functional structure
representing a mechatronic system includes
one or more multistate elements, then it is
possible to substitute these functions by a
state transition structure and a continuons
transformation structure for each state of
the system.

Theorem 5: Man/machine allocation

In a man/machine system, the total set of
both working and contrel functions neces-
sary to achieve the purpose must be divided
between. the mechatronic system and its
operator.

Theorem 6: Technology allocation

Internally in the mechatronic system, the
split between functions realized by mechan-
ical, electronic and software means is spec-
ified by interface organs.

Theorem 7: Control organs

The state transition behaviour of a mecha-
tronic system is determined by the structure
of control organs and their programmable
instructions  {activity structure), Control
organs realize the logical relations between
purpose functions on the same and on dif-
ferent levels of the causal chain of functions
and means.
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7. DESIGN TOOLS:

MODELS, METHODS AND PRINCIPLES

‘The purpose of this chapter is to discuss

tools, which support the conceptual design
of mechatronics. Some of these are tools
which already exist in the fields of mech-
anics, electronics and software, but which
have been extended or combined to fit me-
chatronics, and bronght into the context of
the theory of Chapter 6 and the Theory of
Domains

In addition I will indicate possible direc-
tions for the development of new methodo-
logy in response to the need for a mare
structured mechatronics design process.

The chapter will first present various
types of mechatronic design models since a
set of models is a precondition for devising
new methods (a method is an instruction for
how to propagate from one medel to anot-
her). The second section describes design
methods, and the final section explains how
design principles can be utilized to generate
concept alternatives in mechatronics.

7.1 Design models

All the examples of design models discussed
in this section represent ’produktdarstel-
lende Modelle’ in the sense of ROTH 1982,
Le. they are models of the (imaginary) prod-
uct or of product aspects (the functional
structure, the organic structure ete.), not of
the design process.

e s A e T e

We are looking for design models for the
synthesis activity, so in a model morphol-
ogical sense (see Appendix E) the task of
modelling can be described as follows:

u The object of the models is the process
structure, the functional structure, the
organic structure, or the parts structure of
the product. We also want to take into
account the behaviour of the system, ie.
the state transition structure.

= The properties we want to model are typi-
¢ally: function, ease of operation, appe-
arance, design costs and development
time requirements,

& The purpose of synthesis models is mostly
to generate and describe new design
concept ideas, and to evalate roughly the
CONSEqUEnces.

m The user of such synthesis models will be
the designer himself, colleagnes within the
project team and sometimes outsiders’
from management, manufacturing, mar-
keting ete. It is important to note that, in
mechatronics, even colleagues from the
same teamn must be regarded as *non-
specialists” in fields other than their major
one (mechanics, electronics, software).

1 will base this study on the assumption put
forward in the Theory of Domaizs that de-
sign models can be characterized according

g7




to their level of abstraction and the number
of details they reproduce. In other words:
All design models belonging to the same do-
main can be positioned in a two-dimensional
plane, as in Figure 86. Here, since it will be
impossible to list all design model types
available, the four corners are of chief inter-
est, because a discussion of the extremes in
terms of detail and abstraction will clarify
the understanding of the two axes.

e

Figure 86 Design models can be systematized
within a two-dimensional plane according to
their concreteness and number of details

In every domain the near cormer with the
most concrete and detailed design model is
occupied by the product itself. Depending
on our viewpoint, we can regard the product
as a structure of parts, of organs, of purpose
functions, or of transformation processes.

Here, I will concentrate on the process,
function and organ domains, and discuss tl}e
design models belonging to each domain in
a separate paragraph.

The transformation structure
and state transitions

In the previous chapter it was suggested that
the process structure and the state transition
structure of a mechatronic system comple-
ment each other and therefore should be
described separately, as in Figure 76. The
logical dependencies between subprocesses
can be expressed in a number of different
model types, according to which aspects are

in focus. In Figure 87 some examples illu- .

strate the following four aspects:

1 States and tramsitions, focusing on the
states of the system and the conditions for
changing from one state to another. Typi-
cal model types: State/transition diagram
Petri net.

2 Sequential procedure, where the execution
of operations one by one is emphasized:
Flow chart, structogram.

3 Hierarchical pattern, where the structure
of subordinate levels of processes is im-
portant: Jackson diagram.

4 Timing conditions, where the timing of
parallel transformations is critical: Timing
diagram, event score.
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Figure 87 Different model types expressing
the logical dependencies between transforma-
tion functions of a system

. These model types are all roughly on the

same level of abstraction, because they are
all diagrammatic structures with verbally
formulated operations and conditions. They
may differ very much in their abilities to
express details, however. The flow chart, for
instance, is very suitable for expressing de-
tailed, one-dimensional sequences, whereas
the state transition diagram gets quite in-
comprehensible if the number of states is
increased above a dozen. In the hierarchical

: . diagrams, the number of details expressed is

mostly a question of how many levels of the
tree structure are included.

The philosophy of keeping the flow and
sequence aspects separate in different model
types is realized in several design methods
for software development, for instance
Yourdon’s SA/SD method, WARD & MEL-
LOR 1985, (data flow diagram, state transition
diagram, hierarchical structure cart) and the
HIPO method (hierarchical table of con-
tents, input process output diagram).

A second philosophy is to integrate the
flow and sequence aspects consciously into
the same model, and thus emphasize the
flow of control information. Here it is basi-
cally assumed that alf transformation pro-
cesses are 1o be controlled and thus in need
of control information. Two examples will
be mentioned here: the SADT method for
software design, ROSS 1985, and a model
developed specially for mechatronics design
at my home institute, BERG ET AL 1989.

In the data flow diagram of the Struc-
tured Analysis and Design Technique
(SADT) every subprocess may have separate
control data inputs, which govern the trans-
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Figure 88 An example of a SADT diagram
of data flow. Control inputs are on the upper
edge of each black-box

formation of the main data flow, Figure 88.
The diagram emphasizes the structure of
data flows, and the interaction of control
and process information can be clearly ob-
served. To obtain an overview of the pri-
mary transformations is much more difficult,
since the levels of supetior and inferior
processes are not easily recognizable.

In the SADT-model the influence of each
control input on the execation of a subpro-
cess is not explicitly shown. The model only
shows that control data are present, and
where they originate from.

The second model type is a little more
detailed about the control aspects. It is
shown in Figure 89. Each basic element in
this model consists of a transformation and
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Figure 89 An elementary process model for mechatronic systems suggested by BERG ET AL 1989.

The example shows a component feeding system
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a control process, and thus they have two
inputs and two outputs, one for the process
object (material, energy or information), and
one for control information. Inside each
block, the interaction between comtrol and
transformation is symbolized. The control
part may take both inputs and outputs of
the process as a reference for the control
task.

This model is more explicit about the
influence of control on each subprocess of
the system, and it forces the designer to
think carefully about control infermation
flows, but it does violate the Law of Vertical
Causality by bringing the primary function
and its control function on the same level.

Orn a more concrete level, models in the
process domain include simulations of the
process output and of sequences of oper-
ations. Such models are concerned with
what bappens to the process object itself
rather than which effects may cause the
transformations. When a redical engineer-
ing company simulates the display of a new
piece of brain tomographic equipment on a
computer, in order to discuss the necessary
reproduction quality with doctors, then this
is'a process output simulation model. A
similar type of model is found in the hearing

aid industry, where designers try to determi-
ne by listening tests how the amplified signal
should adapt to the individual characteristics
of hearing losses. Both examples are models
which are concrete enough for non-specialist
users to participate in an evaluation process,

To conclude the discussion of design mod-
els in the process domain, Figure 90 indi-
cates how the examples discussed are dis-
tributed in the plane of models.

The purpose fonctional structure

Especially the abstract type of medels in the
function domain is poorly represented in the
literature, because the purpose function
concept as such is more or less unknown,
The symbolics used in this thesis for func-
tional structures are adapted from ANDREA-
SEN 1980 and HUBKA 1984. For examples,
please see Figure 55 and Figure 76.

Functional models on 2 more concrete
level are much more common, for instance
experimental set-ups, fast prototyping of
software programs, simulation models of the
user interface, and prototypes. In functional
models, the organs may differ from the ones
chosen later in the design process.
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Figure 90 Mechatronic design models in the
process domain

90

Figure 91 Mechatronic design models in the

Junction domain

The organic structure

The organ domain invites the use of sym-
bols, particularly in electronics, where the
tumber of available component types is
quite limited. Symbolic models range from
very abstract to quite concrete representa-
tions of mechatronic systems. Some examp-
les will be introduced here,

Figure 93 A symbolic model of the organs of
a sewing machine, REGNAULT 1976

Cm the very abstract side, REGNAULT 1976
has suggested 9 basic symbols of organs for
describing mechatronic systems (Gerdite der
Feinwerktechnik), Figure 92. His diagrams
are based on direct mappings between or-
gans and transformation functions, Le. every
organ is assumed to have one particular
function, and the diagrams depict fanctional
relations (couplings) between organs only,
with no geometrical relations.

An application is shown in Figure 93.
REGNAULT 197 admits that his symbolic
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Figure 94 Symbols of organs used for mod-
elling dynamic behaviour in four different
technological areas, ULRICH & SEERING 1989
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Figure 92 Symbols of 9 types of organs and
their functional relations, REGNAULT 1976

Flichkraltregler

language can probably not be applied for
the synthesis of new designs, but claims that
it is suitable for analyzing existing systems,
for explaining their structure, and for sug-
gesting modified designs.

When considering the dynamic behaviour
of mechatronic systemns, it is possible to
apply an equivalent set of equations in the
electronic, mechanical, fluid-mechanical and
acoustic media, as discessed briefly in the
paragraph on analogies in Chapter 5. The
system is considered a network of idealized
elements, which can easily be described
using symbols, as in Figure 94,

Moving towards a more concrete level of
models in the organ domain, two examples

2
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Figure 95  Pictograms for mechanics and
blackboxes for electronics combined

¢an be found in Figure 31. One of them is
a black-box diagram with each organ descri-
bed verbally and related through arrows
symbolizing flows of energy and information.
The other applies pictograms of organs and
indicates both functional and geometrical
relations.

Mechanical engineers do not have a set
of standardized organ symbols, because the
number of different organ types is simply
too large. Except for a small set of picto-
grams for bearings, gears, mechanisms ete.
(see for instance TIALVE 1979-B), the design-
er has to develop his own symbols to depict
the organ types needed.

Such pictogram type symbols for mechan-
ical organs combined with black-box descrip-
tions of electronics and software have prov-
en extremely efficient for early pragmatic
sketches of mechatronic design concepts,
both as a tool for generating alternatives
and as a means for communication, see
Figure 95. One may argue that the mechani-
cal and electronic organs are depicted on
quite different levels of abstraction in this
model type, but no good solution for mod-
elling electronics on a more concrete and
visual level than diagram symbols or black-
boxes has not yet evolved.

An efficient way of modelling the spatial
structure of organs using symbols has been
suggested by TIALVE 1979-A, see Figure 62,
Such symbols represent the rough shape and
size of the organs, and they are well-suited
for quickly suggesting geometrical arrange-
ments of parts, independently of whether
they are mechanical or electronic compo-
nents.

Besides symbolic representations, one will
find hardware models of the spatial arrange-
ments of subsystems and components in the
organ dorpain.

Also in the organ domain, we should
discuss the activity structure as described by
BOSMAN 197, He has not suggested any
suitable model type for this, but it seems
important to devise tools for modelling the
sequence and timing of effects exerted by
both the mechatronic system and by its
operator. In principle, 21l the model types of
Figure 87 can be applied for this task,
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Figure 96 Mechatronic design models in the
organ domain
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1 7.2 Synthesis methods

Literature on design methods for the essen-
tial problem in mechatronics: techmology
‘allocation, is remarkably scarce. One of the
few authors who discusses this topic is SAL-
MINEN ET AL 19%-B, who draws on experi-
ence from several industrial development
projects in the Finnish mechatronics pro-
: gramme. He realizes that several methods
on different levels (for the total project,
single design phases, individual design steps,
particular technologies) are required for me-
' chatronics, Figure 97. Salminen termns this
idea *metamethodics’: The design engineer
must acquire the knowledge of a set of dif-
ferent tools and then select and combine

# those which fit the task at hand. A major

difficulty, be concludes, is that the existing
methods have been developed independently
- of one another, which makes it very difficult
to shift from one method to another.

