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And when you draw a line,
it goes where you want.

John Frusciante (2001)
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Preface of the Editor

Problem

Today’'s companies are exposed to competition in a globatket and ever rising
expectations of customers. These circumstances caropglanies to be innovative and — at
the same time — to minimize the time to market.

Digital design tools seem to provide the opportunitydalize ever shorter product cycles.
The CAD model may be regarded as the center of a ldifgisagn environment. The evolving
model can be managed by PDM-systems and handed over tasvdasign and production
processes. Thereby, it allows for the development dflyrigomplex products in concurrent
and distributed design processes. Yet, these circumstaticenot necessarily enable
innovation. Innovation requires new ideas and the devedopof ideas demands creativity.

The most common design tool for that purpose eludes thendigital design environment:
the paper sketch. The sketch is probably the most powedsign medium for the
development of conceptual design ideas. Yet, there dladeen enough knowledge about its
mode of functioning in order to develop a digital counterpéthat design medium. While
today's CAD-systems are further developed, the gap betweepaper sketch and CAD is
getting wider and wider.

Objectives

The overall goal of this thesis is to provide comprehenssight into the complex processes
of creativity that take place when sketches are usedofoceptual design. From this insight,
the basic characteristics of sketching media emergeewosketching tools, which are both
effective and efficient, can be developed.

For this purpose, the use of different design mediadnstry is investigated by the help of
two surveys. The sketch, which has been indicated a&sg beost helpful for idea
development, is investigated in great detail by the help of 12Qrdegperiments. On the
basis of the experimental results, a comprehensiveefrerk for regarding the process of
sketching is developed. Moreover, the requirements are kat@al) which need to be met by
a future medium for conceptual design. The 3D-sketchechnikithe prototype of a digital
sketching tool, shows that it is possible to meet thegeirements in one new medium.

Results

The surveys among designers have shown that CAD anchekedce both integral parts of
design. Sketches mainly serve for idea development, Wi is rather used for concretion,
verification and documentation purposes. Hence, the inpam CAD on the efficiency and

effectiveness of conceptual design is rated lower tir@mmpact from sketches.

The experimental study has revealed that conceptualdslsggches may contain elements on
various levels of abstraction. Those different lsvef abstraction may be mixed up and
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combined within a single sketch. Moreover, the elemerntkirwa sketch show linguistic
characteristics, so they may be compared to words entersce. The relations between the
elements in a design sketch bring about highly commekrtical “stories,” that even pose
guestions or represent irrational statements. Visuakpgon and the sequential character of
depiction may cause the reinterpretation of thoseriestd so the designer may discover
completely new concepts within his own sketch. The efficy of the sketching process is
increased by the way that the pencil-tip is moved throhghsketch, especially when the
designer is not actually drawing any line.

In order to integrate all these findings into one cdestsframework, the sketching process
needs to be regarded as the designer's communicatibrhimiself. That framework is used
to elaborate those characteristics of the paper skb&thmake it such a powerful tool for
conceptual design. A new sketching medium needs to méaincexquirements in order to be
an adequate equivalent for paper sketches. Still, suchdaimes also constrained by the
digital design environment.

The 3D-sketcher is the prototype of a digital sketching tloal has been developed at the
Institute of Product Development at the Technical Unitgnsi Munich. It features a very
simple functional principle that meets the requiremementioned afore. By the help of
virtual reality, this device allows for the creationeofonceptual sketch that is truly spatial. A
desktop-based version of the sketcher is suitable fegual office surrounding. Still, when
used with different hardware configurations, this mediuay fme applied to other purposes
and disciplines.

Consequences for industrial practice

Designers, design managers and CAx-managers may barchmeir design environment by
the help of the survey results on the industrial usdesfgn media and tools. The designers
critically evaluate their actual CAx-tools and make dedsaon future tools. Software-
developers should carefully consider these statemernts Wiey intend to improve actual
CAD-systems or develop new design tools. The elalboraif the functional principle of
conceptual design sketches should inspire designers tectrefdhd improve their own
sketching techniques. Moreover, the demonstration of tleet@keness of sketches should
encourage designers to use this medium until thereasnarehensive equivalent at hand.

The 3D-sketcher is a medium that is capable of replabmgaper sketch sooner or later. As
a stand-alone system, the sketcher could be used in a pwedwmanner in the near future.
Ideally, the functional principle of the sketcher isegtated into future CAD-system, so
sketches can be used at any step of the design proagsswithin the CAD-model.
Workshops with designers, design manager, CAx-managerss@tslare developers are
actually carried out at the Technical University in Munictorder to discuss all the matters
mentioned afore.
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Consequences for research and science

This thesis presents numerous scientific resultsrtiaat inspire other researchers to further
investigate sketching for conceptual design. The adaptabilitlyese results on other design
disciplines, as well as on other sketching purposes mayalidated and specified. The
comprehensive framework on sketching as the designer’'s conatianiavith himself may
be used to systematically develop hypotheses, design esxmtainsetting and develop new
sketching tools.

The 3D-sketcher needs to be analyzed and evaluated asuarmied conceptual design. On
the basis on such a consideration, the sketcher may Iherfutéveloped. Even the actual
prototype provides numerous factors that may be varied im toragotimize its usability. The
integration of the sketcher into actual design environmeéaisands the development of a
suitable methodical approach. The integration of ataligiketch into the overall flow of
design information requires the creation of applicabta &amats and interfaces. At the date
of publication of this thesis, there are ongoing reseprojects at the Technical University in
Munich that have emerged from the work that is presanttdek following.

April 2005 Prof. Dr.-Ing. Udo Lindemann
Lehrstuhl fur Produktentwicklung
(Institute of Product Development)
Technische Universitat Minchen
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1 An Introduction to Sketching in Mechanical Engine ering

At the Technical University of Munich, a workshop was hdidt taimed to bring together
designers from industry and developers of design softwatbat workshop, a designer, who
worked at an automotive supplier for clutches, stated &hatduld like to be more creative in
his design work. Yet, he complained that the design sodtwestricted him in doing so. On
this complaint, the representative of a company thdtilmised one of the major software
packages responded that “for a supplier, the restrichionsthe automotive manufacturer are
SO severe, that there is no room for creativity anyWwaiis reply may reveal a potential
major misunderstanding of creativity. This designer matyb® designated to invent a new
functional principle for clutches, but does he therefast need to be creative?

In mechanical engineering, creativity does not only tdkeepin design from scratch and a
creative solution does not necessarily need to includee sevolutionary new functional
principle. Strong restrictions may exclude the develogneémew functional principle and
may necessitate threuse of a highly optimized working principle. The adaptatiba given
main solution may still requiraew conceptsor subsidiarysystems and therefore demand
creativity in particular. Conceptual design does not need to occur only whensitbban
planned to occur. At the very least, methods and toolsidsign should not distinctively
precludethe emergence of new conceptual ideas.

The designer’s statement quoted above also reveatis$etisfaction of designers with their
design tools’ support of creativity. Innovation has alwagen a driver for technological,
economical and social progress. Computer-aided designtaweés surely paved the way for
the development of today’s products; yet, they do naiterthe corresponding ideas. At the
time being, it is still thelesigner who comes up with new ideas and who has done so at all
times — even before computers were invented. But theaadther design tool, which has
been in use for a much longer time and still servespasvarful design aid (as we will see in
the course of this thesis): it is the ordinpaper sketch

A sketch is available almost everywhere at any time-s @deen it is actually just a napkin or
a beer coaster. Researchers who investigate desigiplidiss other than mechanical
engineering (such as architectyreften emphasize the benefit from sketches fortimea
design. This tool supports the occurrence of design ideaamifaild ways, although it is a
rather simple device itself.

But what is the state of affairs in the case of rmeatal engineering? Should the dissatisfied
clutch designer use sketches in order to be more we@ath\nd if he still needs to use
computer-based design tools (which is likely to be the cdbep how should sketches
interact with those tools? Let us consider one findiogn the following thesis beforehand:
Sketchesand computer-based tools both play important roles in todag&gn processes in

! see numerous contributions to the conference “Visndl$patial Reasoning in Design” &0 & TVERSKY,
1999).
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2 1. An Introduction to Sketching in Mechanical Engineering

mechanical engineering. However, there is no sufficreathodological and technological
framework that integratdsoththese design tools in such processes.

What needs to be clarified, is the particular bertéfit may be derived from the use of
sketches in mechanical engineering. Moreover, the mecharo$ problem solving that are
facilitated or even enabled by the sketch need to beleglvaad understood. On basis of such
an insight, those characteristics, which actually ratee effectiveness and efficiency of a
sketch as a design tool, may be identified. Only then rkaiclses best be integrated into
today’'s and tomorrow’s design environments. The developoem new type of digital
design device that combines the advantages from paper-a&etictt computer-based tools in
one single medium would be possible. In the followsogirse of this thesis, we will regard
findings from a four-year research project that ha# eth all these subjects.

The project was a cooperative effort between researcinem the areas of mechanical
engineering and psycholodystudying future tools and media for conceptual désighe
researchers carried out two surveys, several workshapsnare than 120 experiments with
students and designers. Based on the results from tttdgges, the prototype of a new type
of future design tool was set up. The so called “3D-skéetetlens for the creation of “truly”
spatial sketches in a completely intuitive way wiiib help of Virtual-Reality-technology.

In the second chapter, we will explore some scientbackground from both the areas of
design and psychology. At first, we will clarify therin “conceptual design” in general (as far
as possible and necessary). Starting from a look athdimean mind from the angle of
cognitive psychology, we will explore design as a seoieactions, as problem solving and as
an application of creativity. Against this background, wd veijard the support for design
processes that is offered from engineering design meihgylol

The third chapter provides a closer look at common nmeaablatools for conceptual design in

mechanical engineering. A survey is presented that highlidet way in which those media

are applied by designers from industry. It elaboratebénefits and drawbacks from the use
of sketches and computer-based tools, as well as thendesiglaims against future design
media. Based on these results and on some theorebiesideration, we will get to know a

scientific framework that will help us to fit togethigre experimental findings from the next
chapter.

The results from an extensive experimental study enuse of sketches in mechanical
engineering are presented in chapter four. We will stanh Statistical analyses that examine
commonalities and differences between the sketching bebafi®l designers and students,
respectively. Based on these results, we will choose seery characteristic experiments for
further analysis by means of case studies. While viewinigl digsign sequences and actual
design sketches, we will go further and further intodatails of creative conceptual design
with the help of sketches. We will gain insights in varisesy/s to depict abstract and even

! Institute of Product Development, Mechanical Engimegriechnical University of Munich
2 Workgroup ,Knowing — Thinking — Acting“, General Psychgyp Technical University of Dresden

% The project was funded by the German Research Foundagosthe Forschungsgemeinschatt)
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1. An Introduction to Sketching in Mechanical Engineering 3

irrational information entities and how these entitiee arranged in sketches like the words of
a “graphical language.” The perception and interpretatiodesfgn sketches and the way
these processes may lead to the (unintentional!) ocmaref new conceptual ideas will be a
subject matter. Even a single motion of the pencil, twlsigans only a fraction of a second,
contributes to the efficiency of the use of sketchascfonceptual design. In summary,
numerous different aspects of sketching can be identifiatl interact and make up this
unique design medium.

As a consequence, we will get to know the conceptef3D-sketcher” in chapter five. This
future design medium aims to comprise the characteyigticclassical sketches and the
advantages from digital environments. This medium providey intuitive creation and

handling of sketches with the help of Virtual Reality. I53®-sketches provide completely
new ways of representing any kind of spatial abstract nmdtion. Considering the actual
prototype of the 3D-sketcher as just one example, we owitisider other possibilities to

configure such a medium. Thereby, we will explore sevditfi¢rent applications of the

sketcher in mechanical engineering as well as in othegrdeslated and even artistic
disciplines.

After having gone through this thesis, we may not be absswer all the questions that we
raised some paragraphs before with one hundred percerdesm@. However, this is not the
goal of this thesis. It is probably neither possible ¢attisuch an extensive subject within one
thesis, nor possible to achieve necessary resultsemesearch project. In the first place, the
objective of this thesis is to open up a comprehensiveefnark that allows for correlating
all the different factors involved in sketching. That frarnek may be used for discussion,
reasoning and forming one’s own mind about this interestibgest. Thus, it may help other
researchers to generate hypotheses and set up researcts @logeit sketching, creativity and
conceptual design. Nevertheless, this framework maydtetfents and professional designers
to reflect upon their own procedures in order to work mogatrely and efficiently.

Beyond this framework, this thesis provides numerous fealided hypotheses about
sketching in design that could not be verified within thigguoto These hypotheses are open
for verification, modification and even refutation &gyone. Yet, there are also a number of
scientific findings that were gained, verified and whicé presented in depth in this thesis.
These results may well be used within other reseagkeqts that deal with subjects that are
related to sketching and creativity. They may also lsl us/ the developers of soft- and
hardware for design in order to ensure the applicabéifgctiveness and efficiency of their
future products. The presentation of the 3D-sketcher anfiritzional principle especially
aims in that direction. Again, these results may begmat interest for designers and
designers-to-be in order to better understand those glatiteir challenging profession that
elude from conscious perception.

Lastly, this thesis provides a number of vivid exampleseaf sketching processes that may
even arouse interest in a reader who is not direeldyed to this interesting topic.
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2 Conceptual Design in Mechanical Engineering

This thesis will mainly deal with processes, media amols for conceptual design in
mechanical engineering. In order to go into the authdeas on this subject, it is essential for
the reader to share a common understanding or at lemshmon definition about the term
“conceptual design” with the author. So what is conceptedign? Viewing existent
definitions, it shows that it is even hard to say wiatceptual design im general It may
either be a phase of the design process, the proceddexelbping a certain kind of product
definition or a certain kind of product definition itsedeg for exampleAML & BEITz 1996).
To gain a first insight to “conceptual design”, one migplit this term into its components,
which areconceptanddesign

In this contextdesignseems to be the more comprehensive and basic terne sonsider its
definition at first. According to MLER (1996), “design is the thought process comprising the
creation of an entity.” This definition points out eeal important characteristics of design —
still, we will not adopt every one of them as thesis of our further consideration. In this
definition, “process” probably is the most essentiamtebecause it shows what Miller
considers design to e general it is a series of actions, changes or functiomsgiomg about

a result. We will not determine whether design is @anfyrocess of thought or also includes
essential processes of act, which not just supplemesupport processes of thought. In the
following considerations, all (mental and actual) sub-psses within a design process will
be taken as being a part of design. Furthermore, this titeiimames what happens when a
process of design takes place: a — not further specifiatity & being created, which means
it is brought into existence and therefore has not ekisedore. Miller indicates an entity as
the “thing” being created and thereby leaves open whatagted “thing” emerges from a
design process.

In case of a conceptual design process, exactly this “théngpecified by the termoncept
Following the dictionary, a concept can be an idedan, pr a scheme (BRRIAM-WEBSTER
2003). In mechanical engineering, such a concept is notijgeneral idea such as “Let’s
build a car, how about that?”ARL & BEITZ (1996) specify a concept as a principle solution
for a product based on working principles and working stirest It may have been generated
out of functional considerations that have been ua#lert beforehand and may afterwards
result into a constructional definition. Figure 2-1 shdles functions structure, the working
structure and the construction structure of a clutch. wbeking structure exemplifies the
conceptual stage of the design. But methodology does nptestribe thelementsand the
structureof a concept; it also points oat what timea concept emerges. Prescriptive schemes
for design procedure, such as those suggested by industridarstarand norms (see for
example VDI-RCHTLINIE 2221, 1993), usually state that creating a concept should befone
the early steps within design procedure. In conjunction thighdefinition from dictionary, a
concept in mechanical engineering may be seen as anoid#geflater product and also as a
plan for further complementation of the ongoing desigocess. So, a concept is a
preliminary stage of the later, final product descriptlmat toncludes the design process.
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6 2. Conceptual Design in Mechanical Engineering

Structure Example
Fs ——
Clutch
f torque a
Functions r—————L v gt il
structure ' Change clutch |

operating force Fs |
into normal force Fu i

|
T—L:-[Input s ]—-IGenerate Fr }={ Output T, H’ T,

Artefact to be developed

Lever effect Friction effect
Fa l—a-—l—-—'-b—— Fo Fn @ R=F
; A T g
Working | Faa=Fob R=Fr=p-Fy
structure | Fo=Fy, Fo=Fe Fr
Fv—|| | |R
[y =—— i TN - T,

Construction
structure

Figure 2-1: Functions structure, working structure ¢
construction structure of a clutchARL & BEITz 1996, p. 43)

2.1 Sequences of Conceptual Design Work within the Product
Development Process

If a product description is preliminary, what does this mieants elements and structure?

Generally spoken, there are — at least — three wayshichva product description can be

preliminary. At first, it can béncomplete which means that essential parts of the description
are not defined, so elements are actuallysing Still, even if the description of some future
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2. Conceptual Design in Mechanical Engineering 7

product is completed, it may be preliminary. And thatesosdly, if it isfalseor irrational.

It may be false according to the demands made on the fotodeict or may be irrational in
itself if elements contradict each other and if thhecdure is inconsistent. Thirdly, a product
description is preliminary if it is morabstractthan the final description. The process of
abstraction is to omit certain features of an obje¢RNER (1987, p. 18) defines abstraction
(similar to the definitions used in engineering design ae$g as “omitting inessential
attributes respectively accentuating essential attsbuten abstract entity summarizes all
(more concrete) entities that have those feature®immon which are not left blank in the
abstract entity. The other features may have any spe@fie. It is essential to carefully
differentiate abstract from incomplete since botls¢hmformation modalities may appear to
be similar although they are notKRHEIM 1969, pp. 98). An abstract description may contain
all necessary elements, but they are not definedegnti®o, an abstract element within a
product description represents a variety of more coneletaents, which may be part of the
final description, yet it leaves open which one of theix going to be. This decision still has
to be made and therefore the product description is preliyina

All these potential characteristics of a preliminarydua definition hold for a concept in
engineering design. We will thoroughly address incomplsteaad irrationality later, since
these characteristics may be important stimuli forativgy. Still, the most important
characteristic of a concept probably is abstractre@sse it enables an essential process of
solution development: By using abstractness, a desicaerdefine a limited number of
solution variants and depict his choice using amig representational element. Additionally
— and this is even more important — he only needseemoemberone piece of (abstract)
information that represents a variety of concretenelgs. Thereby, the designer can stepwise
confine a huge number of possible solution variants to réecfinal product definition. And
this shows the importance of decisions made on an abdgseel: limitations made to the
solution space that are constituted by abstract predefiaielude other possible solutions
from further consideration within the latter design precasd design freedom is reduced
(ULLMANN 1997). The more abstract the predefinition is, the tlesgproperties of the future
concrete solution possibilities may be estimateeRfB\RD 1999, pp. 28). Likewise, the more
difficult it is to say whether a good solution was jhsingexcluded The further the design
process goes on, the higher the effort to reparategaenisions will become {RLENSPIEL

et al. 1998, pp. 10). So, all decisions made on an ahst@uateptual level are potentially
essential for the result and therefore forsbheces®f a design process. So the importance of
conceptual design should not be underestimated.

Guidelines for design often suggest the definition ofethigre future system on a conceptual
level before proceeding to a more concrete level. &@prently, thephaseof conceptual
design has become a commonly used term when design meaassdescribed ARL &
BEITz 1995). Although the iterative nature of those guidelinesnigphasized, one might
assume that in real design processes a comprehensiveptmaicdesign phase is always
performed. However, this is not compulsory and observatitm& shown a variety of
possible procedures (GTHER 1998,VvON DER WETH 2001). Consequently, such procedure
schemes are considered to be too strict and rigigENSPIEL2003, p. 296). Deliberately, no
such conceptual design phase is considered within this sth&3bservations and
considerations made within this thesis rather refer teceqtoal desigsequenceswhich do

This book is available at Verlag Dr. Hut, Minchen, wdihut-verlag.de (ISBN 3-89963-176-5)



8 2. Conceptual Design in Mechanical Engineering

not need to have a distinct duration and may appeanyap@int of time within the overall
design process. Regarding concept development as aelmangive phase that is finished by
a milestone may be helpful, yet necessarypimcess managemertill, methods and tools
for conceptual design cover every conceptual design seguamd must be available
whenever it happens.

In the run of this thesis, we will consider conceptudigie from two very basic points of
view. At first, we will follow the tradition of desigmethodology research and look upon
conceptual design as a procesgédrmation processingHence, we will apply theories from
cognitive psychology, assuming that essential parts ajrni@say be seen as desigroblem
solving

Let us briefly discuss this approach: According toRRER(1987, pp. 10), a problem is given
if there is an undesired actual state and barriersypkied, which (at least in the beginning)
prevent the transformation of the actual state into srebk goal state. He describes two
variables that determine the nature of a problem. These ar

» the degree of clarity of the goal state and

» the degree of awareness of possible means.

When a design task starts, there is usually a listeg@iirements given, which states the
desired behavior of a technical object. Still, this infation does not reveal the structure of
the future technical object, which would be a clear défimibf the goal state. Defining the
goal state properly is part of the design problem, as aslgetting to this goal state.
Therefore, design is problem solving with a low claofythe goal state and design problems
may be called ill defined problems.

Additionally, not all possible means are aware to thégdes at all times during design. Let
us consider a designer who is sketching in order to developcept. One might say that this
designer is very well aware of every action he is blgpaf, since this is basically moving the
pencil in every direction within 360°. By these means hestatch every kind of shape or
symbols and thereby represent every possible techniealeat. This “awareness of all
possible means” is only true for the most basic levalotibn. Conceptual design can be seen
as finding theright combination of technical elements to achieve a celiaimvior of the
overall working structure. The number of known technidaiments is certainly huge and
there is probably an infinite number of combinations #iizr the behavior of the system they
are added to. In theory, the designer would need to be tabteverview all possible
combinations, but this is impossible due to limitationshaman memory (&HSE &
HACKER, 1997).

The definition of design from Miller that we adapted dvef emphasizes the process of
creation. Therefore, we will also consider conceptigsign as an application of creativity.
Although creative processes may be seen as being “ondysecial case of problem solving,
this point of view provides us with some very interestffgcts, such as trmidden idea

Yet, designers in mechanical engineering can hardly ba sekependently from their
industrial context. Design is a set of goal-orientedkimgy tasks and requires specific and
complex processes of action to ensure the final edaiz of the technical system being
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2. Conceptual Design in Mechanical Engineering 9

designed. Design involves essential components of ektpsyahomotor activity, such as
sketching, typing, mouse-clicking and speaking. Therefore,seaond point of view on
design will be from the prospective afction theory. FACKER et al. (2003) proposes a
framework for research in engineering design in terma cbmplex working activity. He
claims the consequent application of action theory in BEugopean tradition of such
researchers as=WwiN (1926) and EONTIEW(1979). With the help of this approach, influences
from numerous working tools, methods and procedures ondéisggn process can be
regarded. The author carried out many workshops with desidrean industry and it has
shown that a number of designers feel strong resingtand biases being exerted upon them
from CAD-systems (VDI-MCHRICHTEN 2001). Theoretical considerations in design research
approve this finding (BACEY et al. 1999). Regarding design from a purely cognitive point of
view might not cover this effect in a sufficient manne

In the author’s opinion, information processing theory actibn theory need to be combined
to a rather general framework for research on individealgn in mechanical engineering. In
engineering design, problem solving needs to result inrathiat embodies the emerging
information and this embodiment again feeds back intoptieblem solving process. The

effect from one of these processes on design cannot brendetd without the consideration

of the other process. The “gap” between observablemeasigpn and idealized algorithms for
information processing needs to be closed by a consistedel. Then it may become easier
to explore the effect from those numerous influencingofs that seem to make design
processes so unpredictable. The individual with its declarand procedural knowledge

forms the background to the cognitive process and the aptiocess, which are both

determined by the task, the actual situation, the working@mwient and so on. Hence, it is
so hard to support designers by appropriate tools and meffarddesign teams, the approach
even needs to be broadened to include theories of ssmdatommunicational interaction. In

order to improve media and tools for individual designyienot focus on team design.

In this thesis, the attempt is made to show some aspédhe relation between cognition,
action and creativity for conceptual design in mechanigagjineering. Through the
observation of actions carried out by sketches and througlanalysis of the change of
information represented in the sketch, a fundamentatkse interlocking between thought
and action in design is demonstrated.

2.2 Design as a Process of Thought and Action

In the last chapter, we have discussdtat conceptual design is. Now we will have a closer
look onhowthe design process in general may be carried out andmdnate the special
characteristics of conceptual design sequences in gdarticu

The way design processes are carried out is stral@gdgndent on the media through which
they take place. Starting from the mind as the meduadccontainer of mental processes, we
will explore other representational media in a geneegl. Against this background, we will
then look upon the design process as a series of gaism@sproblem solving process and as
an application of creativity.
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10 2. Conceptual Design in Mechanical Engineering

2.2.1 Basic Prerequisites of the Human Mind

The human mind or memory respectively, in which inforomaibf any kind is stored and
processed, may be viewed from numerous psychological adidahangles. In this case, we
will mainly draw upon models from cognitive psychologyhieh provide a very functional
point of view for our purpose.