In Figure 97 one will recognize the three

level approach to product design already

;Figurel97 ‘Metamethodics dm 'gnm methods
on different levels, SALMINEN ET AL 1990-B

described in Section 33: Product develop-
ment, product synthesis and problem solving,
This thesis is only concerned with the se-
cond level: product synthesis, or in Salmi-
nenw’s terminology: methods applicable to
certain steps, work phases and technologies.
According to the Theory of Domains, two
characteristic types of synthesis method can
be distinguished, when keeping in mind that
methods are instructions for how to propa-
gate from one product model to another:

1 Methods within one domain. The purpose
of such methods is to change the level of
detail and/or of abstraction. For instance
to 'formulate the blackbox process of a
system’ is a method to go from a concrete
to an abstract model in the process dom:
ain. ‘

2 Methods, which proceed from one dormuin
o another. Their purpose is to take the
design a step closer to its final realization.
For instance a manufacturers’ catalogue
of electronic components takes the de-
signer from the function domain to the
parts domain.

WITHIN ONE DOMAIN

Figure 98 Two kinds of synthesis method
distinguishable in the Theory of Domains
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In the first type, even though the starting
and ending point lie within the same do-
main, the designer is likely to do some thin-
king in. other domains too.

In this section I will suggest promising de-
sign methods for mechatronics, and I will
show how each method relates to the set of
theorems formulated in Chapter 6.

One-state transformation structures -
Based on Theorem 4 (substitution of multi-

state transformations), we may suggest a .

design method for establishing the process
structure of mechatronic systems:

1 Ydentiy inputs and cutputs of a blackbox
process for the mechatronic system.

2 Decompose the blackbox process into a
structure of subprocesses.

3 identify those processes which are of
multi-state type.

4 Deduce the number of states, and estab-
lish the state transition structure.

5 For each state of the system, organize 2
one-state process structure.

‘This is roughly the procedure which was
followed in the example in Figure 73. The
method operates within one domain. It aids
the designer to extend the blackbiox process
to a detailed model of process structures
and their state transition interactions.

‘What is the purpose of establishing the
process structure? According to ROTH 1982
the designer has several options of creating
design alternatives based on the process
structure. They are to:

w Shift the systems boundaries.

u Change the sequence of subprocesses.

m Subdivide one process into subprocesses.
m Integrate several subprocesses into one.

= Introduce transducing and conduction {

elements.
= Move the information input or change the
information carrier.
= Establish parallel processing branches.
Most of these options only need a slight
change in wording to be directly applicable
to creating alternatives also in the state
transition structure of a mechatronic system.
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i The function/means tree

ITo establish a function/means tree is a
jpowerful method for proceeding from the
fanction to the organ domain for mechatro-
nic systems. It is based on Theorem I {verti-
¢al cansality} and Theorem 2 (complex of
vsecondary functions), and has been sug-
-gested for mechanical systems by TIALVE
11979-A and ANDREASEN 1980.

1 Identify primary functions of the mecha-
tronic system.

2 Suggest alternative means for the realiz-
ation of each function.

i3 For each means, check the complex of
¥ secondary functions for required subfunc-
i tions.

14 Repeat this procedure for each hierarchi-
i cal level.

{The method was illustrated in Figure 79.
%The example of Figure 99 shows that the
1{ function/means tree can also be established
tfor designs which are mostly electronic.

¢ It must be noted that this is not an -
E struction for a one-way transfer from the
{ function domain to the organ domain. The

|| GosERsTE
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i

Figure 100 The morphélogical method ap-
plied 1o the design of a testing apparatus for

Figure 99 The fimction/means tree for the electronics of a simple stepping motor controller  hearing aid potentiometers

function/means ‘tree Tather explains the
necessity of jumping back and forth repeat-
edly between the formulation of functions
and the search for alternative organs on
different hierarchical levels.

‘The function/means stracture also depicts
a major difficulty in technology allocation:
In order to avoid superfluous work, the
designer wants to make the choice of alter-
pative solutions as early as possible, ie. to
cut away branches right at the top. A qual-
ified decision, however, needs sufficient
knowledge of subsolutions on lower levels
for all alternatives, ie. knowledge in full
depth of all branches. This dilemma has
been treated in BUUR 1987, where the func-
tion/means tree method was applied for
designing an electro-acoustic transducer,

The morphological method

The morphological method developed by

ZWICKY 1966 is widely applied In machine

design. Tt exploits the fact that complex

problems can often be divided into several
characteristics or parameters, which may be
altered independently, so that the total
solution is 2 combination of subsolutions.
‘When used with subfunctions, the mor-
phological method is well snited for mecha-
tronic systems. It is a requirement that the
subproblems, which are solved individually,
do not depend on one another, ie. the func-
tions must belong to the same level of the
function/means structure. This independen-

ce can be ensured by applying Theorem 2

(complex of secondary functions).

1 Identify the full set of primary functions
required in the mechatronic system (this
is most easily done by analyzing some
preliminary solutions).

2 -Check that the functions are independent
by comparing with the complex of second-
ary functions,

3 Suggest alternative means to realize each
function.

4 Generate full design concepts by forming

all possible combimations of means for
each function.
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Of course not all combinations will be feas-
ible, and some will require interface efforts

-to fit the means together. The method does

however suggest a2 large number of mew
concepts. The morphological method helps
the designer to proceed from the function
domain to the organ domain.

The solution which is highlighted in the
morphological box of Figure 100, was illu-
strated in Figure 95.

Interface specification

Theorem 6 (interface organs) invites the
formulation of design methods for determin-
ing the interfaces between technological
subsystems within the mechatronic system,
HEINZI. 1984 and CORDES 1924 have sug-
gested a procedure for arranging the inter-
face components of the border between a
machine system and its electronic control.
The method was illustrated in Figure 39 and
Figure 41:

1 Determine the quality and quantity of
information flow between the mechanical
- and electronic system.

2 Choose appropriate sensors and actuators
for each task.

3 To establishing independent subsystemns,
group those sensors and actuators, which
in a control sense must be linked.

The existence of a more general design
method for determining external interface
organs was indicated by KATITANI 1986-A and
GERHARD & LENART 1982:

1 Determine the type (material, energy, in-
formation), form and quantity of all flows
between the mechatronic system and its
surroundings: The human operator, the
environment and other products.

2 Choose suitable interface organs {(mecha-
nical or electromechanical) to handle
each input and each cutput of the system:
Man/machine, environmental and systems
interfaces.

3 For signal flows, consider electro/mech-
anical and analog/digital interfaces and
examine options for integrating organs.
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Catalogues of interface organs

The four types of organ capable of interfac.
ing with ¢lectronic circuits are of centra]
importance to mechatronics design: sensors,
actuators, control elements and displays,
Since the number of physical effects avai].
able for conversion to and from electrical
signals is limited, this 15 an area well-suited
for applying design catalogues.

Design catalogues are collections of sol-
ution principles for realizing commonly
encountered subfunctions. They are based
on the philosophy that many designers need

Ursache Physikalischer Ettekt Gesetz
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to solve the same subprobierms, and there. derstand the suggested solution principles.

+ fore it is profitable to make a standa:dizedr

catalogue of solution alternatives available
to them.

Major work on design catalogues for ma-
¢hine design has been carried out by KoL
. LER 1976 and ROTH 1982, and some of their

results are directly applicable to interface
functions in mechatronics, Figure 101
: The dilemma of compiling design catalogues
is that they have to be fairly abstract to be
generally applicable, and at the same time
concrete enough to let the designer recog-
nize his problem in the catalogue and un-
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Design catalogues of contral elements and
displays are not common, but examples can
be found with ROTEH 1985 and VDI/VDE 1985,
see Figure 102,

An approach quite different from the very
systematically arranged design catalogues of
Koller and Roth is shown in Figure 103.
This has more of the nature of a chart for
inspiration which visualizes concrete inter-
face organs (control clements). The purpose
is to inspire the designer to widen his imagi-

. na1_:ion for alternative solutions, pot to pin-
point one particular principle to solve the
problem.

Catalogues of sensor and actuator prin-
¢iples are more readily available in the
literature.
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Figure 101 An example of a design catalogue Figure 102 A design catalogue of physical

for transforming physical properties into elec-

tronic signals, compiled by KOLLER 1976

-effects for realizing an electric switch, com-
piled by ROTH 1985

Figure 103 A map of control elements for
electronics, compiled by the author to inspire
the designer to consider alternative solutions
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7.3 Design principles

There are good reasons for paying attention
to design principles in mechatronics, Even
though design principles change in response
to the progress in technological develop-
ments, such pragmatic rules can help to ’mo-
ve boundaries’, Le. to shift the emphasis bet-
ween mechanics, electronics, and software,
and thus to create alternative design con-
cepts. S

Rather than offer recommendations for

how to design, I will concentrate on the core

of design principles and discuss contrasting
rules in the sense of SCHILLING 1984, e.g.
"integrating functions vs. differentiating fune-
tions”.

In fact I recomnmend the use of design
principles in a way opposite to their original
purpose: They have been suggested by ex-
perienced engineers 10 narrow the choice of
solutions, but I will use them together with
their contrasting principles to exend the
field of solution alternatives.

Some such contrasting design principles
can be directly deduced from the examples
of design principles in Chapter 4. Her I will
give a small selection of contrasting prin-
ciples and their application.

Coupled mechanical movements
vs. independent actuators

There has been a tradition in machine de-
sign to apply one central drive (motor) and
to extract all the required motions in the
system by means of mechanical gears and
mechanisins, This gave the advantage of
synchronization throughout the system, but
it also meant that all relations between
motions were controlled by the design of
mechanical parts and therefore not very
flexible.

Today, the trend is towards choosing an
independent actuator for every motion re-
quired in the system and relate them
through electronic control, to achieve flexi-
bility and .easy access to very complex mo-
tion patterns. This principle was fllustrated
by YAMAZAXI 1987 in Figure 3, on page 8.

Clearly, the multi-actuator approach is not
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preferable in all cases: In particular the |

demands for low cost and high safety will
frequently favour mechanisms and gears,
Mechatronics design needs careful wéighing
up of one approach against the other to find

a good compromise both for subsystems and

for the total system. -

S e S,

-

So in effect this principle illustrates the '
choice between realizing the control fimction

of the required movements in mechanical
technology or in electronics.

Mechanical conversion
vs. direct drives and direct sensing
When fitting actuators and sensors to the

physical reality of the mechanical system, !
the chain of converting movements may he |

long or short.

Electric motors may require mechanical
gears to adjust torque and revolutions. Sole- |
noids may require simple mechanisms to |

achieve the required linear displacement or ;

direction of movement. Sensors may require

membranes, mechanisms or gears to amplify
(or attenuate) the physical property being |

measured.

This principle highlights the dilemma of |

choosing an actuator or sensor design to fit

the required task as closely as possible. The :
interface function is a question of signal (or
energy conversion), and it can be realized |
mechanically or electronically, ie. on one
side or the other of the electromagnetic !
component, A similar problem is found with

operator controls and displays.

Multiplication of subsystems

vs. multiple use of single one '

When identical transformations have to be
performed on several process objects, there
is a choice between utilizing the same traps-
formation system repeatedly, or multiplying
the number of transformation systems for
simultaneous, parallel processing.

The first case is seen clearly in assembly
systems: A series of objects is moved past
one active position to be assembled. The
second case can be recognized for instance
in telephone exchanges, where each sub-

scriber has a separate electromechamical
counter to ensure reliable registration of
telepbone charges.