At first, we will regard the functional structure obthuman memory. AINSON & SHIFFRIN
(1968) propose a model to describe human memory, which ndiffiexent areas of data
storage that fulfill different purposes in informatiprocessing (see top of Figure 2-2). At
first, there is thesensory registewhich receives information coming from the sense organs
The register holds this information for a fractionaosecond and provides it for the other
memory areas to be taken up. Bmrt-term memorgccesses the sensory register and stores
those information entities that are important for Hartprocessing. As long as these entities
are within the short-term memory, the person is awatke information. The capacity of this
memory area is fairly limited and, as the name insplieformation is not stored in perpetuity
— we will consider the characteristics of this impottamemory area in detail later on. From
short-term memory, information can be transferred Idag-term memory which is
comparable to the generally known process of “learningetimng by heart”. Still, certain
information can switch over directly from the sensoagister to long-term memory without
being aware. Long-term memory corresponds to the co#lbgmeaning of the term
“‘memory”. Long-term memory is virtually unlimited @RNER 1987, p. 29), since nobody has
yet been able to specify or at least estimate itsaiyp@lussy 1984, p. 187). Information
within this storage is not aware, but it is availableldemg made aware respectively being
remembered

. I 5-10 s
outside ... | sensory short-term """ * long-term
world .+ register MEMOry [ memory
0,5-1s
02-05s approximately

7 chunks

IE = 4 Chunks
= year of birth =1 Chunk

Figure 2-2: Model of human memory (following¥dsoN& SHIFFRIN 1968) aml
the aggregation of chuncks.

Let us now have a closer look at the way informaisoprocessed within short-term memory.
It may be supposed that an information processing uniccalbrking memoryuses this
storage (Kssy1983). The term “working memory” implies the importandets role for
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2. Conceptual Design in Mechanical Engineering 11

processes of thought. It is comparable to the working mgkimwn from PCs, since only in
this area information can consciously be altered. Thetah@rocess that most people would
commonly characterize asasoning takes place within short-term memory. Although great
achievements have been accomplished by human beings daastiming, the capacity of
short-term memory is surprisingly small. Only about seyelus/minus two) independent
information units, called chunks, can be kept aware samebusly within the short-term
memory (MLLER 1956). Compared to the working memory of today’'s PCs, tmsbeu is
frighteningly small, recalling numerous Science Fictionvias that predict the reign of
machines over mankind.

Still, the human mind has developed ways to cope withsergen chunks. One chunk may
contain much more information than one bit within digdata storage. An example may
clarify this: The sequence of numbers 1, 9, 7 and 1 occégueshunks if the numbers are
kept aware independently. But when the numbers are ilatiexde they form the four-digit
number 1971, which is the author’s year of birth. So for, ks sequence represents jose
piece of data and therefore occupies amg chunk (BORNER1999). The aggregation of
several pieces of information into fewer units providekef of short-term memory (see
bottom of Figure 2-2).

Aggregated information units only make sense for reasonirgngsak its individual elements
are still accessible. The initial elements, as waslitheir relations among each other, can be
stored in the long-term memory. Thereby, the componeftgan aggregation are still
available. Actually, long-term memory especially suppoetsain kinds of aggregation by its
information structure. According to G®NER (1987, pp. 27), factual information are stored
within the epistemic structure. Information is storedha form of a semantic net, which
means that any information item can have any numbeordegtual relations to other items
(based orCoLLINS & QUILLIAN 1969). The items may be seen as the knots of theheet,
relations between the items are represented by tingsstretween the knots. There are three
general kinds of relations between information itenat #re represented in the epistemic
structure (HRNER 1987, p. 32):

* part-/whole-relation:
X“ispartof’Y  respectively Y “consists of’ X

» subordination-/superordination-relation:
X “is a (general kind of)” Y respectively Y “is(gpecific kind of)” X

» spatial and temporal relations:
X “follows” Y respectively Y “precedes” X
X “is above” Y  respectively Y “is underneath” X

Figure 2-3 schematically shows the representation aftanieal system as a semantic net that
contains part-/whole-relations and subordination-/sugeration-relations (spatial and
temporal relations are not represented to simplify mgtt&hese relations suggest the way
that the previously addressed aggregation of informationdcewolrk: instead of keeping
aware of a lot of single information units, a personkkiof the whole, which is formed by
the aggregation of the units. Sometimes, such an aggregatens rie be generated
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12 2. Conceptual Design in Mechanical Engineering

beforehand. That is the case if the aggregation hasxisied or at least has been unknown to
the person before. This new aggregation then needs &nitmmbered (“saved” to the long-
term memory) so it can be split up in turn if necess@hys special process of aggregation
which generates a new combination of elements may ctibala very basic process of
creativity — we will get back to this subject later on.

Product Assembly Part

>

Abstraction

Screw

Bolt

Automobile
Washer

Gearbox

—

Figure 2-3: Semantic net containing part-/whole-relations and -sub
ordination-/superordination-relations (following@xNER1987, p. 32)

Complexion

More generally considered, the semantic structuredaysnd for some basic operations of
information processing within short-term memory. Procgsai certain information unit may
be carried out by scanning all knots in the adjacency ofinii@l knot and testing them
according to certain criteria(s). Another way of procggssmay be the movement from knot to
knot along a certain kind of relation and thereby atitiga(making aware) all (information)
units along the way (BRNER 1987, p. 104).

The approach of proposing that the working memory is sefy that processes verbal
information (as we have implied in the preceding paggrés not yet sufficient. A rather
similar system is proposed for the processing of visudadpafiormation, which we will refer
to asimageryin the following considerations. ABDELEY (1997, pp. 71) calls this instance the
visuo-spatial sketchpad'here has been an intense debate over the last gbaut whether
the mental representation of such images should be regasdeeing analogoti&@s stated by

! An analogous representation is comparable to usual @ictonsisting of pixels. The basic element of an
analogous representation is a point with a location araduge. The spatial relations between the elemerttseof
representation correspond to the spatial relationsdesthe actual elements.
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2. Conceptual Design in Mechanical Engineering 13

KOSSLYN et al. 1979) or propositiorfalas stated by YeysHyn 1973). There are several
implications on the characteristics of the processingnages from this differentiation. Yet,
there seems to be counter-evidence for both apprgashels that mental images seem to
containboth propositional and analogous aspects.

Associative Memory

/

\

: //
WHAT-system:
Object Properties
Encoding

(S \

\

\

N\
WHERE-system:
Spatial Properties
Encoding

/

/

S

concept to vision

vision to concept

\
<

/

Visual Buffer

Figure 2-4: Vision system according taKsLYN(1994, pp. 70)

In order to gain experience on how a mental mediunviguo-spatial information might be
like, we will briefly introduce some possible characterss derived from KSsSLYN (1994,
pp. 70). He describes a vision system (see Figure 2-4)dhaists of four basic components.
The Visual Buffer (VB) stores a mental image and alléavsthe segregation of some scene
into regions associated with different objects. Tla#eetwo separate processing modules each
responsible for what is in an observed scene (WHATesysand for where the objects in the
scene are (WHERE-system). The VB is scanned by amtfte Window (AW), which
permits the system to focus on a single object atma.tiThe AW provides the interface
between the VB and the WHAT-system, which extractsifes and categorizes the contents
of the AW. This process permits the assignment of nailbel$ to the objects. By the
WHERE-system, output from the VB is assigned a 3D caatdisystem (viewer-centered,
object-centered or both), and the location, size, andtation of each object in the scene are

1 A propositional representation is a “mental senteiuat specifies unambiguously the meaning of an assertion
(KossLYN 1979, p. 5). Propositions have relations that connect emti8ymbols may be seen as the basic
element of propositions.

2 PyLYsHYN (1973) disagrees with the idea of depictive representatitimsnaintains that if mental images were
depictive, a 'little man' would be needed to look at thtupss to interpret them in the way that “real” prets

are interpreted when they are perceived (this is ¢theumculus problem). If a man looks at the pictures aed s
and interprets the pictures - how do we interpret vilaoing on in the little man's head? For this reason,
Pylyshyn believes in propositional representations.
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14 2. Conceptual Design in Mechanical Engineering

extracted. The WHERE-system is responsible for classifthe relations between objects in
the scene. The visual system makes contact with reualvicognition in an Associative

Memory (AM). It is in this AM that vision and language a@together and both the WHAT-
and WHERE-system play a role in the AM. This progesaeant to account for the direction
from vision to concepts, but it may run in the oppoditection as well, so imagery can be
created from concepts. Hence, the WHAT- and WHERE-systee in turn under the

influence of the AM.

KOSSLYN (1994, pp. 74) supposes that the medium for mental imagery

* is spatially limited,
* has an area of highest resolution at its centre and

» features a “granularity” that may blur details.

He claims that mental images are processed in the wamas perceived images with three
exceptions:

» Mental images fade rapidly,
» they are created from stored information and

» such images are malleable (they can be rotated, zoomexdtarat in many ways).

The long-term memory may serve as a relief for thertsterm memory (no matter if it is
spatial, visual or conceptual) in terms of an overflow rbaBut furthermore, information
from long-term memory may be the object of reasonsgfit Still, there is a broad variety of
other media that may fulfill these purposes as wetkreal representational media, such as a
scripture or a sketch on a piece of paper for exammgéerLon, we will go into detail
according to the specific characteristics of certaimien@and their use. But even generally
considered, there are factors that fundamentally disish different media. Without the
claim to be exhaustive, such factors are:

* reliability of storage
(In contrast to the human memory, external media lysdal not forget. However,
computer-based media sometintesforget. Anyone, who has had a system crash
yet, knows about that...).

 time for filing
(It may be faster to write down a poem than torieaby heart...)

* information structure
(A written text is a single chain of terms, but somagthms allow to arrange
information units in a net-like structure...)

* capacity
(A sketch is limited by the size of the piece of paplee capacity of digital media is

determined by its hard drive, but there are no limits knder human long-term
memory...)
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» time for access
(Seeing a picture happens quicker than reading the veesaliption of the same
picture...)

Still, the most fundamental difference between maémedia and external media probably is
the functional principle of filing and accessing inforimat On the one hand, filing requires
certain translational processes to make mental infaamabmpatible to a “real” medium’s
structure. On the other hand (and probably even more fumiaineiling into an external
medium requires action, which is observable motor agtitiat is regulated by very specific,
partly unconscious processes.

2.2.2 Design as a series of actions

A very useful approach to describe design is to congidas a complex process of goal-
oriented actions, using models known from action thebing. most common model for action
regulation is probably the TOTE (Test-Operate-Test-Hxitj that has been introduced by
MILLER et al. (1960). Its structure is represented in top of Figube exemplified by the
action “drawing a square”.

| Is the shape of the |yes EXIT
square closed?
no

A

Draw another line!

...............

J
Pen touches]|yes Line long |Yes Penin |Yes
paper? enough? the air?
y O v No 1 no
Lower Move the Lift
the pen! hand! the pen!

Figure 2-5: TOTE unit (according to MLER et al. 1960)

A TOTE unit consists of only two basic steps: an opemastep and a testing step. These
steps can be used to describe any intentional humam.alktia TOTE unit, it is firstitested
if a desired goal state is achieved and if not, then réaineoperation is performed.
Subsequently, anoth&gstingstep is carried out to see if the operation has broughitdhe
goal state. If this is the case, the uniexited otherwise another operation and testing cycle
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follows. TOTE units can be stringed one after anotleeming chains, and may be embedded
within one another, forming subroutines (see bottomigdiré 2-5). KA\CKER (1998, pp. 213)
introduces VVR units that are control cycles similar to TOTE unitStill, he supplements
the work taskas the context, in which action is embedded and whicbradiogly gives the
conditions for action. With the help of TOTE units, ev@ich complex processes as design
may be described in a rather simple way on variousdefealesolution.

How could the TOTE unit of a typical action in desigaokdike? Let us clarify this with the
help of the sketching process as a representative exa@pla. very basic contextual level
(and accordingly, a level of high resolution), certairages of a design process may be
described as “drawing lots of single lines on pieces of paper each line, the operation step
equals the depiction motion of the pencil with cert@irection, length and position on the
paper. Through the testing step, it is checked if theclimstitutes the goal state of this action,
e. g. if the line is straight or if the designer l@en shaking during sketching. In design
processes, a drawn line does not only need to fulfill delsxan such a motor activity level. It
also must suffice demands within the higher context oictiag certain patterns. In this case,
the testing step may clarify, if the line contributeshe overall shape that the designer wants
to draw. Within an even higher context, it may be testeéther the line helps to represent a
satisfactory technical solution or if it introduces ilwagality to the solution.

The depiction of a single line is an observable, extec@ébn and the regulation of such an
action may be described by the respective “line-drawingTEQunit. Still, it may be
(together with other actions) embedded within another TQRIE which regulates a more
comprehensive process, such as depicting a complex patteis.higher-level process
specifies the goals of all enclosed TOTE units and teraf their execution. Likewise, this
unit may again be embedded within another one and so forthef@ha hierarchical structure
arises that contains observable actions on the bdéesh which are regulated by interwoven
TOTE units of different complexity.

HACKER (1998, pp. 203) specifies the resulting structure and definéss& level of
observable actions within such a structure. The actonthe basic level are part of psychic
processes of regulation on higher levels. Thereby, aroigical structure is formed that
represents the abstract-logical structure of compdeskst Figure 2-6 a) exemplifies this
structure for the task “draw a picture of a bicycle”. ®iricture shows in which way the
complex picture of the bicycle is decomposed in single liWé&thin this structure, the actual
psychic processes “move from knot to knot”, as shownhbythin arrows in Figure 2-6 b).
The sequence of observable actions is shown by thé tiney arrows. With this
consideration, Hacker lays the consideration of TO®E-VVR-hierarchies on a solid
foundation (8HAuUB 1993, p. 27) and allows for approaching the psychic processeslbehi
action.

! VVR means “Vorwegnahme-Veranderung-Riickkopplung”, englti¢gmation-alteration-feedback”

2 To simplify matters, we will use TOTE-units for fuethconsideration of design action. Still, TOTE units doul
be replaced by VVR units in the following.
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bicycle %

a)
wheel
b)
spokes
OAOKO [ ]
lines circle

Figure 2-6: Abstractlogical structure representing the action ,draw a picture of a biey
(@) and structure that shows the actual sequence of action (b) (asgaaiHhckER1998
pp. 203)

What benefit does the consideration of design via adheonry provide for understanding

design? This point of view allows the observation of glesis a series of actual actions.
Action theory is a consistent system appropriate fomrsarizing these actions into

comprehensive processes and vice versa in an almostgriirg The resulting structure of

interwoven TOTE units represents the complex plansstnadegies pursued by the designer.
Thereby this structure is a gateway to the analysis @amiprehension of the psychic

processes underlying action in design.

Moreover, Hacker provides a useful approach to differentaad categorize actions. Most
people may agree that depicting a complex technical syst@msjdered as one sole action,
demand different (and probably higher) skills than dravar(gingle) straight line. Different
actions require different psychic regulation processes astording to WCKER (1998,
pp. 237), three levels of regulation can be distinguishdte Sensory-motorlevel of
regulation holds automated actions that cannot be castédadonsciously. An example for
such an action is maintaining balance while riding a b&yakttions, whichcan but donot
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needto be carried out consciously, are located on pheceptive-conceptualevel. An
example for such an action is throwing a basketballtimtorim. The motion that needs to be
performed can be described in textbooks and may be camiesieoy consciously during
basketball practice. Still, good players will be able tofggen this motion unconsciously
during a game and instead concentrate on the run of #gralbgame. Lastly, there is the
intellectual level, which contains complex actions and processsscn only be carried out
consciously. Most of the actions performed in order teigtea complex technical system
may be regarded as actions on the intellectual level.

2.2.3 Design as problem solving

We have seen that design may be seen as a serieSooisawhich are related to complex
processes of thought. We have also seen that designstaskscharacteristics of problems.
Cognitive psychology deals with problem solving and providesiarous approaches to
analyze design.

According to BORNER (1987, pp. 10), a problem is defined by an undesired current atate,
desired goal state (that differs from the current ond)cartain barriers that prevent an instant
transformation of the current state into the goalestdthe existence of such barriers

differentiates a problem from a task.

Notice: The colloquial use of the term “task” differs frorhig definition. The
formulation of a problem is often referred to as a task — this eslbediolds for
“design tasks”, which usually represent challenging probleimsthe following
considerations, we will use both terms — “design problanmd “design task”, while
the first will refer to the problem characteristicd&sign. The latter will only refer to
theformulationof a design problem.

clarity of the goal criteria
high low
high interpolation- dialectic
familiarity 9N | barrier barrier
with the
means low synthesis- dialectic barrier &
barrier synthesis-barrier

Figure 2-7. Problem barriers in dependence on the characteristics
problem DORNER1987, p. 14)

Ddrner states that problem barriers are charactebyedo factors, which are “clarity of the
goal criteria” and “familiarity with the means” (s€g&gure 2-7). Foremost, the definition of
these factors shows that the character of any problast not be seen independently from
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the problem solving person. Still, the individual perceptibthose factors determines the
problem at hand and therefore, it determines the wpgrson individually deals with the
problem. Let us now try to briefly clarify these fagt@nd thereby classify common design
problems according to these factors.

A classic example of a problem with a high claritygofal criteria is a jigsaw puzzle of a
photo, which is printed on the top side of the box. Theitglof a goal criterion is high if it
implies a clear rule to determine whether a stateeggoal or not. Furthermore, the quantity
of possible states must be reduced by the applicatiohi®ofriile in such a way that it is
possible to aim at a goal state from the beginning. Playmegscmay serve as a counter-
example: there are very distinct rules to identifyhaakmate situation; still the number of
such situations is incredibly high. In the beginninghe& game, no chess player knows the
checkmate situation that he might be able to accompbgsign problems fall in the same
category, as they are even ill-defined problems in mases This means that in the
beginning, there is no consistent system of such atled. In design, there may be several
requirements on a future product that contradict eachr.dthéhe beginning, it is not clear in
which way these requirements will be adapted in ordenable the realization of a consistent
product.

The second criterion, familiarity with the means,ynaaain be characterized by the jigsaw
example. In that case, the jigsaw pieces that asadmver the table are all applicable means.
The set of means iself-containedand can beverviewed- it is not allowed to saw new
pieces (in fact, this would be a rather creative t&muapproach...). The set of means for
handling design problems is practicaliplimited New technologies are developed due to
efforts in research and numerous suppliers provide macléngeets in countless versions.
Above all, geometry provides endless opportunities to desiginfinite number of technical
elements with different properties. So in design, the@tmeans is usuallgot self-contained
andcannotbe overviewed.

We have seen that design problems may require the cddioin of the goal state and may
include the synthesis of elements, which are new talésgner. Nevertheless, solving such
problems may also include (as sub-problems) phases, whiented number of elements
need to be combined in the right way in order to achiewel&defined (sub-)goal state.
Regarding design as a process of problem solving providestlusawumber of models to
analyze the procedure of problem solving. Probably, notleesé models represents “the one
and only” problem solving process — although one of them is ealled ‘GeneralProblem
Solver” — and none of them fully covers design eith@owever, there are certain sub-
processes that turn up in different problem solving modelgeds

From the problem solving models proposed in psychology, Wehoose two representative
ones for further use: the General Problem Solver (GP®)EmWELL et al. (1960), which was
already mentioned before, and the “ARASKAM”-procedureD@®ERNER (199%). The GPS

can be seen as a vdundamentabhpproach to describe problem solving processes in the form

! According to RNER (1979, p. 13), the term “ill-defined problems” goes back tCAWRTHY (1956). The set
of ill-defined problems is a subset of problems with &arity of goal criteria.
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of algorithms. Its application on specific problems carshnulated via computer programs.
This model is based on observations and describes thepessgtors are chosen and executed
in order to achieve a certain goal state. It consistisree processes that are embedded within
one another (see Figure 2-8).

Problem solved!

L Compare states
& compile list

with differences

Problem
unsolvable!

Reduce

. -
the list

-
-
-
-

Look for
»| oOperator to
reduce list

Apply
operator

Success-
ful?

Test applicability +
—»| & compile list
of obstacles

execute
operator

Reduce list of
obstacles for
applicability

Success-
ful?

7
e

7z .
e Reduction Process AN

Figure 2-8: General problem solver @\WeLLet al. 1960)

The transformation-process compares the actual stéte tgoal state and compiles a list with
the differences. If there is no difference on the tisén the problem is solved. Otherwise the
reduction-process is accessed, which looks for an opédhatbis capable of reducing the list
of differences. If no such operator can be found, ttien problem is considered to be
unsolvable. Otherwise the operator-application-process cisesaed, which tests the
applicability of the operator in the actual situatiohthe operator fits the situation, it is
executed. If the situation does not allow the applicatibthe operator, then a subordinate
reduction-process is accessed that in turn tries to thkesituation. As soon as the operator
becomes applicable, it is executed. Thereby a new acttal ist produced, which in turn
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serves as input for the transformation-process on therdgmd. So the process starts over
again until all differences between actual state ard gjate are eliminated.

The GPS is (unfortunately) not as general as its naipkes. Right at the beginning of each
cycle, the properties of the actual state and the ged& stire compared (“means-end-
analysis”). Of course, this requires knowledge abositgital state’s properties, which shows
that GPS is only applicable to problems with high claoifygoal criteria. Furthermore, it is
dependent on a self-contained database of operatagse no process for the creation of
new operators; hence the GPS applies to problems witighafamiliarity with the means
(DORNER 1987, p. 76).

Although we have seen that the GPS does not apply tgndpsbblemscomprehensively
there are some basic characteristics that do applgdign problem solving. Parts of GPS are
recursive which means that a sub-process may contain iteedf lower level of resolution. In
case of the GPS, the operator-application-process inent reduction-process, which
contains another operator-application-process in turn andns We will see later on that
recursivity is a characteristic of many problem solvingategies, even those that are
especially intended for design. Recursivity implies gditgr® a procedure, since it becomes
applicable on different levels of resolution. Anothesic characteristic of the GPS applies to
many problem solving processes as well. The GPS is peat@sdoops respectively cycles
SO the sequence may be repeated as often as nec&saryanterative characterimplies
certain flexibility to react upon failure without addingpore complexity to the procedure in
principle. Lastly, we have seen that a situation @gltered in the course of GPS processing
just to enable the application of an operator. This meaatsasub-goalis established and
followed up interim. The creation of sub-goals helpstiuce the complexity of the process.

Other conceivable problem solving strategies are not ingoiead in the GPS, yet their
benefit for problem solving seems to be obviouSREER (1987, pp.66) lists several useful
strategies for problem solving: Instead of establishing eosdinate goal to make an operator
applicable, it may be useful took for other operatoréirst. An algorithm could be integrated
that decides which one of those possibilities is max@trable under actual circumstances.
Even when it is possible to reach a certain (sub-)goalay be useful t@hange the goal
During the course of problem solving, it may show up thatffardnt sub-goal opens up a
better way to the same overall goal. Likewise, it hayseful tachange the starting-poirdf
the actual (sub-)process, e. g. by going back one cydhlamdformation and then head into a
different direction. This may be a useful measure tadagetting stuck in a “one-way-street”.

A problem solving process may be planned at first befoeaarried out de facto. If that is
the case, then going from actual state to goal ssatet the only direction to work on a
problem. It is also possible to start from the goalestatd try to reach the actual state by
“reverse-execution” of operators. Even a mixed directiosearch is imaginable and may be
advantageous. Starting in an alternating way from badtabstateand goal state in order to
make both paths meet in between may be called “two-sigemblem solving”
(LEHMANN 1972, p. 51) and helps to reduce the search space as shégara2-9.
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Starting Goal
point .<<‘4 \/;'/B. point

Figure 2-9 Reduction of the search space with the help of two
problem solvingLEHMANN 1972, p. 51)

Although The GPS and its variations do not apply directlgesign problems, we have seen
certain characteristics that will recur in procedurésnded for design. We will now have a
look at the so-called “ARASKAM” procedure bydBNER (1999). It can generally be used
for problems of composition, and GBNER (199%8B) exemplarily applied it to design.
“ARASKAM” is a German acronym for “general, recursiamalytical-synthetical concept-
amplification”. It may be described as a dialogue, sigutvith a question, that the designer
asks himself. Revealingly, the chapter of Dorner’'s baokwhich this ARASKAM is
described, is called “The inner conversation of the saill itgelf” (DORNER199%). Solving
problemsin dialogue formseems to be a characteristic of creative problemngpprocesses
since it is also described by others in this contegHd&N (1983) describes professionals
conducting dialogues with given situations as a sourceeatigity, WULF (2002) describes
design as a “discursive process.”

DORNER (199%8) exemplifies a design processes carried out by meatiseoARASKAM
procedure (see Figure 2-10). The design task is (brieflyulated): “Design a mounting in
order to attach an optical device to the wall!” Nove tthesigner may ask himself “What
actually is a mounting anyway?” The answer to that questiay be a subordinate concept,
such as “A flange with a wall plug and a screw is aifipdand of mounting.” It may also be
a superordinate concept such as “A mounting is some kifidtofe or connection.” In that
case, the superordinate concept can be specified agelmas “magnetic force can provide a
fixture as well.” Thereby, a coadjunctibof the concept “mounting” is being discovered.