The essence of the principle here is
whether the transformation function should
be execnted in serial or parallel processes,
An example of such considerations is shown
int Figure 104,

Central control system
vs. distributed intelligence

When microcomputers were still expensive,
it was common to centralize all control
functions in one processor. Now that micro-
computers are more readily available, there
is the option of creating antonomous sub-
systems, each of them with its own proces-
sor, which communicate intelligently. The

costs, execution speed and reliability. The
cost of p ing umits - for - instance, - is
bound to be high in a distributed system,
whereas wiring costs may be low, because
the intelligent communication replaces one-
wire-per function solutions.

Programmable control system
vs. hardware logic control

The discussion of programmable ‘versus
bardware control is often dominated by
arguments on flexibility: software provides
an enormous flexibility for the designer to
carry out modifications and improvements
even to the Jast minute of the development
project. Dedicated hardware logic (either in
electronics or in mechanical technology) on
the other hand will often display higher

choice seems to be largely a question of  execution speed and reliability.
Las
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Figure 104 Serial vs. parallel processing: A system for monitoring the bacterial growth in 12

containers simultaneously
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The technological development seems con-
stantly to blur the boundary between pro-
grammable and not programmable. For in-
stance such components as programmable
logic devices (PLDs) and application speci-
fic integrated circuits (ASICs) provide great
flexibility during design combined with the
benefits of hardwired logic once the system
is manufactured.

This principle is mainly concerned with
the hardware /software interfaces of mechatro-
nic systems.
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Digitize signals close to the source .

vs. close to the signal processing device
Conscious shifting of the D/A and A/D
interfaces between early’ and ’late’ in the
signal path, may disclose attractive alternati-
ves in mechatronics design.

Digital signals are a prerequisite for mi-
crocomputer processing, but signals in the
physical world exist for the most part in
analog form, so most mechatronic systems
Tequire one or more CONvVersion organs.

8 CONCLUSIONS

Mechatronics has developed fast, following
advances in electronics and microprocessor
technology. Design methodology research
has bad no time to catch up, even though
mechatronics technology seems to influence
not only design practice in companies, but
also engineering education, project organiza-
tion and company strategies.

‘The main objectives of this research were
t0 define mechatronics, to determine the
preconditions for product development, to
establish a theory of mechatronic systems,
and to suggest tools for conceptnal design.

‘This chapter concludes the dissertation. It
contains a summary of results and an evalu-
ation of the research. Finally some suggest-
ions for future research in fields related to
mechatronics design are given.

8.1 Discussion of results

In this research, I have defined mechatro-
nics by two kinds of integration of mecha-
nics, electronics and software: functional and
spatial. Inteligence and flexibility, though
predominant properties of mechatronic
systems, were found unsuitable as defining
criteria because of their relative nature. It
was argued that mechatronics engineering
must be treated as an independent, product
development oriented discipline, to exploit
the full potential of this new technology.

The study in industry showed that snecessful
mechatronic product development requires
2 set of typical strategy patterns, including
technology management, product planning,
market segmentation and development spe-
ed, and it was shown how these relate to the
characteristics of mechatronics technology.

Interdisciplinarity is an absohite precondi-
tion for mechatronics design, and it can be
achieved through engineering education, job-
rotation, project organization and/or sui-
table office lay-out, It was established that
the design methodology required specially
for mechatronics belongs on the level of
product synthesis, and that it is primarily
necessary for concept design.

The review of the literature gave no dear
indication of any theoretical understanding
of mechatronic systems. Until the synergy
between contributing authors is increased,
we will probably not see any evolving con-
sensus on the interpretation of the me-
chatronics concept or on design theory.
Literature does however deal with a number
of aspects which need to be considered in a
mechatronic systems theory: The state tran-
sition structure, the role of information, the
control functions, interface organs etc.

It has proved advantageous to acquire
general theory from machine design litera-
ture and models for handling sequence and
state transitions from software literature, in
order to form a mechatronic systems theory.
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It was found that a synthesis theory for
mechatronics can be based directly on the
Theory of Domains, provided it is extended
to deal with the logical concept of state
transitions.

A new theoretical basis for mechatronics
design was formmlated in a set of axiomatic
statements and in six theorems. The the-
orems express essential conditions for the
structured wnderstanding of mechatronic
systems, and they are directly applicable for
formulating design methods.

A, set of tentative design tools for mecha-
tronics consisting of models, methods and
design principles has been developed. The
suggested design models are structured ac-
cording to their level of abstraction and the
number of details in each of the process,
function and organ domains.

A problem which did not find any satis-
factoty solution, was how to combine con-
crete pictograms of mechanical principles
with the abstract modelling of electronic and
software principles in the organ domain.

Four design methods have been described
in coarse step-by-step procedures, and the
application of design catalogues for interface
organs was recommended.

For creating alternative design concepts
(alternative technology aflocations), the ap-
plication of contrasting design principles was
suggested, and six examples of such prin-
ciples, concerned with the central difficulties
of mechatronics design, were presented.

Research evaluation and outlook

The novelty in this research Lies in (1) the
total, product development oriented ap-
proach to mechatronics, (2) the field stdy
in Japanese industry, and (3) the scientific
approach to mechatronics design methodolo-
£y. Bt marks the first attempt to describe a
mechatronic systems theory and 2 methodo-
logy for mechatromics design.

The research is based on a broad, but
also superficial knowledge of product deve-
lopment practice in industry. It is superficial
in two respects: Due to the study method
(the outcome of an industry visit of a few
bours is largely determined by coincidence)
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and due to the limited extent of the study
(the number and selection of companies
does not allow any quantitative analysis of
data). The understanding of mechatronics
design put forward in this thesis however,
could not have been achieved through a less
broad approach.

It has been my goal to give an if possible
complete review of the literature on me-
chatronics design, to ensure the best aca-
demic basis for the research, but there may

contributions of which I am not aware.
The verification of the theoretical resulis
constifutes a major obstacle in this work,
Verification has been limited mostly to
logical reasoning: The proposed theory

permits the explanation of all observed.

phenomena in the literature and in industry,
and it covers such well-accepted paradigms
as system models, interface thinking and
design principles.

As for verification by acceptance, the
pedagogic formulation of tools has not yet
been pursued to a level where designers in
industry would agree to experiment with
their use. Work is under way to complete an
application oriented presentation of these
tools in & pedagogic form suitable for engin-
eering education and post graduate training,

In the light of the rather poor results
achieved with introducing design methods
into industry in the machine design field, the
question must be asked: Is it all worth the
effort? There are some indications that the
attitude towards design methodology is
different in mechatronics - and changing:

1 The need for ’common language’ in me-
chatronics design is generally recognized
in industry.

2 The movement towards formal software
methodology will force mechanical and
electronics designers to apply a structured
approach.

3 The increased application of CAD will
have a similar effect.

4 There is a growing understanding that
high quality in products can only be achi-
eved through the use of methodical pro-
cedures.

82 Topics recommended for
future research

In the course of this research, the following
areas have proved in want of more thorough
investigation, if the method of mechatronic
product development is to be substantially
improved:

1 Technology management for mechatronics
Rapid technological advances make it eruci-

still be, for instance, French and Russian ° “al for the mechatronics company to ensure

that the right new technologies are acquired,
and that the obsolete ones are phased out at
the appropriate moments. There are very
few methods available yet to assist in this
task.

2 Evaluation of mechatronic design concepts
Because of the required interdisciplinary
knowledge, early decisions on mechatronic
solutions are difficult. There is a need for
clarification of the relations between me-
chatronic design models and evaluation
criteria.

3 Man/machine systems design Not only the
design of the human interface but also the
precise assessment of human needs and
preferences is becoming increasingly import-
ant for mechatronics design. 1 believe it is
possible to develop 2 set of tools for this
task, and to suggest design models which
can support a "fast prototyping’ approach,

4 Linking mechatronics and software tools
Presently there is a movement in software
engineering towards formalized methods for
specification and design, Even though they
are not capable of handling spatial relations
and physical effects, it will be profitable to
investigate the application of software design
methods to mechatronics design.

5 The spatial integration { mechatronics It is
likely that design tools can be developed for
the task of physically integrating mechanics
and electronics in the same device. This is
particularly interesting for fields like sensor
and actuator design, electro-hydraulics and
micromechanics.
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Appendix A

POSITIONING MECHATRONICS DESIGN BETWEEN MECHANICS,
ELECTRONICS AND SOFTWARE

Jacob Buur .
Department of Mechanical Engineeting
University of Tokyo, Japan

Institute for Engineering Design
‘Technical University of Demmark
Bygn. 421, 2800 Lyngby, Denmark.

ABSTRACT

Mechatronles design means integrating mechanles,
electronies and software in one system. This noti-
vity ls difficult both to perform and to descrlbe,
because it needs an overall knowledge of all three
technologies. The paper seeks wo positlon mechatro—
nics deslgn among the three traditional fields of
engineering, and also to relote it to existing de-
sign methodology. Thus, the author hopes 1o create
a platform for deveiopment of new design methods
for the mechatronles engineer, .

L INTRODUCTION

A designer of Canon Inc. descrlbed the recent deve-
lopment of mechatronics like this: "10 years ago it
was comparably easy to explain thé functions of a
camera to a young engineer, even though the mecha-
nisms were quite complex. Today it is nearly Impos-
sible, since he needs to know not only mechanics
and optics, but also electronics and software.!

The deslgn of mechatronic systems lIs shifting
from merely adding microprocessor control to exls-
tlng maochines towuards o total approach: cresting
new, innovatlve mixtures of mechanics, electronics
and software. The decision-on the design concept,
i.e. thls combination of principles from the three
fields, is usually made at an early stage of the
development profect and by very Tew designers.

So far, we have not seen design tools, which
may ald the designers In suggesting and eveluating
such total comblnations of mechanics, electromics
and software. Design methods exist to some extent
In each discipline, but neither seem capable of
bridging the gop to the other technologles.

The purpose of this paper Is to point out the
characteristics of mechatronies design in relation
10 existing design methodology and to mecharics,
electronics and software development. It is a ne-
cessary step prior to suggesting specific design
methods for handling mechatronics concept design.

This study Is part of a Ph.D, programme at The
Institute for Englneering Design of The Technical
University of Denmark. It is based on approximately
40 interviews with designers In both Danish and Ja-
panese companles of mechatrontcs,

2. MECHATRONICS IN RELATION TO EXISTING
DESIGN METHODOLOGY

Product development I3 a complex octlvity which may
be regarded from many different polnts of view:
planning, organization, creativity, methodology,
task assignments etc. In a design methodlcnl sense,
It 1z expedient to describe product development on
three levels of resolution, ANDREASEN and HEIN [1k

1. problem solving
2. product synthesis
3. product development.

The nctivities on each level may be divided
into phases, and we can attoch destgn methods to
each phase,

Z.1 The designer: Problem solving

The model of ‘General Problem Solving’, =z shown iIn
Fig. 1, Is a sequence of 5 actlvities applicable te
problems of any type during design work JONES [2L
It Implies that evaluating a number of problem so-
lutlons will always yield o better result, than re—
garding only one, lntuitively found solution, In
order to limit the field of possitble solutions, the
problem should be defined In advance, ond criterin
should be determined for the evaluation of alterna—
tives,

e Mot Hame H o e |-

Flg. 1 The model of General Problem Solving {2]

Problem solving may be regarded as en elemen-
tary octivity to be applied to every sub-problem
and in every lteratlon cycle of deslgn work. Natu-
rally the number of necessary elternatives and the
care taken In cvaluation will be determined by the
priority of the problem and the degree of Innovatl-
on (lL.e. how 'new' and how difficult to solve the

© problem is)

In ench phase of general problem selving, o
number of design methods amd tools may be applied,
e.g metheds for crentive ond systematlc idea gene-
ration (brainstorming, morphological methods, hie-
rachical methods), for evzluatlon {polnt scale met-
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hods, poir-wise comporisen], and CAD tools for spe-
clfication of geometry and structure. The maln pur-
pose of these methods Is to encourage the designers
lmagination, and to prevent ‘human blocks' due te
preoceupitions and Hmived knowledge.