1 A coadjunction is a “neighboring” concept, which $ailh the same subordinate concept, but is different from
the initial concept. “German sheperd dog” is a coadjunct® “bull terrier”, since they are not the same,
although they are both dogs.
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The initial question offers several ways to gain speelkements for a design solution — either
directly or indirectly — via sub-processes of abstoacand concretioh According to Dérner,
these processes are mainly carried out by means gfrierg terms respectively words. Still,
there are also pictorial imaginations involved in therall process. The elements, which
have been produced as terms, are converted into pictudesamposed to an overall picture
of the solution approach and its surroundings. This pichag emerge on the “inner” (visuo-
spatial) sketchpad (see page 12) or may be sketched on"gofeea of paper. By means of
this picture, the composition is tested for its conipltl with the requirements on the design
solution. If this test fails in any aspect, sub-cycleshe ARASKAM-procedure search for
new elements in order to substitute faulty parts ofstiiation — in the worst case, the whole
solution is revised.

Whatisa ...? |-~ "~ | subordinate
terms

superordinate
term?

convertterm | ¢ ture
into apicture |-t 4 p

check the
solution <«

Find sub-
ordinate term

any
mistakes?

Sub-
ARASKAM

Figure 2-10: ARASKAM-procedure, exrelified by the design of
mounting for an optical device IRNER199%)

An ARASKAM procedure may contain itself again on a lovexel and is recursive therefore
(as a reminder — that is where the letter R in ARASKAomes from!). Recursivity has

! Dérner names those processes of abstraction andetioncin this context finding “superordinate” and
“subordinate” concepts.
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occurred within the GPS as well, so this seems to béhamrgeneral characteristic of models
for problem solving processes.

We will see later on, that some characteristicproblem solving processes in general also
appear in procedure plans for design in particular. Sinisegenerally agreed that design is
(at least partially) problem solving, this may be seennagdicator for the usability of a
design procedure plan. But beforehand, we will view desigm fyet another perspective,
which is creativity. After all, design processes should be carried oud way that the
occurrence of new ideas is likely to happen or at leatsbe suppressed

2.2.4 Design as a Creative Process

The term creativity is only vaguely specified, but — probddaythis reason — often used (and
abused) in the business area. Psychologists mainly agreeo criteria to distinguish creative
processes from others: Solutions emerging from cregtieeesses shall beew and/or
unusualand they shall beiseful (Hussy 1984, p. 65). RNER (1987, p. 79) states that
creative problem solving represents a special case ohgoprioblems with low clarity of
goals. So in the strict sense, the viewpoint on the dgsigcess that is addressed by this
headline has been covered by the previous chapter al8titlythe term creativity raises
expectations about a very important aspect of conceptiesign: the idea This
“‘phenomenon”, as well as the conditions, under whichay occur have not been addressed
properly, yet. We will do this in the following paragraphsaiagt the background of
creativity.

According to ERLENSPIEL(2003, p. 382), creativity is “the ability of a person to tzadeas,
concepts, products and combinations which are new in emlsaspects and have been
unknown to the person so far”. This definition may be supptged by definitions from
psychology, which often point out that the result afraative process should comply with
social requirements by being “useful for societybf3cH1982). In engineering design, this
term can be replaced by “meeting the requirementsetfutire product”.

From a purely rational angle, it is hard to imagine tra¢ may depict something that he has
not known before The mechanisms that were described in the previouserhagt capable
of finding elements for potential solution by following wgsaciations between terms (such as
abstraction and concretion). Still, these element&aoe/n and they are somewhat associated
to the problem, otherwise these mechanisms would ndt. wor

Therefore, in Ehrlenspiel’s definition, the tereombination$ seems to be essential. A new
product should provide new functions, which are realized bywaceenbination of machine
elements. Even if these elements are known, the nuaflggossibilities for combination is
virtually infinite. The basic principle from Gestaltygfiology can be applied to technical

! In natural science, there are laws of conservatibich claim that the outcome from a system canndiigpger
than what has been included in respectively fed to therayisefore!
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solution: The whole is more than the sum of its pgKerrka 1935, p. 176) Accordingly,
the novelty of a solution is not determined by the rtgvet its elements, but by itsverall
gestalt For this reason, the mechanisms described in the pretlwapter may still serve for
developing creative solutions.

However, there is an important mechanism of solutioeld@ment that may lead to elements
of a solution that have not been associated to thelggrobefore and this isonclusion by
analogy(DREISTADT 1968). Starting from one known concept, another conceptcorag to
the designer’'s mind that is somehow similar in somevard attribute. From that outward
similarity, the hypothesis is stated, that there ameilarities in behavior as well. And
sometimes this hypothesis proves (at least partly) tnge a solution element can be
transferred from a completely different area of expertThe nowadays “popular” method of
bionics is an example for provoking such a conclusion byoggpaWhile working on the
problem to optimize the air resistance of a planed#dsiggner might be reminded of a shark —
because of the similarity in shape or maybe becausglitieg motions resemble. The shark
has a unique skin surface that provides this animal wakvdlbw resistance. The hypotheses
of analogy then would be: “a plane with such a serfaght also have a low air resistance!”
Ideas from other disciplines can seldom be applied directve will probably never make a
plane grow skin, less than ever with a defined surfacat.allacquering is somewhat similar
to skin (here we got the next analogy!). If we derhe principle behind the low resistance of
shark skin, we may be able to apply it to the lacquering.

The advance from this process is that it is able to im& a domain that is completely
different from the one that contains the problem. Amyilar feature between two concepts
may be sufficient to awake an analogy and it is netemssary that there has been any
association before — the association is being estallibis the analogy. This process may be
carried out systematically by using the method of bionicsynectics (GRDON 1961), but it
may also be initiated by accident. The most populaysitbaccidental analogy probably is
the discovery of the ring-shaped structure of benzene Bul&élt is said that he had the
vision of the molecule’s configuration while sitting by tiredide and watching sparks flying
in curved trajectories (see for exampléANER 1987).

If we go back to creativity and to the analogies that avoke by this term itself, another
accidental factor in problem solving comes to one’s mit@& sudden ideaEveryone
probably knows from experience that ideas can unexpectadlyr in peculiar places and
days after the initial contact with the problem. Thiskegit so hard to investigate this
cognitive mechanism. And this probably is the reason wbgNER (1987, p. 80) once called
the sudden idea one of the “darkest spots in cognitive pegplio

The sudden idea does not emepgeely accidentally. @BORN(1963) portrays cases of idea
generation that involved several stages of developmemilA¥ (1926) suggests four
different phases of idea generation: Usually in thgirbeng, there is an unsuccessful

! The complete quote fromd€rka (1935) is: “It has been said: The whole is more thanuhed its parts. It is
more correct to say that the whole is something #sa the sum of its parts, because summing up is a
meaningless procedure, whereas the whole-part relaioisstmeaningful.”
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preoccupation with the problem — in view of the idea to gothes phase is called
preparation After this engagement, the problem is laid aside — dgtaalwell as mentally —
and theincubationperiod follows. This period is what makes an idea “suddemtesusually
there is no perceptible further elaboration of the prabdiring this period. Often there is
also no noticeable reference or clue to the problemmimihe person’s surrounding. Then the
idea emerges seemingly out of nowhere — significantly,rtiiment is calledlumination. So
the process of “having a sudden idea” is organized in 3 stadas s

1. Preparation — unsuccessful preoccupation with the problem
2. Incubation — no preoccupation with the problem

3. llumination — sudden and unforeseen idea

The characterization of the stages by the means of terohs as “unsuccessful” and
“unforeseen” shows why this process is so hard to comeod logical consequence, the last
stage has been added:

4. Verification — testing the idea on its usability

This is the only stage that can be carried out systeatfigti Although it is difficult to analyze
the other stages scientifically, there are assump#ioosrding to the mechanisms leading to a
sudden idea.

DORNER (1987, pp. 92) interprets assumptions frooiINeARE (1973) in a way that the right
solution — the idea — has already been developed during éparption phase (among other
wrong solutions). Working on a problem can be seen astteenpt to form a picture that
contains the right elements with the right linkage @tween. During unsuccessful problem
solving in the preparation phase, many new linkages haveotanily been established. In
turn, many of those linkages have been regarded as beingidcadgl yet they have not
vanished. So at the end of this process, an unclear eicaisremerged, which shows a lot of
elements and links. The picture may contain the cos@ation, but it does not obtrude, since
it is absorbed by the “background noise” of other elemeamtdiaks.

During the incubation period, links and elements in the atg@mtture are forgotten bit by bit.
Ddrner assumes that those links, which form the cbielution, are less affected by the
process of forgetting than others. How should this kinraélligent oblivion” work? The
more often a link is activated, the stronger the commeds and the more resistant it is against
vanishing. Dorner supposes that the elements of the t@olktion are each activated more
often than others during the preparation period. The nesoefore may be that every one of
those elements has been identified as being necessaayc@rect solution itself. Yet, they
just have not been activated together at once, otleetiviscorrect solution would have been
recognized. Since each activation of any element aldeates its links to other elements, the
connections between the correct elements are asdivaiore often (alternately from both
sides). Therefore, after a certain process of obljviba links between the correct elements
“‘come forward” — allat once for the first timeThe recognition of this picture is the moment
of the sudden idea.
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2.3 Ways to Support the Design Process

Designers do not work self-determined, independently anth@ir own. They are integrated
in a working environment, so they work in teams and theams$ are part of superordinated
organization, such as the department of a company. Thadual contributes partial work
for the team and the team contributes partial workHerorganization (HCKER 1998, p. 49).
The designer (as well as the team) is supported in his yodesign methodology. Integrated
product development HRLENSPIEL2003) provides different forms of support, along with the
appropriate framework of product development that alloarsthieir specific application.
Support from integrated product development relates naDAMANN & KLEEDORFER1997,

p. 115):

* cost management

* project management

e process organization
» strategies and methods
* procedure plans

» design media and tools

We will address the latter two in the following paragraghd we will regard procedure plans
first. Procedure plans recommend a certain structuveodf steps and give partial goals for
those steps (@PouLls et al. 1995, p. 477). In the previous chapter, we becameiateg
with certain procedures for problem solving. They were suppasdddcribe actual problem
solving behavior, but they may also serve as prescriptiveepure plans for problem solvers
to improve their performance. Design methodology provigescedure plans that are
intended for the increase of design performance inqudati We will exemplify some
characteristic ones now.

The design procedure according to VBMDELINE 2221 covers the whole design process
from start to end and divides the process into phaseseTiigases differ in the degree of
abstraction of the product documentation in progress. ddgeees of abstraction and the
corresponding phases are shown in Figure 2-11. VDI 2221 stimwgoal for each design
phase and integrates the phase in the overall courtd® afesign process. Still, it does not
provide support for the specific procedure of the designéimat phase.
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Figure 2-11: Procedure in design according to VDI 2221 (1993, p. 9)

The Munich Procedural Model MPM fIDEMANN 200%) aims at problem solving within a
design process. In contrast to VDI 2221, it is formulatgder independent from the specific
object of the overall design process. Hence, it candee on various levels of resolution at
any time within a design process. The coverage of thaehscapplication depends on what is
regarded as a problem by the designer and it may be applaad/kind of work step within
the product development process.
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The MPM offers seven work steps, which are:

* plan the target

 clarify the target

» structure the target

 find solutions

» analyze properties

» select the solution

» ensure achieving the target
The MPM is a very flexible suggestion of work steps thay be processed in a flexible order
in accordance to the actual situation, although theres@aree preferable sequences. Figure

2-12 shows this with the help of dots, each representoeggtain work step. The “dots” can
be processed in any desired order to reach the goal state

structure the target select the solution
// 1 \\ // 1 \\
/7 1 N / 1 N
e | N e 1 N
\ N
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clarify the target analyze properties

Figure 2-12: Munich Procedural Model (MPM) according tovbEMANN (2004)

In contrast to VDI 2221, MPM is recursive. The MPM ctself be applied for processing its
own work steps, in case that a sub-problem occurs. T M based on the procedure-cycle
for problem solving by BRLENSPIEL (2003, pp. 79), which consists of the three main steps
clarify the problemsearch solutionandchoose a solutiofsee Figure 2-13).
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Figure 2-13: Procedure cycle according toHERLENSPIEL (2003
p. 83)

Both these procedures for problem solving in design mirroedmasic operations of problem
solving in generalsynthesis analysis and comparison Furthermore, the objects of these
operations are aspects of the actual state and thatgtal Operations can be processed in an
alternating matter, which results in algorithms simtlarthe ones described in a previous
subchapter (see 2.2.3). So we see that essential chistmst@f problem solving procedures
from psychology appear in design procedure plans as wad. résults from the fact that to
some extent, desiga problem solving indeed. However, such design procedure pisrsea
the designewhatto do at a certain time, but they do not tell liowto do it.