2.2 The tochnicnl symem: Product synthests

Onthe level of product synthesls we concentrate on
the technical system ftself. The theory of proper-

tles proposed by HUBKA [3] stotes that a machine is

completely defined by a set of basic design proper-
des, which are:

for the totnl product structurc
{Ll.e. elements, relnzions)

for each element’ - form

dimenslons

material

* surface quality
The batic design properties determines all

other propetties of the product, ¢.g. functiom,
price, quality, appenrance, ergenomlies. They are
the only variables, which the designer can manipu-
late directly, and we can regard product synthesls
43 0 progress towards determining these basle pro-
perties.

The model of "Product Synthusis' shown In Flg.
2 Is derived from a theory of machine systems and
applicable {or the design of mechanical products,
TJALVE [4]). It is not an algorithm of activities
teadlng sutomatically to a final design, if only
performed In the right sequence, It rather indica-
tes stages or domalns characteristic of machine
systems, within which design work must be compieted
in order to determine the baslc design propercies,
ANDREASEN {51,

I Main funchions ]

13
[ sw-&w;im Q- Wates

[ Eogic Stutture. |

[ Ouantitative stecture, |

f—— —t
Overal_dorm  J—= Forw, of elemads

Maderial , dlivieus. Surfrce.

[T Foliou-up of m\ﬁmﬁml_l
e

Fig. 2 The model of Product Synthesis

The human designer has the abliity of freely
jumping back and forth between detnains In his tind
in an iterative sequence. He may [lor instance think
of the abstract function of 'supporting a rotating
shaft' and simultaneously consider the very concre-
te properties of & ball bearing. Similarly In elec-

tronies design: he may chink of the function of.

‘converting analog to digital slgnals' and simaulta-
neously consider price and specifications of a SMD-
type component, This makes the suggestion of o de-
talled design algerithm on the level of product
synthesis unreallstic.
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The knowledge of domains In product synthesis,
however, permits ws to develop design methods at«
tochéd to.one domain or ‘to the transition from one

- dompln to another. Uslng a catalogue of electronle

s for ple, is a method for proceeding

“from an abstract descriptlon of function to @ phy-

sical realization.

2.3 The pony: Product develop

The level of product development reflects the total
activity of n company. In fact, the gool of product
development Is not the product Itself, but rather
the successful business, it creates for the compa-
sy. Therefore It I3 Insufficient to concentrate on-
Iy on product deslgn, we must censlder slso market
research nnd the establishment of production and
sales.

As shown in Fig. 3, it 1z possible to describe
actlvitles in maorketlng, product deslgn, and pro-
duction that should de performed simultancously to
ensure & successful product development project,

ANDREASEN and HEIN 1]

Fig. 3 The model of Integrated Product Development

On this level, we can explain the restrictions
laid upon the product design by the customers and
competitors (the produet must be sell-able) and by
production (the product must be produce-able). The
starting point of the model of 'Integrated Product
Development' 1s a rather undefined situation of
need to be examined. The process Is then divided
into 5 phases to be completed in sequence by jeinc
forces of marketing, product design ond production
{symbolized by the three arrows).

The amount of work to be fulfilled in each
phase depends on the nature of the product: is it a
totally new product type, a revised model, or pro-
duction racionalizing? Special attention should be
pald to the transitlon points between phases, as
these are Indicators of the progress and direction
of the total project.

Working methods may be artached to the pheses
of Integrated product deveiopment, e.g. specifico-
tion methods in the 'lnvestigation of meed' phase
and design review methods in the transition points,

2.4 Mechatronic product development

The three levels described sbove are related to
respectively, the individual deslgner's waoy of- wor-
king (problem solving), the techuology of the pro—
duct ltself (product synthesls), and the situation
of the company (product development). Considering
mechacronic products, there are no differences frem
‘pure’ machine design on the first and third level

SR TDIAN T

However we must expect difficulties, If we try
to apply terms and methodology frem machine deslgn
theery to mechatronics on. the level of product sym
thesls. This Is the level to be exawmined in the
followling.

3. DESIGN CHARACTERISTICS OF MECHANICS,
ELECTRONICS AND SOFTWARE

There are significant differences between designing
mechanics, ¢lectronics and software, not only Ia
the technlenl skills required, but the wvery sub-
stance of design probiems differ. The following
sections compare deslgn aspects of the three
fields, and maln polnts are sumined up In Flg. 5.

3.1 Funetions

The term function Iz used In all three fields. In
machine design It 1s possible to describe the ab-
stract functior of a product as a serles of trans-
formations of materlal, energy or information, PAHL
and BEITZ (6], ROTH [7] ond others. However, desig-
ners do not consequently think of transformations,
when using the word 'functlon'. They also equal the
term with ‘effects needed In n machine'. Indeed,
there seems to be » dunlity between tramsformation
functions and purpose functlons, as stated in the
deslgn theories of HUBKA [3] and ANDREASEN [S).

to mechanical systems, Informatlon con not
exist independently, but must be attached to the
substance of elther materfal (& punched card cor-
tles information) or energy {(hydraslic pressure may
carry Informaticn). In machine design, the handling
of energy nnd -materiol 13 emphaslzed compared to
informatlon aspects.

In electronics deslgn, functlon moy be comple-
tely described as transformations of electric prop-
ertles (voltage leve], currency, frequency etc.).
In principie, they are transformations of informa-

tion attached to energy, but the circuit designer _

will usunlly Ignore the energy aspects and only re-
gard the fiow of signals. Later, energy aspects
wiil pop up as a recurring nulsance: heat dlssipa-

tlon, non-ignoreasble resistance In conductors, .

emitted electrlcol nolse ete, -

In software design, the abstract function of a
program can be deseribed as transformations of data
and logical relations ({... then do...-type) be-
tween transformations. On each level of the program
it Is possidle to distinguish between data to be
trensformed ond control data. In software, data
{informatlon) can be handled independently of ener-
gy representation, even though it will be tied 1o
clectric properties, once the program s Implemen-
‘ted in electronlc hardware.

3.2 Concept design

Problems in mechanical concept design are usually
‘open' that {s, n large number of alternatlve solu-
tions exist. Every problem is considered 'mew’ {the
designer looks for unknown sclutions), because only
few solutions are 'recycled' in machine deslgn. Ge-
neral solution catalogues of physical effects ex-
ist, ROTH [7], but they are not widely spread, as
thelr use demand a high ability of abstraction from
the designer, to fit the general princlple of the

IR

catnlogue with the actual design problem. Mechani-
col dasign requires great skills in creating and
evaluating alternative solutions to Individual pro-
blems.

In this aspect, electronics destgn Is quite
different. The Innovation In clrcult design lles in
combining exisring components ond modules for a
speclfic application. Electronic engloeers seem to
have a common fund of standord solutions to clrcuit
probiems to be found in Hteratare, techalcal maga-
zines, and component manufacturer's instructions. A
thorough knowledge of the state-of-the-art of exis-
ting components ard standard solurions Is required
for good electronics design.

In software, the main problem _ls to create a
total structure of all the necessary transformati-
ons and bits of data. This structure is usually u-
nique for a glven product, where us program modules
{e.g. algorithms) in princlple could he used again
In other designs. But for the time belng, o stan-
dardized woy of specliving the function and inpur/-
output of modules does not exist, which means that
categorizing is difficult, and recycling is severe-
ly limited. So In software also, problems are gene-
raily regarded as being 'new’, requiring previous
unknewn solutlons.

3.3 Physical repiization

In machine design, the phases of <oncept design and
embodiment design are closely intertwised. Except
for the limited number of standard machlne elements
used, the mechanlcal designer has zo specily every
single part to be manufactured exclusively for his
product, He specifles the baslc deslgn properties
{form, dlmenslons, material and surface quallty) in
every parts drawing ond the total scructure In as-
sembly drawlngs

Reallzing the electronic circuir diagram {cal-
led ‘electronics packaging design') s In [act very
similar to mechanical design. In industry It is
sometimes corrled out by electronics packaglng en-
gineers, who have speclallzed In electronles pro-
duction technologies: printed circuit board, sur-
face mount technology, connection and cabling tech-
niques, hybrid circuits, [C-technology. Compared o
mechine design, the number of technologies is ra-
ther llmited. Having speclfted the types of stan-
dard components te be used, the electronic packo-
ging technoolegies and physical lay-outs will be de-
talled 1n drawings very similar to machine draw-
ings. Uswally, orly the tay-outs and some specially
designed components (e.g. custom specifled IC) will
be unique for the electrenic product,

Seftware has no true productlon phase. While
programming, the designer works dlrectly on the me-
dia, and when completed, the program only has to be
caopled inte the applled memory type (e.g. ROM's).

3.4 Design modelling

During the design process, design models serve dif-
ferent purposes, e.g. verilying functions, ecommuni-
cating ideas, documenting. Fig. 4 shows examples of
design models in mechanlcs, electronics and soft-
ware, BUUR and ANDREASEN [8],

Since mechanical design is 3-dimenslonal even
in the concept phase, the designer needs perspec-
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electronic products are far too complex for this,
COOKE [12]. Structuring on block diagram level has
galned importance, but hardly ooy methods exist for
this activity.

In electronics packnging design, a few design
methods for deciding on packaging technologies snd
module structure {clrcuit grouping) exist, HARPER
[E3L Also methods for overcoming EMC problems and
for high frequency design are snvailaeble. In this
phese, methods for embodiment deslgn of mechanical -
products may well be applied, e.g. form concept va-
rlation methods s proposed by TIALVE [4L. Specific
fnyour methods for PCB, thick—film ond IC ore welt
described and mostly computerized,

In the 1960 and 70's & number of failures in
softwore programs proved that 8 more systematic ap-
proach to design was necessary than the ‘direct-
spaghetti-programming method'. Since them, design
methods hove been developed rather Intensely. No
single methodology hss achieved overnll acceptance,
a3 the exlsting methods favor different typea of
software systems, e.g. datn or function orlented,
sequential or concurrent programming.

3.6 Computer Aids
The extent, to which computer aids have been deve-
loped for design, veries with the types of problems
in the three fields.

In machine design, CAD can so far only be ap-
plied for embodiment design In the lost deslgn pha-
ses or for standardized design procedures, where
each step iz well deflned. In CAD systems, the de-
sign is represented in 8 2- or 3-dimensional geome-
tric model, which prevents the use of the systems
uncll dimensions and form of parts are considered.
On the other hand computer tools certatnty exist
for solving a wvarlety of detail problems in mochine
design: finite element analysis etc.

Electronic clrcait design is fundamentally 2-
dimensional, and the dlagram symbols are well sul-
ted for computerization. A range of CAD systems are
avaflable for transforming loglcal statements into
clrenlts, for simuloting functlons, ‘er for. mercly
documenting the design,

Electronics packaging destgn mokes extensive
use of CAD: generating PCB, thick-fllm or Ilayoat
{rom the diagram, simulsting and testing. In facr,
CAD programs sre indispensable in IC design, and
they offer the possibility to shortcut the prototy-
pe stage by jumping directly from clrcuit diagram
{or in the case of ailicon compilers: functlonal
specifications) to the f{Irst production series. For
the purpose of function modelling or prototyping,
the computer may instead simulste the presence of o
programmed single chip microprocessor or a custom
designed IC component in the actual hardware.

In software design, surprisingly few compute-
rized design tools may be found. On the detailed
design level, compllers may automatically tranaform
high jevel progrumming langusges into assembler or
machine code needed for the chosen micro processor,
but on the more abstract levels of systems struc-
ture design, computer aids are with few exceptlons
merely graphic documentation systems that help the
designer in keeping track of ond updating the huge
number of working documents.
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4. CONCLUSIONS

The difficulty of suggesting new, tmechatronic de-
slgn concepts are not just due to the gaps of un-
derscanding between engineers educated In mecha-
nies, electronics and software design. The very
substance of the three techoologies are different.

When developing deslgn methodology for mecha-
Eronlcs, wWe nust concentrate on the level of pro-
duct synthesls (l.e. design of technlca) systems).
This is because the designer's problem solving and
the pany’s product devel nt activities do not
differ from these applled to machine design, where
design meshods already exist,

There are two major obstacles lo creating me-
chatronice design methodology:

{I) abstroct functions of systems are understood
and described very differently tn mechanics,
electronics and software, and that

(2} the means for describing design concepts (L.e.
conditions of design modelling)-vary greatly.
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the early phases of product

development, modelling 15 a way of buying infe
and therehy diminishing the risk of making false decisions, Howezer, h

of zhe final product,
tics design i a compll

activity tnpolwing the &ifferentt fields of mechanies, clecwamf:sand_sg.fme! and the article suggests
newo design models deseribing the total mechatronic product in the initial design phases are needed. Based

ible to discuss properties of such models.

on the model morphology, it is p
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The design of a ‘mechatrenic product’ is a combination
of mechanical, eléetronic and software engmcermg Thls
makes it a difficult task for the designer 1w maintain a
totaf view of the product. The total view Is important,
since choosing any particular design principle in one field
has consequences for the properties of the total product,
e.g. case of operation, marketing possibilities, produc-
tion price and development cost.

Likewise, the communication within the project group
is affected by the difference in engineering felds:
specialized education makes it difficult 1o understand
problems in the neighbouriog field,

For the designer, design modelling is an impommt
tool, because it permits him to describe, visualize and
sculpture his thoughts for the benefit of both himsclf and
others. As indicated in a survey carried out in Danish
mechatronics industries, the success of a mecham-mic
design project does not only depend on the specialized

DESIGN STUDIES Vol 10 No 3 July 1989

skills of the designers but perhaps even more on their
abilities to communicate and visualize thewr ideas to the
rest of the project group.

This article describes a theory and a model morphole-
gy for better understanding of the rmodelling activity in
mechatronics design. Also, the need for design models In
the early phases of product development s discussed.
Thiz work is part of a2 PhD study ar the Instiouee for
Engineering Design of the Technical University of
Denmark, with the goal of developing a design theory for
mechatronics.

MODEL THEORY
The texms property and, mode] are central to any theory of
modelling. We will base this study on the definitions of
the WDK school of design theory, Hubka':
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A property is any atiribute or characteristic of an object.

Properties of products are, for example: performance,
size, colour, relisbility, costs. Properties represent the
quality of the product it manufacturing, in marketing, in
daily use ete. A produet is designed with the purpose of
posscssing corfain properties, and these will be pre-
seribed a5 requirements in the design spedification. The
fundamental activities of design work are the generation

of design alternatives and the evaluation according to .

properties. -,

Some properties are quantifiable, €.g. weight, speed,
energy consumption. These can be mensured directly
and objectively. Others may be still guantifiable, but
more difficult 0 measure directly, e.g, seliability,
lifetime, case of assembly, noise nuisance. Properties like
appearance and case of operation aye not quantifable.
They can only be evaluared subjectively.

A model reproduces properties of an object.

The product designer creates models of the not yet

finished product, e.g. mathematical formulae, verbal
descriptions, sketches, function models. He does so in
order to gain information about product properties: “Is it
strong enongh? ‘Does it work? ‘How is the perform-
ance?” “What does it look like?” Thus, the okject is the
product or the designer’s idea of the product to be
designed.

Design is a propagation fromn mode] to model, and the
designer uillizes a lrge pumber of different “product
reproducing models” in order to design the product,
Roth?, The design models vary in terms of the properties
they reproduce, degree of abstraction, number of details,
finish ete.

Figure 1 illustrates the relations between object and
model. The model has a set of properties in common with
the object, the modelled propervies. For example, 2
funetion model displays the functional properties of the
product, but not appearance and ease of operation.

Bur the model alse holds properties that do not belong
to the product, and which are irrelevant for modelling
itself, e.g. a circuit diagram has the property of structure
in common with the electronic circuit of the product, but
it is drawn on phper and does not work.

EXAMPLES OF DESIGN MODELS

Technical universities extensively teach the use of verbal

Figure ¥. Relation between object and modsl
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Figure 2. Design models of mechatroric products

models and formal, mathematical models, e.g. for
strength analysis, dynamics and control theory. How-
ever, graphical models (sketches, dingrams) and three-
dimensional (‘hardware’) ‘models are often neglected,
cven though they may be of equal importance to the
design enpineer, In the following, we will concenware on
such types of models.

Figures 2 and 3 show design models used in mechatro-
nics design. The graphics should not be interpreted as a
complete registration of possible model types; rather, the
emmples were sclected 1o indicate the broadpess of
design models.

The models sketched in Figure 2 reproduce ral
aspects of the product: abstract functional structure,
function principles, appearance, form design, case of
operation, manufacturing propertes etc.

Figure 3 shows design models from the traditional
enginecring fields of mechanics, electronies and softe
ware. A most interesting difference between these tools is
that the software engineer has nothing but paper and
computer display for design modelling, whereas the
clectronics engineer and, in particular, the mechanical
engineer have 2 variety of hardware ready for building
3-D models.

MODEL MORPHOLOGY

To apply design models rationally requires a thorough
understanding of modefled properties and medelling
purpose. The main difficulty & to choose a mode] type
that models just the necessary number of product
properties at the present stage of design.

Including too many modelled properties ic a model at
an early design stage {e.g. the appearance of a function
maodel), means that the designer will spend too much
time and effort making the model. On the other hand,
wrying to evaluate more properties than the ones ntended
in the model (e.g. evaluating ergonomics of 2 design
sketch) means that the designer may get a false impress-
jon of the solution to be examined,

Figure 3. Design models in mecharics, & ics and sofi
engineering

oprimal design model. Rather, it should be seen as a
pedagogical tool, which makes the designer consider
some importznt aspects before building a design model.

This model morphology is divided into two sections.
The first describes the activity of design modelling, and
the second describes the design model itself.

The modelling activity

Fonr aspects are important when discussing the design
modelling activity: the object, the modelled properties,
the purpose of modelling and the model user.

The object is the product to be designed or rather the
designer’s image of the product, .. the technological
principles, the user interface, the structure of parts, the
total form. At times, the designer will also want to model
the product surroundings or the problem to be solved by
the product. When designing hospital equipment, for
instance, it may be helpful 1o medel physical surronnd-
ings of an operating room and the sequences of opera-
tions as performed by surgeons and nurses,

The modelled properies are the product properties to be
reproduced by the model. The properties in Figure 4 are
arranged according to the Tfe-cycle’ of the product,
Tialve’; design — manufactuting — marketing — use —
destruction. The emphasis on properties differs from
product to product, but propertes often modelled
include: function, stength, ergomomics, production,
reliability.

The purpose is what the designer wants to do with the
modelled propertics. It may be any of the basic

For a general explanation of the design modelling operations of (enpinecring) design;
activity, we would Jike to propose the morphological
schematic shown in Figure 4, based on Thlve® and ® define
Andreasen®. Using this, it is possible to describe ® generate (ideas)
precisely the purpose of the intended modelling and the ® describe
characteristics of & suatable design model type. ® verify
It is not a method that will automatically generate an ® cvaluate
THE MODELLING ACTIVITY THE DESIGN MODEL
0BJECT PROPERTY | PURFCSE | USER CoOOE HEDIUM
PROBLEM DESGH DEFNE. T DESEHER. LAGDMGE, TALRE §
CRITERI T | GEMERATE, A HtELE SHBOLS § e 3
; e verdey LU EANSUE TeHS T T HONE, Oeo 5
HARIFALY, HATHESATICAL
RINCTION STRUCRRE. H seeary DRATTSHA TRAFIHG SORDND DIMELAAL
IMTERFAZE DAL APPEA INRRHATION | Sagpapayy i 3 T WIERALY
: TASE OF PACNS ctent REPRODULTION § LMPER, CatimonRS,
ORGA STROCTURE. H PREECTED g ORI, §
XM PRNUAES | peiae MALAGER, pree % R M, AN
RAKTION : B § H
s s | i oo | 3
: DESTRLENON e WAcHe J’
el : g g ¥

Figure 4. Morphology of design modeliing chavacteristics
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“These are the operations that the designer performs again
and again during the design process, For example, design
sketches are used to describe and generate new ideas. A
function model & wsed to werify or evaluate product
function. A technical drawing will specify form, dimen-
sions and manufactaring processes of machine pars.
The user of the design model may be cither the

designer himself, other persons (e.g. colleagues, product

nsers, managers), or machines/computers. For the desig-

- ner bimself, there are only few restrictions on how to

make the design mode], as he will understand almost
anything created by himself. Models intended for others
however, need to be finished in 2 “model language’ or
code understandable to those.

McKim® has emrried out extensive work on the
influence of skewching (graphical modelling) on the
designer’s imaginative power, He shows how it s
possible for the designer to gain some control of his
<reative thought process by consciously following the
cycle of secing, imagining and drawing,

Also concerned with graphical models, Tovey’ de-
scribes three principal functions of design drawing
{purpose, mode] yser):

‘e to facilitate the design process

® to externalize the process and thus allow others to
participate in it such as design managers, other
aembers of a design team or the client; and

® to communicate the completed design proposal to
others this will be the client, markering managers,
production engineess, otc and so forth,”

Models or internal representations of design in corputer
programs are still grining importance, Attempts to drag
CAD “upstream’ mthcdmmproocmmilformodcls
other than the stict geometrical models used today.

Roth® describes the difference in characteristics of design

‘models used by man and by computers: the “Product

repreducing models’ used in manual design do not need
to be truc-to-scale and, complete, as their main purpase
for the designer is to create associations to knowledge,
which is “stored” elsewhere (in the designer’s mind, in
handbooks etc.). Contrary to this, computers have to
extract all pecessary data from the internal product
model.

The design model

T‘hcdcsignmodclmaybcmgxrdcdaspmtofa
communication process as in Figure 5. Xt is a way of
n-ansfcmng information from a sender (the designer) toa
recciver (the model user). The information (e.g. ideas,
thoughts) is coded by the sender and again decoded by
the receiver, The code must be well understood by both.
to ensure an optinsal informnation transiton, but still the
sender may expect loss of information and noise,
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The code of the model (or ‘modelling language™) is, for
instance, human language, symbols, drafting standards,
projections.

Ourside the human brain, information can only exist in
a medinm, ¢.g, writing on paper, sound in ait. The
mediion of the model is often graphical (e.g. paper,
computer display, photograph) or three-dimensional
{e.g. made of standard copzponents and raw materials).
Also, when making 2 model, the dcsigner will decide the
model mmfammg technique; that is, whether the
medium js processed coarsely (i.e., cheap and fast) or
very carcfully (3., expensive, time consummg)

Two other characteristics are important, when describ-

* ing a design model: the degree of abstraction and the

number of details {or complexity). Figure § illusuates
these terms,

The upper left cornier shows a rough, two-dimensional
sketch of a pulley for a conveyer belt. To make the model
less abstract, the designer draws a perspective drawing or
makes 2 hardware model. To make it more detailed, the
designer must add design considerations, e.g, divide the
form into single, processable parts, specify dimensions
and material,

Examples

We would fike to give some cxamples of how the
ABSTRACT

uoeraliep

DETAILED

Figure 6. Depree of ahstraction end sumber of details
o of reproduced by

modelling activity associated with well-known design
modei types may be deseribed sing the model morphol-
ogy of Figure 4.