As we have seen before, the crucial “working memaof/the human mind is severely
limited. From a theoretical point of view, the use xtieenal design media may be considered
as being nearly indispensable when complex products arenddsi@esign media, which
represent the current state of a product definition,roiée in which way this definitioran

be manipulated. Thereforeesign mediarucially influencehow design action is actually
carried out. Desigtools are meant tdelp the designer in carrying out such design activities
more efficiently and effectively (in some cases, raednd tools can even hardly be
distinguished from another).
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In the next chapter, an extensive survey is presentedhviestigates the actual use of
different design media and tools in mechanical enginge®n the basis of this survey, we
will elaborate the purposes for their use along withoeeefits and drawbacks that arise from
their application. These results reveal the desigmensiands, needs and wishes according to
their media and tools.

Both, the theoretical conclusions from the precedingsicterations and the practical insights
from the next chapter will then provide us with a framgtbat allows us to actually fathom
out the mechanisms that underlie sketching.
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3 Media and Tools for Conceptual Design in Mechanic  al
Engineering

The working memory is the area of the human mind whegative reasoning takes place.
Therein, information can be altered, interrelated, lwioed and decomposed. It is the area
where new information can purposefully be created and,rtumfately, this area is rather
limited. As we have seen before, the working memory lwald about seven information
units, so-called chunks, at the same time. In order andle more complex systems
comprehensively, information units need to be retainedpdeanily within an external
storage. It is clearly apparent that relief of the kilg memory is one basic function of
external product representations in desighc(&E& HACKER 1997).

Sophisticated design tools such as CAD (Computer Aided Desige will regard this in
greater detail soon) provide complex product representatalosg with numerous
possibilities for their manipulation. Accordingly, CAB ia tool thatdirectly effects a
momentary product definition, such as it allows the geimerarepresentation and alteration
of product features. In this thesis, we will concent@atesuch design tools (hence, we will
disregard tools for management of design processes fompéxa Moreover, we will confine
our consideration to those tools that are appliedarteptualdesign sequences. Yet before
we examine which digital and analogous tools apply to quoeédesign in particular, we
need to clarify the terrool.

The common use of “tool” in the engineering design dondamias not correspond to the
comprehension that we will adapt in the following coesadions. Usually, design tool stands
for any kind of device, auxiliary means or software thds & accomplishing a design task.
At first, we extract two very basic functionalitiesuch design toolsepresentinga product
definition and facilitating theprocessingof such a definition. One might argue that
representing a product definition should be seen as jusspm®al way of processing it. In
design, it is necessary to sepresentationn a much broader sense. Due to the limitation of
the human memory, the product definition often would het thereat all without its
representation. Certain design tools (such as CAD andh&astserve as mediumfor the
representation of a product definition. Hence, theynsfisoinfluence the definition itself,
since certain media can only represent informationcerein way. In the following chapters,
we will concentrate on design media in the firstcplayet we will still pay attention to the
procession of the product definitions that are repreddnteéhese media.

As the heading of this chapter reveals, we will sti#fixeip the use of the term “tool.” A tool
is regarded as any device that supports, facilitates desamut the procession of a product
definition, hence the manipulation of a medium. Many imsdrve as tools as well, since they
provide tool-like characteristics. Both these clasdifices should not be seen as being
mutually exclusive; they may label different charactessiof one and the same object.
Actually, we will even distinguish tools intastrumentsandautomats The term instrument
corresponds to the original sense of the term tool akiadyof device thaintensifieshuman
action. In contrast to a tool, an autorsabstitutesiuman action (KWCKeR 1998, pp. 159). We
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will discuss the subdivision into these functioties later on, but the reader may keep this
differentiation in mind meanwhile.

In the following chapter, we will have a detailed lookla actual use of design media and
tools in industry. On this account, a survey among priofieasdesigners is presented, which
investigates the benefits and drawbacks from the usesaitst common design aids. Yet
beforehand, we will briefly illustrate those mediadanols so all readers share a common
understanding on the technical backgrounds.

3.1 lllustration of Common Media and Tools for Desi  gn

Sketching is a major subject of this thesis — still, wik mgfrain from explaining or even
defining the design medium “sketch” in detail at this pofxctually, one may see a sketch as
being no more than a piece of paper, complemented byal ped sometimes there is a
rubber as well — and that is it. Any further charactiessf sketches in particular accrue from
the way this medium is used. We will explore the useketches for conceptual design in
great detail later on and thereby, the reader may gsiown definition of the design medium
sketch Before we analyze the way that media and tools fasigdeare actually used in
industry, we will turn our attention to common digitales.

Design media need to be viewed from two points of viElaey may serve as contemporary
representation of a provisional result as well as at&aer” for the final result in order to
transfer it to subsequent processes. The latter pbinew is inevitable since in mechanical
engineering the result of a design process needs to befanamed. Therefore, the media
needs to fulfill certain requirements resulting framnufacturing processes. These processes
mainly base on digital product information. Moreovdre tmanagement of product and
process data may be rationalized when digital dataagable. Therefore, we will view the
description of CAD, Virtual Reality and Rapid Prototypingle following chapters. Those
readers, who feel that they are fairly familiar witiese design aids may skip these chapters
and go on reading with chapter 3.2.

3.1.1 CAD?

CAD is meant to serve as a tool for supporting the desgneasoning, but in the first place,
it surely is a medium for modeling a future product. E&AD-systems were developed as
digital equivalents of drawing boards; hence they repredelmes in order to model 2-
dimensional (sectional) views on the future product. Eanag from those 2D-CAD-systems,
so called 2¥2D-CAD-systems were developed, which alloweattach information about the
extension in the 3rd dimension to a 2-dimensional cresgos. Then, “true” 3-dimensional
systems were created, which allowed for the definibiblines in space in order to model the
edges of a 3-dimensional body. As a next step, surfecepace could be defined that

! The descriptions according to CAD in this subchaptdouolLINDEMANN (2003, part 3 and 4) unless
otherwise noted.
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represented either thin sheet metal parts or the bourstafgces of a voluminous body.
Consequently, the next generation of CAD-systems anwbtaidfaces with a vector that
indicated the inside of a body’'s boundary surface. Hesakgs could be modeled that

included information about physical properties of the futurelyety such as its mass. Actual
development aims on integration of all product featurds the digital model, e. g.

information about its operation and recycling. Yet, 20 8D systems are both in use in
mechanical engineering industry (as we will regard inidetar on in chapter 3.2).

Early 2D-systems required the input of the coordinatdbeotarting point and the endpoint
for each line (together with additional informationdase of curved lines). Nowadays, the
designer can choose numerous standard shapes (rectarigiess, etc.), which can be

defined with rather little effort by means of a graphica&rusterface.

Actual CAD-systems using 3D-solids allow for the defimtwf bodies by (see Figure 3-1)
a) choosing (relatively simple) given volumes, callgatimitives or CSG
(= Constructive Solid Geometries)

b) expanding 2-dimensional cross sections into thelithension (the cross sections
are previously defined similar to shapes in 2D-CAD systems),

c) combining solids with the help of bool's operations or

d) joining surfaces together.

) 7 @
vl @ o @
L © 0
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0
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B
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Figure 3-1: Different principles of body generation in CAD
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Moreover, most actual systems proviteaturesin order to make modeling the product
definition more efficient. In the context of CAD-moahg), a feature is an aggregation of a
number of attributes that the designer can spexsfya whole Features may contain shape
information and/or certain semantics. Examples for ghepe-features are primitives that are
mentioned above. A cylindrical body can be created byifsps@on of diameter, length and
information about its position; it is not necessarynodel the body by defining and
combining all its boundary surfaces. A pure semantic feasusedraft symbol indicating the
processing of a surface. This feature does not alter tbmegey of the CAD-model (the
surface structure of a product is not geometrically reptedein CAD), but it provides
information about the process of manufacturing. A feathat contains shape and semantic
information is a tapped hole with a drilling cone. The a&éhis feature alters the model's
geometry and in addition, it specifies the manufacturingcgss since it determines the
necessary drill (see Figure 3-2).

feature combining
shape and semantic
information

v v G

Figure 3-2: Features in CAD

shape semantic
feature feature

In order to facilitate the designer in making quick chartgea CAD-model and in generating

product variants from a given CAD-modpharametriclinks may be added to CAD-models.

Parameters within a model may be geometric (coordinateasures, etc.), technological

(tools, feed rate, etc.) or may be related to the maht@ensity, stability, etc.) for instance.

Such parameters may be connected to each other and theeiddpendency of one parameter
from another may be created. CAD-systems provide paraadetiependencies in order to

enable the designer to model his design intent, e¢hig. Edge should be parallel to that edge”
or “this measure should be double that measure”. Changestmade parameter then bring

about certain changes made to other paramatgosnatically
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Yet, it seems that parametric design, that is someuwltauded by actual CAD-systems does
not apply to all design activities. When innovative desig in demand, the parametric
fortunes of computers cannot be used much until solutianspiomization exist (OTOSON
2003). Figure 3-3 illustrates this matter. The “design windowWshthe application of CAD
in dependency from levels of completion and abstractibrihe respective (part of the)
product definition.

Completion ,Design Window*
level Totality Detail
A A A
100 % - >
Abstract{ BAD PAD
BAD,
PAD, CAD
MAD Concrete< | MAD CAD
— >
Innovative Parametric Time
design design

Figure 3-3: Application of different tools in Design according totOsoN(2003) with BAD = Brain Aided Desi¢
PAD = Pencil Aided Design, MAD = Model Aided Design, CABomputer Aided Desi¢

CAD is an integrative element of virtual product develept{S$UR& KRAUSE 1997), which
is a technology-oriented framework for design toolsnt&lets of virtual product development
are (PUR& KRAUSE 1997, p. 48):

» systems for geometric modeling

» systems for processing of features

» systems for graphical representation

» data management systems

* simulation systems

» knowledge-based systems
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Within the environment of CAD, there are other computeeda®ols for design. These
systems are often summed up by the expression CAx (ia btemature, CAX is wittily called
“Computer AidedEverything; see WNAWAY 1995 for instance). Examples for such systems
are:

* Finite-Element-Analysis (FEA),

» Computer Aided Styling (CAS),

» Computer Aided Manufacturing (CAM),

» Computer Aided Quality Control (CAQ),

* Product Data Management (PDM),

e Computer Aided Industrial Design (CAID),

» Computer Aided Production Engineering (CAPE),

» Computer Aided Testing (CAT)

* Rapid Prototyping (RP)

* Virtual-Reality-Simulation (VR)
CAD itself provides a number of “tool-like” advantages do&y pure representation of the
product description ((ERSHEIM et al. 1996); which are for example:

 collision control in assemblies

» kinematical analysis

» simulation of production processes

» automated generation of models for FEA (Finite Elemeandlysis)

» availability of exact data for production

* integration of Rapid Prototyping

3.1.2 Rapid Prototyping

Rapid Prototyping (RP) is a technology that automaticaiates of physical models based
on 3D-CAD-data in a short amount of time. At the predene, there are at least eight
different Rapid Prototyping procedures that may be usediegffig and effectively in
mechanical engineering designiAlRER 2002). The resulting models may strongly differ in
achievable accuracy, possible size and variety of usalikeriedaas well as in the resulting
strength and durability of the model. For that reasors, itot easy to choose the procedure
and the point of time within a design process to apply suatodel for a certain purpose.
Internet portals may provide users with necessary irdtom about the technology and
corresponding service industries (e. g. 2003 in Germany).
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The procedures can be fundamentally distinguished byatherraterial that is used to build
the physical model. The building material can be solglidi or in powder form. Common
RP-procedures build the model stepwise in layers thattaehed to each other. In the
following paragraphs, for each of these kinds of proaedume example is briefly described

Layer Object Manufacturing (LOM):

LOM uses paper, plastics, metals or ceramics in the fof sheets as building
materials. The basic components of a LOM-machine arengponent platform, a
CO.-laser, a 2D-plotter mechanism, a heatable pressnolha equipment to supply
sheet building material. The model is built up on thefgiat. For this purpose the
CO.-laser continuously cuts the film building material rgjothe components
contour. Thereby the laser is directed by a computeraltad 2D-plotter
mechanism. The layers are interlinked by glue, which idiexppo one side of the
film and activated by a heated roll mechanism. After geimar of a layer the
component platform is lowered by a sheet thicknesawdred with a new layer by
the material supply.