A function model is a model of the *working principles’
of the product. Its purpose is to “verify’ (‘Daocs it work?”)
or 10 *evaluate” (‘How is the performance?”) the “function
properties’. It will often be used only by the ‘designer
himself and by the ‘project team’. The model is a *spatial
reproduction” composed of ‘standard components’ and
‘raw materials’,

A dreuit diggram models the sructure of electromic
parts of the product. The purpose is, for example, o
specify manufacturing properties {¢.g. types of components
to be used, assembly) to be used by the marufocturing
department, 1t is deaem on paper using electrical symbols.

The design specification may alse be regarded as a
model reproducing the problem and the eriteria for the
pmduct 10 be designed. The purpose is to specify product
properties concerning marufacturing, marketng, wage
and destruction, but it may also be used for epaluasing
properdes like expected costs and time consumption of the

design project. The design specification is written on |

paper using language and symbols.

MODELLING: A WAY OF BUYING
INFORMATION

By deciding the properties of the product, the designer
establishes the size of the business that this product em
achieve for the company. According 10 Andreasen and
Hein®, we may roughly divide product properties into
wo categones: the “fanctional properties” (functionality,
operation, appesrance cte.), which determine the achiev-
able sales price and velume, and the ‘production
properties’” (raw materials, manufacturing processes

e}, which determine the production costs. By handling-

at the same time principles, structure and details of the
product, the designer will try to make the gap between

sales turmover and production costs as wide as possible,:

thus optimizing the business potential,

As illustrated in Figure 7, the main part of the project
oosts ave allocated n the early phases of product
development, 2t & time when few resourees {manpower,
money) ave actoally spent on the project. When complet-
g the design phase, o high percentage of the cost may

be allocated, although only very few percent are spent’

untl then. In other words, the designer has to make
several very important decisions for which he does not
see the full conseguences umtil much later.

During the early design stages, every decision and
choice of solution &s based on incomplete information,
since the knowledge of the design problem grows with
the progress of the project. Design todelling s one tool
{or buying information in order 1o reduce the risk of the
product development not sucoceding. By making mod-
eis, the designer tries o gain information about the
relations between decisions and consequences, In soft-
ware engineering literature, there is a growing recogni-
ton of the importance of “fast prototyping’, that is, early

§ COSTS
"
/”-’
. ”
e
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4
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/ .
' ;
/ . S| e
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Figure 7. Relations b Hocated and {ly spert costs
duwring a design profect

funcrion modelling of the main program ideas in erder to
obtain a quick response from users ete. Bochm®® gives
five conditions for boyity mformation by rnodelling
(investigations”), which have general value also for other
ficlds than software design:

Condition 1: There exist attactive altermatives whose payolf
varies greatly, depending on some ¢ritical states of nature.
Condition 2; The critical states of patures have an appreciable
probability of occurring.

Condition 3: The investigations have 2 high probabitity of
nacmldy:dmnfymgthcoecumce the critical states of

Conditon 4; The required cost and schedule of the
Tavestigations do not overly curtail their net value.
Condition 5: There exist significant side benefits derived
from performing the investigations,

Thus, one should be cautious of using design models if
no alternative solutions exist, if the benefit is expected to
be small or if modelling in time or costs is more expensive
than the obtained benefits.

An example of modelling being too expensive, is the
production of custom-designed IC: the designer will
choose to jump directly to a small series production,
since making 2 single prototype IC for evaluation of
function is far too expensive. Instead, other tools have
been developed for this purpose: computer simularion
and in-circuit emulators.

Often the time consumption of modelling will be much
mare critical than the costs, The design model is part of a
crestive design process, and it should preferably be
finished immediately after the designer has felt the need.
Se, queues in the model workshop arc fatal for creativity!

The side benefits of modelling may be extremely
valuable: knowledge of new technologies, of practical
handling of materizls, of production difficulties (assern-
bly, required precision) etc. Bochm!'® mentions training,
team building and customer relations as side benefits.

123



B

& design costs and time consumption

+ manufactring costs and mvestments B

* marketing propertics (customer sppeal, innmovative
value)

The purpose of such models should be to:

# generate and describe new (desigm concept) ideas
® cvaluate roughly the consequences.

Therefore, flexibility is an important feature, .
As user of design concept models, we may consider two
different categories

& colleagues (mechanical/clectronic/software designets)
# non-specialists (marketing. production, managers,
users)

‘Thinking of software development, even designers in the
same project group may have to be regarded as ‘non-
specialists” in the sense that they have had no training in

understanding programming possibilities and restric-

tons.

There is certainly not a single model type that will
yield to all these specifications. Rather, we are looking
for 2 family of models, of which we have alrezdy scen
some clements in use in industry. However, a brief
discussion of the model charactesistics of code and
medium may indicate possibilities,

Code: Mechanical, electrical and software cogineers do
not have a commeon language of symbols (except mathe-
matical symbols) to deseribe function. Thus, it may be
necessary to develop new symbols for the ‘colleague-type’
models. Models for non-specialists need an easy under-
standable code, and this may not be possible at all with
symbeols.

Medtum: To fulfil the purpose of generating design
coneept alternatives, the models must be flexible (easy to
modify) or fast to make, In this respect, graphical models
(sketches, computer graphics) seem to have advantages.
Models for non-specialists need to be concrete, and
should make good ose of graphics and three-dimensional
hardware.

A key point when discussing mechatronic design
concept models is the understanding of ‘software’. The
texm is commonly used for computer programs and their
documentation but, in order to derive combined mecha-
tronic models of function, we need to reconsider the
logical contents in machines, the ‘mechanical software’.
‘When replacing mechanical principles of a machine with
microprocessors and programs, the designer is forced to
formulate logical relations and algorithms that were
formerly built into the mechanical system. These logical
relutions are seldom expressed explicitly in machine
design, but they must be included when evaluating
alternative mechatronic design concepts.

CONCLUSIONS

Used with care, design modcllmg is a powerful wool for
buying information and thus diminishing risk in mecha-
tronic product developmicnt. It is possible to describe
precisely the design modelling activity and model type by
the introdaced mode! morphology.

The design concept of a mechatronic product is a
compiex blend of mechanical, electronic and joftware
technologies, which is established in the early suges of a
design project. The well-known function model is not
sufficient 1o describe and discuss the desten concept, and
we see the need for a new family of early design concept
models in mechatronics design.

These must be flexible models, to be unsed for
gezerating design concept alternatives and for roughly
evalnating the consequences for development, manufac-
turing and marketing in the early stages of a project.
Further, there is a need for a model language or a medel
type that could improve communication both between
mechanical, electrical and software engineers, and be-
tween the project team and, for example, managers and
users.
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electronic products are far too complex for this,
COOKE [12]. Structaring on block diagram level has
gained lmportance, but hardly any methods oxist for
this activity.

In electronics pockaging desigh, a few design
methads for declding on pockeging technologles and
module structure (circuit grouping) exist, HARPER
[13]. Also methods for overcoming EMC problems and
for high frequency design are available, In this
phase, methods for embodiment design of mechanical -
products may well be applied, e.g. form concept va-
riation methods as proposed by TYIALVE [4). Specific
layout methods f{or PCB, thick-film end IC are well
described and mostly computerized.

In the 1960's and 70's a number of fallures in
software programs proved that a more systematic ap-
proach to design was necessary than the 'direce-
spaghetti-programming method'. Since then, design
methods have been developed rother Intensely. No
single methodology has achieved oversll acceptance,
os the existing methods favor different types of
software systems, e.f. dare or function oriented,
sequential or concurrent programming.

3.6 Computer Aids
The extent, to which computer alds have been deve—
loped for deslgn, varles with the types of problems
in the three flelds.

In machine design, CAD can so fur only be ap-
plied for embodiment design b the last deglgn pho-
ses or for standardized design procedures, where
each step ls well deflned. In CAD systems, the de-
sign iz represented In a 2- or 3-dimensional geome-
tric ‘model, which prevents the use of the systems
until dimensions and form of parts are considered.
On the other hand computer tools certainly exist
for solving a variety of detall problems In mochine
destgn: finlte element anolysis etc,

Electronie circwlt deslgn s fundamentally 2-
dimensional, and the diagram symbols are well suf-
ted for computerization. A range of CAD systems are
available {or transforming logical statements into
circuits, for simulating functions, or for. merely
documenting the design,

Electronles packaging design makes extensive
use of CAD: g PCB, thick-film or ICayout
from the diagram, simulating and testing. In fact,
CAD programs are Indispensable In IC design, and
they offer the possibility to shortcut the prototy-
pe stage by jumping directly from circuit diagram
(or in the case of sllicon compilers: functional
specificatlons) te the first production series. For
the purpose of fumction modelling or prototyping,
the computer mey lustead slmulate the presence of a
programmed single chip tmicroprocessor or a custom
designed IC component in the actual hardwere.

In software deslgn, surprisingly few compute-
rized design tools muy be found. On the detailed
design level, complicrs may automatically transform
high level programming languages into assembler or
machine code needed for the chosen micro processor,
but on the more abstract levels of systems struc-
are design, computer alds are with few exceprions
merely graphlc documentation systems that help the
deslgner in keeplag track of and updating the huge
number of working documents.
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4. CONCLUSIONS

The difficulty of suggesting new, mechatronic de-
sign concepts are not just due to the gaps of un-
derstanding between engineers educated kn mecha-
nies, electronles and software design. The very
substance of the three technologies are different,

When developlng deslgn methodology for mecha-
tronics, we must cohcentrate on the level of pro-
duct synthesis {l.e. design of technlcal systers),
This is because the deslgner's problem solving and
the pany's prod develop activities do not
differ from those applled to machine design, where
design methods already exist.

There are two major obstacles in creating me-
chatronics destgn methodology:

{1} abstract functions of systems ore understood
and described very differently in mechanics,
electrontes and software, and that

{2) the means for deseribing design concepts (l.e.
conditlons of design modelling) -vary grearly,

REFERENCES

{i} Andreasen, M.M. and Hein, L. Integrated
Product Development. IFS Publications Ltd,
UK, $pringer-Verlag 1987,

[2]  Jomes, J.C.: Design Methods - sceds of human
futures. London Wiley 1370.

3] Hubks, V.: Principles of Enginecring Design.
Butterworth & Co Publishers Led, UK 1982,

4]  Talve, E: A Short Course in Industrial De-
Newnes-Butterworth & Co Publishers
Led, UK 1979,

[S]  Andreasen, M.M.: Syntesemetoder pas system-
grundlag. Diss, -Lunds Tekniska Hogskola,
Sweden 1980 (in Danish),

[6] Pahl, G. ond Beitz, W.: Engineering Deslgn.
The Design Council, London 1984,

[71 Roth, K.: Konstruleren mit Konstruktionska-
talogen. Springer-Verlag, Heldelberg 1982

18] Buur, J. and Andreasen, MM.: Design Models
in Mechatronic Product Development.
Design Studies, 1989 {10 be published).

[9] Bochm, B.W, Gray, T.E. and Seewaldt, T.:
Prototyplng versus speclfylng: A multlpro-
Ject experiment. JEEE Trapms. on Software
Eng. Economics, Vol. SE-10, Ne.3 May 1984,

[16] Meyer, B.: On Formalism in Specifications.
IEEE Software. Vol.2, 1985,

[H] Naur, P.: Formalization in Program Develop-
. ment. BIT, Vol.22, Nr.4 1982,

{12] Cooke, P.: Electronles Deslgn Demands o New
Approach. Englneering. Vol.224, Nr.4 1984,

[13} Harper, C.A.: Handbook of Electronles Packa-
ging. McGraw-Hill, New York 1967,

Appendix B

Designmodelsin
mechatronic product
development
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Design models are important tools in mech

ics design. Based on well-known types of design models,
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and therchy diminishing the risk of making false decisions. However,

onics design i & complex

activity involving the different frelds of mechanics, ekma@um@s?[mm:mdﬁwmckﬂzggm
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on the model morphology, it is possible to discuss properties of such models,
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The design of a ‘mechatronic product’ is a combination
of mechanical, cléctronic and software engineering. Th:s
makes it a difficult task for the designer to maintain a
total view of the product. The total view is important,
since choosing any particular design principle in one field
has consequences for the properties of the total product,
e.g. ease of operation, marketing possibilities, produc-
tion price and development cost.

Likewisc, the communication within the project group
is affected by the difference in engineering fickds:
specialized education makes it difficult to understand
problems in the neighbouring field. .

For the designer, design modefling is an tmportant
t00], because it pegmits him 1o describe, visualize and
sculpture his thoughts for the benefit of both himself and
others. As indicated in a survey carried out in Damsh
mechatronics industries, the success of & mechatronic
design project does not only depend on the specialized

DESIGN STUDIES Vol 10 No 3 July 1989

skills of the designers but perhaps even more on their
abilities 1o communicate and visualize their ideas to the
rest of the project group.

This article describes a theory and a model morpholo-
gy for better understanding of the modelling actvity in
meckatronics design. Also, the need for design models in
the carly phases of product development is discussed.
This work is part of a PhD study at the Instimute for
Engineering Design of the Techmical University of
Denmark, with the goal of developing a design theory for
mechatronics.

MODEL THEORY
The terms property and model ave central 10 any theory of
modelling. We will base this study on the definitions of
the WDK school of design theory, Hubka':
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A property it any atrribute or charaeteristic of an object.

Properties of products are, for example: performance,
size, colour, reliability, costs. Properties sepresent the
quality of the preduct in manufacturing, in marketing, in
datly use erc. A product is designed with the puxpose of
possessing certain properties, and these will be pre-
seribed as requirements in the design specification. The
fundamental activities of design work are the generation

of design alterpatives and the evaluation according to .

Some properties are quantifiable, ¢.g. weight, speed,
energy consumption. These can be measired directly
and objectively. Others may be stll quantifiable, but
more difficult to measwre directly, e.g. reliabiliry,
lifetime, case of assembly, noise nuisance. Properties like
appearance and ease of operation are not quantifiable.
They can only be evaluated subjectively.

A model reproduces propertics of an object.

The product designer creates models of the not yet |

finished product, ¢.g. mathematical formulae, verbal
descriptions, sketches, function models. He doss so in
order to gain information about product properties: Is it
strong enough?” “Does it work?” How is the perform-
ance?” “What does it look like? Thus, the object is the
product or the designer”s idea of the product to be
designed.

Design is a propagation from model to model, and the
designer utllizes a large number of different ‘product
reproducing models” in order to design the product,
Roth®, The design models vary in terms of the properzies
they reproducs, degree of abstraction, number of details,
fmish ete.

Figure 1 illustrates the relations between object and
modet. The model has a set of properties in common with
the object, the modelled properties, For example, a
function model displays the functioral properties of the
product, bot not appearance and ease of operation.

But the model also holds properties that do not belong
to the product, and which are irrelevant for modelling
itself, e.g. 2 crcuit diagram has the property of structure
i common with the electronic circnit of the product, but
it 3= drawn on paper and does not work,

EXAMPLES OF DESIGN MODELS

Technical universities extensively teach the use of verbal

Figure 1. Relation berweent object and model
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Figure 2, Design models of mechatronic products

models and formal, mathematical models, e.g. for
strength analysis, dynamics and contro! theory. How-
ever, graphical models (sketches, diagrams) and three-
dimensional (hardware’) ‘models are often neglected,
cven though they may be of equal importance to the
design engineer. In the following, we will concentrate on
such types of models.

Figures 2 and 3 show design models used in mechatro-
nics design. The graphics should not be interpreted as a
complete repistration of possible model types; rather, the
examples were selected to indicate the broadness of
design models,

The models sketched in Figure 2 reproduce total
aspects of the product: abstract functional structure,
function principles, appearance, form design, case of
operation, manufacturing properties etc.

Figure 3 shows design models from the traditional
enginecring ficlds of mechanics, electronics and soft-
ware. A most interesting difference between these toals is
that the sofiware engineer has nothing but paper and
computer display for design modelling, whereas the
electronics engineer and, in particular, the mechanical
engineer have 2 vardety of hardware ready for building
3-D models,

MODEL MORPHOLOGY

To apply design models rationally requires a thorough
understanding of modelled properties and modelling
purpose. The main difficulry is to choose a model type
that models just the necessary number of product
properties at the present stage of design.

Including 100 many modelled properties in 2 model at
an carly design stage {e.g. the appearance of a function
madel), means that the designer will spend 100 much
time and effort making the model. On the other hand,
trying to evaluate more properties than the ones intended
in the model (e.g. evaluating ergonomics of a design
skerch} means that the designer may get a false impress-
ion of the solution 1o be examined.

R CHART
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Figure 3. Design models in mechanics, electronics and software
e

optimal design model. Rather, it should be seen as a
pedagogical tool, which makes the designer consider
some important aspects before building a design model.

This model morphology is divided into two sections.
The first desctibes the activity of design modelling, and
the second describes the design model tself,

The modelling activity

Four aspects are important when discussing the design
modelling activity: the object, the modelled properties,
the purpose of modelling and the maode] user.

‘The obfect is the product to be desipned or rather the
designer’s image of the product, ¢.g. the technological
principles, the user interface, the structure of parts, the
rotal form. At titoes, the designer will also want to model
the product surroundings or the problem to be solved by
the product. When designing hospital equipment, for
instance, it may be helpful to model physical surround-
ings of an operating room and the sequences of opera-
tions as performed by surgeons and nurses.

The modelled properties are the product properties to be
reproduced by the model. The propextics in Fignre 4 are
arranged according to the “lifecycle’ of the product,
Tiatve®: design — manufacturing — marketing ~ use —
destruction. The emphasis on propertes differs from
product to product, but properties often modelled
include: furicrion, strength, ergonomics, production,
rehiability.

The purpose is what the designer wants to do with the
modelled properties. It may be any of the basic

For a general explanation of the design modelling operations of (engineering) design:
activity, we would Iike to propose the morphological
schematic shown in Figure 4, based on Tjalve® and * define
Andreasen®, Using this, it is possible to describe  # generate (ideas)
precisely the purpose of the intended modelling and the « Jeseribe
characteristics of a suitable design model type. * verify
It is not a method that will automatcally generate an * evaluate
THE MODELLING ACTIVITY THE DESIGN MODEL.
0BJECT TROPERTY | PURFCSE | USER CODE HEDWUM
CRITEREA The OO | GRMERATE. 1DEAS b GBS p § gm“m 2
PROLESS SRACTURE. : DESRIBE Lomers t T bioiin TN i
fiviniyas W’W wawncenyy | verfer COUEME. WASHEAATCAL TERS HOUE w0 2
TUERRACES EVALIATE. PREJECT TEAM i, s | F e e
AP THIL HECHAMAL SN0 H
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Figure 4, Morpholopy of design modelling characiristics
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® artange (information)

These are the operations that the designer performs again
and again during the design process. For example, design
sketches are used wo describe and generate new idess, A
function model is wsed to vify or epaluate product
function. A technical drawing will specify form, dimen-
sions and manufactoring processes of machine parts.
The user of the design mode] may he either the

designer himself, other persons (e.g. colleagnes, product

users, managers), or machines/computers. For the desig-

- mer himself, there are only few restrictions on how. o

make the design model, as he will understand almost
anything created by Bamself. Models intended for others
however, need to be finished in a “model lnguzge’ or
code understandable to those.

McKim® has carried out extensive work on the
influence of skewhing (graphical modelling) on the
designer’s imagimative power. He shows how it is
possible for the designer to gain some control of his
creative thought process by consciously following the
cycle of seeing, imgining and drawing.

Also concerned with graphical models, Tovey’ de-
scribes three principal functions of design drawing
(purpose, mode? user):

‘@ 1o facilitate the design process

* 10 extemnalize the process and thus allow others 1o
participate in it such as design mamagers, other
members of a design team or the client; and

® to communicate the completed design proposal to
others this will be the client, marketing managers,
production engmeers, ete and so forth.”

Models or internal representations of design in computer
programs are stlf gaining importance. Attempts to drag
CAD ‘upstream’ in the design process call for models
other than the strict geometrical models used today.
Roth® describes the difference in characteristics of design

‘models wsed by man and by computers: the “Product

reproducing models” used in manual design do not need
10 be true-to-scale and complete, a5 their main purpose
for the designer is to create associations to knowledge,
which s “stored’ elsewhere (in the designer’s mind, in
bandbooks etc.). Contrary to this, computers have to
u;rdam all pecessary data from the internal product
model.

The design model

The design model may be regarded as part of a
communication process as in Figure 5. I1 is 2 way of
teansferring informmtion from a sender (the designer) toa
receiver (the model user). The information (e.g. ideas,
thoughts) is coded by the sender and again decoded by
the receiver. The code must be well understood by both
te easuge an optimal information transition, but still the
sender may expect loss of information and noise.

122

Figure 5. General commumication process

The code of the model (or ‘modelling language”) is, for
instance, human language, symbols, drafting standards,
projections.

Outside the human brain, information can only exist in
a2 medium, eg. writing on paper, sound in air. The
medium of the model is often graphical (e.g. paper,
computer display, photograph) or three-dimensional

{e.g. made of standard corponents and raw materials). -

Also, when making a model, the designer will decide the
model manufacturing technique; that is, whether the
medium is processed coarsely (Le., cheap and fast) or
very earcfully (i.c. expensive, time constrning),

Two other characteristics are important, when describ-

" ing a design model: the degree of ebstraction and the

number of details (or complexty). Figure 6 illustrates
these terms.

The upper left corper shows a rough, two-dimensional
sketch of 2 pulley for a conveyer belt. To make the model
fessab t, the designer draws a perspective drawing or
makes a hardware model. To make it more detailed, the
designer must add design considerations, e.g. divide the
form into single, processable parts, specify dimensions
and material.

Examples

We would ke 10 give some examples of how the
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a design

modelling activity associated with well-known design
model types may be described using the model morphol-
ogy of Figure 4.

A funcrion model is 2 mode! of the *working principles’
of the product. Its purpose is 1o ‘verify” (‘Does it work#”)
or to ‘evatuate’ ("How is the performance?”) the “fimction
properties’. It will often be used only by the ‘designer
himself” and by the ‘project team’. The model isa ‘spatial
reproduction’ composed of ‘standard components’ and
‘raw materials’,

A circuit diagram models the structure of electromic
parts of the product. The purpose is, for example, to
specify manufactuving properties (e.g. types of components
1o be used, assembly) to be used by the manufacrng
depariment. It is drawn on paper using electrical symbols.

‘The design specification may also be regarded as a
model veproducing the problem and the eriteriz for the
product to be designed. The purpose is to specify product
propertics concerning mufucturing, marketing, usage
and destruction, but it may also be used for evalunting
properties like expected costs and time consumption of the

design. project. The desipn specification #s written on |

paper using language and symbols.

MODELLING: A WAY OF BUYING
INFORMATION

By deciding the properties of the product, the designer
establishes the size of the business that this product can
achieve for the company, According to Andressen and
Hen®, we may roughly divide product properties into
wo categories: the ‘functioml properties’ (functionality,
opcration, appearance ete,), which determine the achiev-
able sales price and wolume, and the ‘production
properties’ (raw materials, manufactoring processes

etc.,), which determine the production costs. By handling-

at the same time principles, strocture and details of the
product, the designer will oy 1o make the gap bermeen

sales turnover and production costs as wide as possible,-

thus optimizing the business potential.

As illustrated in Figure 7, the main part of the project
costs are allocated in the early phases of product
development, at a time when few resources (manpower,
money) are actually spent on the project, ‘When complet-
ing the design phase, a high percentage of the cost may

be allocated, although only very few percent are spent’

until then. In other words, the designer has to make
several very important decisions for which he does not
sce the full consequences until much later.