Fused Deposition Modelling (FDM):

The FDM-procedure uses AABS or wax building materiale basic components of
a FDM-machine are a component platform, two extrusimzzles and a 2D-plotter
mechanism. The model is built up on the platform. Thermoplastic material is
heated up (until it is liquid) and extruded by a robotic r@zatcording to the
component geometry. Thereby the extrusion nozzle isctéid by a computer-
controlled 2D-plotter mechanism. After building a layee component platform is
lowered by a layer thickness and the process is repeéatieeh the material cools
down and thereby hardens up, the layer becomes solid andcteriap the layer
underneath. It is necessary to generate support structuEsrespondence with
undercuts and cavities in order to prevent these areas dubsiding. The support
material is applied by a second extrusion nozzle alotigtiwe building material and
can be removed after the procedure.

Selective Laser Sintering (SLS):

SLS uses nylon, waxes, polycarbonate or polystyrene wd@ofrom as building
material. Furthermore, synthetic coated metal powdeapézial mixture of metals)
or very fine-grained croning sand may be used. The SLS- macbim&sts of a
construction platform, a wiping mechanism, a.fd&ser, a mirror galvanometer and
a powder tank. The Cfaser selectively cures the free surface of the powtirh

is evenly spread out on the platform. Thereby, the Issdirected by a computer-
controlled mirror galvanometer. After exposure of ataye platform is lowered by
a predefined layer thickness into the powder tank. A wipechanism eases the
application of a new powder layer. The laser penetrate®esp into the powder that
the actual model layer as well as the previous layer nedé#r are partially smelted.
When the smelted powder hardens subsequently, the particibin one layer

! The description of the procedure is adapted fromnRP(2003)
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connect as well as the particles on top of each offteerefore, no glue to connect
the layers is necessary. Still, the particles are smelted completely, so a
subsequent post-curing of the model is required. The genedtgupport structure
iS not necessary since undercuts and cavities may meteosurrounding powder
sufficiently.

3.1.3 Virtual Reality

Virtual Reality (VR) is a computer-based technology #nats to represent “virtual worlds”
as realistic as possible. Those worlds are usuallgdcdscenarios” in which the user may
perceive virtual objects and surroundings.

In the ideal case, VR distinguishes itself by theofeihg aspects (BCARNACAO 1995,
pp. 592): Virtual Reality ...

* ... Isinteractive
The user can manipulate virtual objects and surroundings.

e ... Isintuitive.
Special input devices enable the user to manipulate thergcaesahey might do in
reality.

* ... works inreal time
The representation of the manipulated virtual objects happetisout any
perceivable time delay according to the input of the maaiijoun.

e ... is amultimediaapplication.
Due to special output devices, the representation of soeraffects several human
senses.

Most VR-systems take advantage of the visual senseeafgér, which is probably the most
important sense for the recognition of objects. In tygalost objects are spatial and usually
they are seen in a 3-dimensional way. In the cas8rofa 3-dimensional visual perception is
achieved by affecting the user’s eyes separately. Thisiplenis calledstereo viewFigure
3-4 shows a schematical illustration of such a VR-syst€he computer calculates the
representation of an object for two slightly differgints of view. Each representation
matches the view from one of the user’s eyes. Wighhp of certain data output devices, the
different views are displayed only to the appropriate éyew 1 and 2). This is usually
achieved by certain kinds of goggles — we will specify treesaces later on. Thereby, the
user seems to perceive the object in a 3-dimensional Many VR-systems take into
account that in reality, users do not only watch theosunding world but also move within
the world. Every motion of the user alters the angid #e distance of view on the
surrounding objects. Some VR-systems determine the usesision with the help of so-
called tracking-systems and accordingly modify the sgamed views on the virtual object.
The tracking system usually localizes the position adedlirection of the stereo view goggles
for that reason (tracking system 1).
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tracking-

tracking- system 1

system 2

Figure 3-4: Schematical illustration of the functional principle of VittReality

To achieve the user’s ability to interact with virtual eaftg in an intuitive way, special

devices for data input record the user’s actions and gestiseslly, the motion of the user’s

hand is tracked for that reason (tracking system 2).eSgystems determine position and
direction of the hand and even ascertain the posfufgedingers. A gesture that seemingly
touches or grasps a virtual object is recognized and the egpatien of the object is altered

in accordance to this virtual manipulation of the object.

A common data output device is the so-called shutter galggtels worn by the user while
watching any kind of display (such as a monitor). Thelayspepresents the two different
stereo views in an alternating manner with a high frequehlog goggles are controlled by
some kind of emitter and turn each of the user’s eyied ot the same alternating manner
(usually by glasses that can be darkened). Therefore egagberceives the view with such a
high frequency that the alternation can hardly be sendedce, the represented object
appears to be truly 3-dimensional. Another possibilityditieve a stereo view is the use of a
Head-Mounted-Display (HMD). This device places miniatuanmors right in front of each
of the user’s eyes. Each of these monitors constalgfylays a specific view such that the
object is perceived in 3-dimensions (see Figure 3-5).
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shutter goggles Hea-Mounted
with monitor Display (HMD)

workbench

Figure 3-5: Common data output systems for Virtual Reality

The previous consideration of output devices concerrthanoharacteristic that is associated
with VR and this igmmersion An HMD allows forcompleteimmersion in a virtual world;
no information from the real world is (visually) pengedl by the user anymore. Nearly the
same applies to a cave, which is a room with walls $kave as projection screens for the
virtual scenario. The user needs to wear shutter gogglepribvide stereo view (as described
above) and seems to be surrounded by the scenario. A $&elimg of immersion is created,
but the user can still see his own body. By contmaatching a monitor via shutter goggles
allows watching the virtual world “through a window”, but tteal world that surrounds this
window is still there. In this case, the user only beeemartially immersed into a virtual
scenario (the size of the window may vary — a workbes@ctually a huge monitor shaped
as a table). MGRAM & KISHINO (1994) describe the combination of real and virtual aspects
in VR by the Reality-Virtuality-Continuum that is shownkigure 3-6. While Mixed Reality
(MR) describes the whole range between reality and Viitugugmented Reality (AR)
consists of more real components than virtual onesoingly, Augmented Virtuality (AV)
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consists of more virtual components. We will use VR generic term for the whole idea and
technology respectively that enables this continuum.

| Mixed Reality (MR)

real I I virtual
environment environment
Augmented Augmented
Reality (AR) Virtuality (AV)

Figure 3-6: Reality-Virtuality-Continuum according toidMsRAM & KISHINO (1994)

Examples for VR-input devices are the space mouse andatheglove. The space mouse
provides a grasp that can be moved in the direction eéttnanslatory and three rotational
degrees of freedom. Thereby, a virtual object can be dlaftd rotated in space. However, a
data glove allows for manipulation that goes beyond shiftind rotating. The glove is
localized in space by a tracking system and moreovespse that are integrated in the glove
determine the posture of the fingers. The computer cagratgethe user’'s hand completely
into the VR-scenario and therefore, manipulation duptals the process of actually grasping
an object may be achieved (see Figure 3-7).

Space-Mouse Dataglove

Figure 3-7: Common data input devices for Virtual Reality

In engineering design, VR-scenarios may be used foradkiads of simulations, such as the
representation of product properties concerning assemblogmneamics and industrial design.
Future products and components can be represented in éiaewdy without the need to
actually manufacture a prototype. VR-scenarios are usbasigd on VRML-data, which can
be derived from CAD-data.

1 VRML = Virtual Reality Modelling Language
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A basic problem of most VR-simulations that require itituitive interaction of the user (such
as the simulation of an assembling process) is thenebs# tactile, haptic and force feedback
from virtual objects. At first, objects are visually peik@d by the user but as soon as he tries
to grasp the object with the help of a data-glove, he ¢daalthe object. This may distinctly
spoil the impression of seemingly real objects. Far thatter, special “feedback” devices are
being developed (see Figure 3-8), such as a glove with aked&ton that may inhibit the
finger's motion (top left). Thereby, the user cannot clbsehand as soon as he grasps an
object in virtuality and he receives a haptic feedback ftamvirtual object. Moreover, there
are devices that aim to give a tactile feedback to tke. Us so-called tactile display may
apply pressure to distinct regions of the user’s fingettip (ight). Thereby, he may be able
to feel virtual surfaces and edges while stroking a virtuakblyeh his fingertips.

tactile feedback

force feedback force feedback
(Phantom Desktop)

Figure 3-8: Feedback devices for Virtual Reality
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Still, with the help of these devices, the user caneose the weight and the inertia of an
object he interacts with in virtualityzorce feedbacklevices for that matter would not only be
attached to the user, but they would need to prop up agaesutiounding as well. They
may apply an outer force to the user and thereby giverhiession weight and inertia. Such
devices may distinctly restrict the user in his freeddmction (bottom left). An example for
a relatively simple force-feedback device is the Pharibesktop (bottom right). It consists of
a handle that is connected to a stand by a system exfsleach joint between the levers
contains a servo motors that may block up or move thé jbhe user can grasp the handle
and either tap it against objects in virtuality or slide Handle along the surface of virtual
objects. The servo motors are controlled in such a Wwal the handle is prevented from
penetrating the virtual object and thereby, the user séenfsel the object through the
reaction force of the handle.

In summary it may be said that VR seems to be an pppte gateway for accessing any kind
of future digital world. However, the more preciselysthiorld tries to copy reality, the more
costly it is to provide a persuasive representation aif world. The next chapter will deal

with the use of VR (among other media and tools) for Bitimn purposes in engineering
design. Thereby, we need to keep in mind that VR may r&tquire a great deal of

development to fulfil those functions that are alrebdyg demanded from this technology.

Nevertheless, it will turn out later on that VR manreatly serve for purposes other than those
that are considered in the following chapter. This is becaimple, but highly abstract VR-
representations may be achieved rather easily andestidery useful in design. That remains
to be seen in chapter 5, though.

3.2 Actual Use of Media and Tools for Design in Mec  hanical
Engineering

This thesis aims to lay an empirical and scientiarfdation for improvement of design
media and tools used in industry. Therefore, we need tstigaée the benefits and deficits of
common design media and we need to know the basic demaddgishes from designers
according to their daily work. With the help of two syse@among designers in mechanical
engineering, we will give answers to the following quei

* What are the characteristics of design tasks thagaes usually work on?

» Which are the most common media and tools that atalyctised by designers?

* In which way do the designers use those media and tools?

» For what purposes do designers use those media and tools?

* What are the effects of the use of media and tools?

* How satisfied are designers with their media and tools?

The first survey mainly investigated the use of sketched physical models. The
guestionnaire was sent to German-speaking designers froious/abranches including
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mechanical and facility engineering, electrical engimggrautomotive engineering, process
engineering, precision engineering, textile machines, ptemtenology and industrial design.
The questionnaire was completed by 107 designers. The samaily consists of designers
who have attended an advanced technical college (39 %) or asityi(87 %). 11 % have
additionally completed a doctorate study. The desigreere n average working experience
of about ten years, although it actually ranges frorhehgéar to 43 years.

The second survey was carried out by the use of a degiedtionnaire that was sent out via
email or was downloaded from a website that was publidgssible. It investigated the use
of CAD in relation to other media and tools, such ascsies, Rapid Prototyping and Virtual
Reality. Completed questionnaires were received from 6gmas mostly working in the
domains mechanical engineering, facility engineering andnaative industry. The work
experience of the designers again averages ten yeagng from one to 42 years. In
average, the designers work with CAD in general for eyglairs and work with the actual
system for 5 years. 3D-CAD-systems are used by 87 %eofl¢lsigners, while 48 % use a
2D-system (multiple answers were allowed). FEM islate to 55 % of the designers, rapid
prototyping is available to 34 % and only 17 % have the oppibytto use virtual reality.

In general, both samples of designers may be regardegp@sentative cross sections. In the
following chapters, we will mainly view results frosecond survey referring to design tasks
in general and to the explicit use of sketches and CARedlfiits from the first survey are
presented, then they are labeled by the ifdexXn both surveys, two types of questions were
asked. According to the subject, either several itertis suiggested answers were given that
could be chosen and individually supplemented, or a range“ttompletely true” to “not at
all true” (respectively “always” to “never”) was give The actual formulation of each
guestion is indicated by a footnote. For further detailthefprocedure used to carry out the
first survey see BVER et al. (2001). The second survey was carried out basioalhe same
way (except for the differences described above).