During the carly design stages, every decision and
choice of soluen is based on incomplete information,
since the knowledge of the design problem grows with
the progress of the project, Design modelling is one took
for buying information in order to reduce the risk of the
product development not succeeding. By making mod-
els, the desiguer tries to gain information about the
relations between decisions and consequences. In soft-
ware engineering literature, there is a growing recogni-
tion of the importance of ‘fast prototyping’, that is, early
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Figure 7. Relations b i d and iy spent costs
during & design project

function modelling of the main program ideas in order to
obtzin a quick response from users ete. Boehm! gives
five conditions for buying information by medelling
(‘investigations”), which have general value atso for other
ficlds than software design:

Condition 1 There exist attractive alternatives whose payoff
vazics greatly, depending on some critical states of nature.

Condition 2; The exiical states of nature have an appeeciable
probability of occurring,

Condition 3: The fnvestigations have a high probability of
accurately identifying the occurrence of the critical states of
nanare,

Condition 4; The required cost and schedule of the
investigations do not overly curtadl theit net value,
Condition 5: There exist significant side benefits derived
from performing the investigations.

Thus, one should be cauticus of using design toodels if
no alternative solutions exist, if the benefir is expected 1o
be small or if modelling in time or costs is more expensive
than the obuained benefies.

An example of modelling being too expensive, is the
production of custom-designed IC: the designer will
choose 10 jump directly to a small series production,
since making a single prototype IC for evaluation of
function is far too expensive. Instead, other tools have
been developed for this purpose: computer simulation
and in-circuit emulators.

Often the time consumprion of modelling will be much
more critical than the costs, The design model is partof a
creative design process, and it should preferably be
finished immediately after the designer has felt the need.
So, quenes in the model workshop are fatal for creativiry!

The side bengfits of modelling may be extremely
valuable: knowledge of new technologies, of practical
bandling of materials, of production difficulties (assern-
bly, required precision) etc. Bochm®? mentions training,
teatn building and customer relations as side benefits,
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NEW DESIGN CONCEPT MODELS NE'Ei)ED

Figure 8 shows types of often-used hardware models in
the rough sequence of a mechatronic product develop-
menz project. The purpose and the modelled properties
of each design model are briefly described.

The relations between mechanics, electronics znd
software in 2 mechatronic product zre laid down in the
early phases of product development. By choosing

function principles, the designer decides which parts of .

the product {of the total product functon) should be - mechatronics design.

realized by using mechanical, electronic or software

means. In agreement with Finkelstein!? we will use the -

term design concept for this allocation of technologies or
the overall idea of working principles. ’

Establishing the design coneept is a task that requires
broad knowledge of technologies within all three ficlds in
order to create the largest possible business for the
company. The choice of design concept, however, is not
a2 purely technical magter, as it is closely related to
company strategy (e.g. prodact families, corporate im-
age, know-how building).

Poar communication between desigmers of specialized
fields, though, means that companies tend to divide the
product into independent, well-defined design tasks of
xespectively mechanics, electronics and software as early
as possible. By doing so, there may be a substantial risk
of sub-optimizing the individual modules on the premis-
es of technology, rather than optimizing the total product
and the business potential of the project.

We believe that new model types are needed for this
phase of creating the design concept in mechatronics
design. One could argue that this problem of the design
concept seems to be associated only with development of
new product idess, whereas most design projects n
industry consist of updating or medifying existing
products. But, in fact, updating or modifying products

~

usually means altering the design concept because of new
rechnological achisvements by shifting the weight from,
for example, mechanics to electronics, from analogue to
digital electronics, from hardware o flexible sofrware,
and from general microprocessor solutions to dedicated
custem. ICs. ' g

But does not the function model of Figure § reflect the
design concept of the product, then? It does, but the
following circumstances emphasize the need for new
design concept medel types in the early phases of

# The function model will mostly be the first time for
mechanics, electronics and software to meet. It is the
first occasion for the total design concept to be tested.

¢ The function model is made at a comparatively late
stage of the project, which means ar a time when most
important decisions regarding the design concept have
already been taken.

* Inmany companies, the function model has a status of
project key-point, at which the project group presents
results to the management level. Thus, real alternative
concepts kardly exist at this time, and only details will
be altered.

Figure 9 shows examples of models used at the early
stages of discussing the design concept in industry
projects. They have in common that they are all made
long before 2 function model could be realized, and they
are designed with flexibility in mind, because their most
distinguished purpose is 1o aid the designer in generating
and evaluaring altermative ideas.

The first group of examples uwse computers for
simulating the abstract idea of product function in real
surroundings. First, an algorithm for automatic control of
a central heating systexn, tested in a villa fully equipped
with heating. Second, a concept of intelligent com-
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Toverifyard evpluate funclion otal product funetion
of principles or subsystens

Figure 8. Typical hardiere models i a mechawronic product design praject

124

munication between coin-operated telephone and tele-
phone exchange, operated on the actual telephone
network,

The pext group also contzins, in a way, models
concerned with the ‘real surroundings” of the product:
the user intetface. Three examples: the first is simply an
operation manmual based on the pure imagination of the
product, written and cvaluated before any hapdware
model exists. This may yield valuable information about
the situation of the user and the logical dialogue betwoen
product and user,

The second uses computer graphics 1o create a
two-dimensional image of the product front panel,
simsulating response from displays and indicaror lamps.
An easy-touch panel gives the user the possibility of
really trying directly push-button type inmputs to the
simulator., Creating alternative designs is merely a
question of redefining computer graphics,

The third example is building an empty (cardboard)
mock-up of the product with operation elements and
displays connected to 2 cornputer. This model type may
simtlate 2 full operation dialogue and also allow for the

evaluation of ergonomic features of operation. Again,*

model changes are a matter of reprogramming the
computer.

The last group of Figure 9 is a block disgram type
suggested by Heind" for modelling the fimcrional
structure of a machine with electronic control. Jt illus-
trates that an electronic ¢ontral system com only interact
with the machine by means of sensors (inpot) and
actuators {output). Likewise, interaction with man is
possible only through operation controls (mput) and
indicators (outpur). By thinking in these elements, the
designer becomes conscious of the borderline between
electronics and mechanics, and between electronics and
operator.

SPECIFYING NEW MODEL TYPES

Tsing the headings of the model morphology of Figure 7,
it is possible 1o describe characteristics of such new
model types, which are attractive in the early stages of
mechatronic product development.

The objects we need 10 model ave:

# the funcrional suncnwe

® the applied principles of mechanicsfelectronics/
software

® the interfaces between the thres technologies.

This is what s specaal about mechatronics design: we
need to look for solutions in all three ficlds, and the
design concept will be a blend of technologies with
complex mterfaces berween subsysterns.

As a basis for allocating technological prineiples to the
different functions, we need 1o model the abstract
fussctional structure of the product, and we need to do so
without the model itself favotring a particular techoolo-
gy (e.g. a flowchart favours software type solutions).
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Figure 9. Examples of design models used for discussing the design
comeept  induspry projects

This is possible for machine systems (Roth?, Andreasen®
and others), but a single model type for describing
functional soracmure of mechatronic systems has yet to be
developed.

- Likewise, in the phase of discussing principles to be
applied in the design concept, the desigmer should be
able to jump freely between mechanical, clectronic and
software technologies, but so far a single, practical model
language to deseribe, for example, the combination of a
mechanisn, a stepmotor, 4 microprocessor and a contral

" algorithm, does not exist. The modelled properties of

design concept models are not so much function itself
(does it work?) at this stage, rather they are:

® the relations berween product and surroundings (does
this concept solve the problem? nser properties?)
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® design costs and time consumption

* manufacturing costs and investments

& marketing propemies (customer appeal, intovative
value)

'I“hcmoseofsuchm&ddsshonldbcto: ’

# generate and destribe new (design concept) ideas
® evaluzte roughly the consequences.

Therefore, flexibility is an important feature. -
As user of design concept models, we may consider two
different categories:

# colleagues {mechanical/electronic/software designers)
* pon-specialists {marketing. production, rmanagers,
users)

Thinking of software development, even designers in the
same project group may have to be regarded as ‘von-
specialists’ mtbcsmc:hatthcyhavchadno training in

understanding programming possibiliies and restric-

tions.

There is certainly not a single model type that will
Yield 1o all these specifications. Rather, we are looking
for a family of moedels, of which we have already scen
some clements in use in industry. However, a brief
discussion of the model characteristics of code and
mediwn may indicate possibilides.

Code: Mechanical, electrical and software engineers do
not have a common language of symbols (excepr mathe-
matical symbols) to deseribe function. Thus, it may be
necessary to develop new symbols for the ‘colleague-type”
models. Models for non-specialists need an easy under-
standable code, and this may not be possible at all with
symbols.

Meduen: To fulfil the purpose of generating design
concept alternatives, the models must be flexible (casy to
modify) or fast to make. In this respect, graphical models
(sketches, computer graphics) seem to have advantages,
Madels for nop-specialists need to be concrete, and
should make good use of graphics and three-dimensional
hardware.

A key peoint when discussing mechatronic design
concept models is the understanding of ‘software’, The
term is commonly vsed for computer programs and their
documentation bat, in order to derive combined mecha-
tronic models of function, we need to reconsider the
fogical contents in machines, the ‘mechanical software’.
‘When replacing mechanical principles of a machine with
microprocessors and programs, the designer is forced 10
formulate logical reladons and algorithms that were
formerly built into the mechanical system, These fogical
relations are seldom expressed explicitly in machine
design, but they must be included when evaluating
alternative mechatronic design concepts.
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CONCLUSIONS

Used with care, design modd.h.ng is a powerful too] for
buying information and thus d:mrmshmg risk in mecha-
tronic product developrient. It is possible to describe
precisely the design modelling activity and model type by
the introduced model morphology.

The design concept of a mechatronic product is 2
complex blend of mechanical, electronic and jofrrare
tcchnologw, which is established in the early stages of a
design project. The well-known function model is not
sufficient to describe and discuss the design concept, and
we see the nead for 2 new family of early design concept
models in mechatronics design-

These must be flexible models, to be used for
generating design concept alternatives and for roughly
evaluating the consequences for development, manufac-
waring and marketing in the early stages of 2 projecl
Further, there is a need for 2 model language or a model
type that could improve communication both between
mechanical, electrical and software engineers, and be-
tween the project team and, for example, managers and
users.

REFERENCES

1 Hubka, V Terminology of the science of design enginecring in 6
limguages Schriftenreihe WDK 3, chnsta (1980)

2 Roth, K K ieren miz Komstruktionskatalogen Springer-
Verlag, Berlin {1982)

3 Thalve, E et al. Engimeering
Barterworths, Londen (3979)

4 Andreascn, M M. S y dizg (in
Danish) Diss. Lunds Tekniska Hbgskol.u Sweden {1930}

5Tiave, E A short course in industriol design Newnes—
Butterworths, London (1979)

6 McKim, R, H Thnking visually: a strategy ma?walforpmblan
solping Wadsworth (1980)

7 Tovey, M “Thinking styles and modelling systems® Desigr
Studies Vol 7 No 1 (Januar_v 1986)

graphic modelling Newnes-

8 Roth, K “Modelibildung fiir das methodische Konstruieren
ohne und mit Rechnerunterstiizzung’ VDI Z. Bd 128 No 1/2
{January 1986}

9 Andreasen, M M and Hein, L Fmteprated product devclop-
meny IFS Publications Ltd/Springer Verlag, Bedford (1987)

10 Bochm, B W “Software cngincering economics’ [EEE
. Trams. Softeoare Eng. Vol $E-10 No 1 {Jagnary 1984)

11 Finkelstein, L and Finkelstein A C W ‘Review of design
'xlz;cstst.l)odoiogy IEE Procecdings Vol 130 Pt A No 4 (June

12 Heinzl, J ‘Entwicklungsmethodik foir Gerflete mit
Stenerung durch Mikroelektronik® VDI Berichie No 515
(1984)




	Buur B
	Buur O
	Buur A1
	Buur A2
	Buur PhD Mechatronic Design
	Buur A
	Buur B
	Buur C
	Buur D

	Buur X
	Buur Y