3.2.1 Characteristics of Design Tasks in Mechanical Engineering

Most of the designers usually work on tasks that invoheoties of classical mechanics
(91 %). Furthermore, about a quarter of the tasks invabkmects from industrial design
(26 %), ergonomics (25 %) and fluid mechanics (23 %). Féagls require knowledge from
electrical engineering and thermodynamics (each 15 %9sd fields of knowledge suggest
certain characteristics of the product to be designederMtheories from mechanics are
involved, then it may be expected that designers ne@ayattention to product attributes
that depend on force and motion. Therefore, the desigmere asked to choose statements
according to the product attributes that are most esk@éntidne design tasks. The results for
this question are presented in Figure 3-9.
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Figure 3-9: Characteristics of the design tasks usually processeuebyesigners

The importance of the strength and deformation behasfoparts is seen as a main
characteristic of design tasks by a majority of thagiess (62 %). It is the task characteristic
that is named most often. Additionally, strong restits from geometric boundary
conditions (59 %) and the complexity of the geometrpants (55 %) were named. Both the
latter statements can be summarized as aspects of ‘peoenetry. They are followed by
aspects that refer to assembly characteristics: diige Inumber of parts within an assembly
group (51 %) and the complexity of relations between [{d@%6). Strong restrictions from
processes of manufacturing (42 %), assembling (40 %) andleorkimematics (40 %) are
mentioned less often, but still seem to be relevant.

In the case of most engineering disciplines, thosiatiéss of a product which are constituted
directly by the designer are shape, dimension and @a(E&HRLENSPIEL 2003, pp. 24).
Aspects of manufacturing are usually specified in the se@dacke. The product usually
consists of an assembly of parts, so the spatiahgeraent of the parts as well as the
interconnections between them is directly constitutedhbydesigner. In turn, the designer
also has to specify the process of assembling.

Other attributes of the product are determined indirebilythe designer — they are a
consequence of the combination of attributes he constitditectly (UNDEMANN 2003).

! Question: “Which characteristic(s) do a design taskytbatusually work on describe at best?”
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Such attributes describe thehaviorof the product. For example, a designer cannot directly
specify the power of an engine. But he may directly ifpsach attributes as the stroke and
the diameter of a cylinder along with the number of cylisdatong with many, many other
direct attributes in fact). With the help of these c#fisations, he tries to cause a certain
power, yet he cannot directly constitute it. Indiretitilautes result from direct attributes
according to logical, physical and technical principles.

Figure 3-10 outlines this matter. A product definition magden as a jigsaw puzzle in which
the pieces are the direct attributes. The combinatibrdifferent pieces of the puzzle

determines the value of a certain indirect attributill, 8te pieces have to fit together in order
to form a consistent product that is producible. In gendhnal,abstractness of the product
description that the designer works on determines whiclbwts are direct and which ones
are indirect. On a very abstract, functional levelglgirfunctions can be constituted directly
by the designer. In the further course of design, éhigictions may turn into indirect

attributes that need to be achieved by material, geométry, e
' analysis
[

Requirements on a future product usually refer to its dedmehavior and its indirect
attributes respectively HRLENSPIEL 2003, p. 25). For different products, there are different
indirect attributes that need to be determined in ordexveduate the success of a design
process. The checklist for drawing up a requiremenfrish PAHL & BEITZ (1996, p. 133)
provides a great number of possible indirect attributespobduct (see Figure 3-11). This list
summarizes examples of product attributes into groupsréfet to certain superordinate
classes such as geometry and kinematics. Let us nog ddvief look at both these two
classes.

indirect attribute

direct
attributes

Figure 3-10: Connection between direct and indirect product attributes
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Geometry height, length, thickness, diameter, need for space, number, structure,
connection, enlargement

Kinematics kind of motion, direction of motion, speed, acceleration

Forces amount, direction, alternation in time, weight, load, deformation, stiffness,
flexibility, stability, resonance

Energy power, efficiency, loss, friction, ventilation, pressure, temperature, humidity,
heating, cooling, storage, energy transformation

Material physical, chemical and biological properties, standards, flow of material,
transport of material, logistics

Signal input, output, display mode, control system, monitoring system

Safety active and passive safety system, protection, environmental safety

Ergonomics man-machine-interface, operation, shape, clearness, lighting, manuals,

Production restrictions by the production plant, preferred method of production, largest
producible dimensions, attainable quality and tolerances

Controlling available controlling systems, standards and restrictions (1SO, DIN, ASME, ...)

Assembly installation, dismantling, ergonomics, standards

Transportation Restrictions by cranes, maximum size and weight, transportation charges

Use noise, attrition, effects from the environment (humidity, temperature, weather

conditions)

Maintenance

Maintenance-freedom, maintenance cycles, inspection, replacement, duration

of maintenance

Recycling reuse, recycling, dismantling, devastation, wrecking, storage, disposal

Costs life cycle costs (development, production, assembly, use, ...), investment,
amortization

Time milestones, deadlines, date of delivery, effects from time pressure

Figure 3-11: Checklist for drawing up a requirement liskiie & BeITz 1996, p. 133)
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The class geometry contains all kinds of dimensiofschvare direct attributes that can be

constituted by the designer. Still, the need for spacelaan indirect attribute if the product

is an assembly. Need for space is a consequence ofthéhat each part was designed and
the way these parts are connected. The logical printtiptedetermines the overall dimension
of an assembly is the “simple” addition of each gagimension.
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The direction of a part’'s motion within an assembly rbayeven harder to determine. This
may be exemplified by the design of a mechanism forfaldable roof of a convertible
automobile that took place at the institute of product deweéent at the Technische
Universitat Minchen (&TTER & PACHE 1998). The frame of a convertible’s roof often
consists of three linkages that are coupled to each.diaeh linkage consists of four bars
that are connected by four joints. A requirement withis tlesign process was to achieve a
defined line of motion for the endpoint of the frame dumpgration. This was necessary to
allow for an easy-to-use closure between the frardettzan windshield. Slight changes to the
frame’s geometry caused an alteration of the motianthat was nearly unpredictable for the
designers. For that reason, the designers built plsiphysical model of one four-bar linkage
in order to better understand the relation betweemgdetianges and alterations of the motion
line. The principles of mechanics provide this relatibnt the designers still could not
constitute the motion line directly.

3.2.2 Use of Common Media and Tools in Mechanical Engineering

Graphical, physical and digital modelsHELENSPIEL et al. 2003) were regarded as possible
design media for conceptual design in the first surveye fdsults show that CAD and
freehand sketches are the most common design medigoforeptual design and task
clarification” (see Figure 3-12). Sketches and CAD are used significamttg mften than
drawings that are true to scale and (simple and complgsical models.

60 B CAD
B rough sketches
O sketches true to scale
50 A )
B simple models
m|
40 4 complex models
[%] 30 A
20 A |_
10 — ﬂ
0 = T T T T - r

always often sometimes seldom never

Figure 3-12: Frequency of use of design media during conceptual design &rasficatior? (1)

! This question item does not differentiate betweek ¢sification and conceptual design. It was assumed that
both these design activities can be regarded togethiee a@atly phase of the design process.

2 Question: “How often do you use ... for clarification of thsk and for development of conceptual solutions?”
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Sketches and CAD are media that are not used indepgnftent each other. More than half
of the designers (62 %) stated that they use sketcheay'sil or “often” as a preparation for
CAD work. Designers use sketches less frequently dur&kiy ®ork, but still more than half
of the designers (63 %) sketch parallel to CAD at leasiméetimes.” And 65 % of the
designers at least “sometimes” plot the actual CARIeh@nd draw within this plot (see

Figure 3-13).

[] sketching to prepare CAD work

[l sketching besides CAD work

| [%]
--------------------- - 50

B sketching within a CAD plot

--------------------------------------------------- -+ 40

always often sometimes seldom never

Figure 3-13: Frequency of use of sketches before and during CAD work

The results presented above show that there is airceneed for some designers to
supplement their CAD work with the help of sketchessTdarresponds with statements in
literature, such as Fish (1994), who suggests that “CAD+sgstrake it hard to be vague”
and therefore designers use sketches despite of Catersy. To assess the capabilities and
most of all the drawbacks in actual CAD-systems, ingst interesting to clarify in which
way and for what reason such a supplementation takes. pla

In the following considerations, we will focus on CAD askktches as the most dominant
media for conceptual design. Still, we will regard rgmdtotyping and virtual reality systems
as possible supplementations.

! Questions:  “How often do you draw sketches especiafiyepare CAD work?”
“How often do you draw sketches during CAD work?”
“How often do you sketch within a plot of the actual CAbdal?”
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3.2.3 Specific Application of CAD and Sketches to Conceptual Design

The designers were asked questions according to theiam®rfor the use of CAD (see
Figure 3-14). Almost all the categories given in the questiomnveere chosen by at least a
third of the designers. Only the use of CAD as a slm-reminder was chosen by just 9 %
of the designers. Besides communication support (89 %) paesentation (86 %), the
concretion of solutions was named as one of the mé&emtions for the use of CAD (85 %).
Still, only about half of the designers develop congabsolutions with the help of CAD
(49 %), although this may be seen as a major activityhyndesign process.daTE (1998)
points out that CAD-systems may bring about drawbanksrseaknesses when certain design
actions are carried outTA&CEY & ECKERT (1999) argue that CAD-systems may provoke bias
in design procedure that may obstruct designers.

presentation : | : | 89 % |

communication / discussions 86 %|

concretion of solutions : | ' | | 85 % |

long-term documentation 74 % |

verification of solutions 68 %|

support of product imagination 62 %|

representation of boundary conditions 59 %|

development of ideas 49 %|

task clarification 37 %|

short-term reminder | 9 %

0O 10 20 30 40 50 60 70 80 90 [%]

Figure 3-14: Intentions for the use of CAD

Since sketches are used parallel to CAD, it may be suppbatesketches serve as functional
supplementation. Sketches that are used in parallel @ (S8e Figure 3-15) are mainly used
for the development of ideas (71 %) and for communicgbiampose (66 %). Beyond that,
sketches are also used as short-term reminders (54 %Qraundiier concretion of conceptual
solutions (55 %). All in all, it is remarkable that the fjeoof design actions processed with
the help of sketches clearly differs from the profifeactions processed with the help of

! Question: “For what purposes do you use CAD-models?”
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CAD. This is most noticeable in the case of idea devedopmt seems as if the most
important benefit from sketches arises due to this fumctio

communication / discussions ' | ' : | 66 % ’—\

concretion of solutions i 3 i : 55} % |_—

. 1
long-term documentation [ [ 6{% |

verification of solutions 17 %]

support of product imagination 39 % i |:| Sketches

representation of boundary conditions 29 %] | .| CAD

development of ideas

task clarification | | | 43 %|

short-term reminder 54 % |

] >
I

0O 10 20 30 40 50 60 70 80 90 [%]

Figure 3-15: Intentions for the use of sketches during CAD Wamkcomparison with CAD — see Figure 3-14)

We have seen that CAD is not used in the same exterdllfdesign actions, but may be
supplemented by the use of sketches. In such a casech sk serve as a tool providing
the possibility for additional design action. Furthermatrés possible that sketches are also
used to represent certain product attributes that caen@pbesented by CAD.

Going back to the results according to the charadteyistf design tasks once more (see
Figure 3-9), it shows that there are some indirect praoattidbutes that need to be considered
intensely during typical design processes. These are:

* material behavior (strength and deformation)

* geometric attributes

» assembly attributes

 attributes according to the manufacturing process

 attributes according to the assembling process

* kinematic behavior

! Question: “For what do you use sketches in parallel with ZAD
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Strength and deformation are attributes that are ‘icalsg’ analyzed with the help of FEM-
systems, but the product features determining this behardquradefined by CAD-systems.
Since FEM is a rather time consuming tool and requi¥sS-@ata as an input, it needs to be
investigated how designers achieve certain strength and nufon attributes when
designing via CAD. A similar question arises when kineenbghavior is concerned. This
attribute is usually analyzed by simulation tools whigaia need CAD-data as input.

The designers were asked to judge the possibility of aguagaspecific product attributes

directly from CAD models. There was a 3-point ratinglsavailable ranging from “good”

over “mediocre” to “bad”. An additional category nadvi@ot relevant” could be chosen if an
attribute does not apply to the products that the desigogks on. The results are shown in
Figure 3-16 (the category “not relevant” is not charted).

geometry / shape

dimensions / size

design / appeal

assembly

kinematics

_i | |

| good

manufacturing

[

E— [] mediocre
D bad
I—

__|

ergonomics

strength

deformation

1 | l 1 1 »
I I I I I I I o

60 70 80 90 [%]

o
=
o
N
o
w
o
D
o
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o

Figure 3-16: Possibility to ascertain specific product attributes with ltielp of CAD modéls

With the help of CAD, the designers seem to be capbiecognizing the relevant geometry

and shape of their solutions in a “good” way, since 88 %eatgréhis statement. It seems that
other geometry-related attributes, such as dimensi@esard appeal, cannot be ascertained
to the same degree as pure geometry. Still, the qualiatad “good” by the majority of the

! Question: “How well can those product attributes, whigh relevant for you, be identified with the help of a
CAD model?”

This book is available at Verlag Dr. Hut, Minchen, wdihut-verlag.de (ISBN 3-89963-176-5)



3. Media and Tools for Conceptual Design in Mechanical Engineering 55

designers. Information regarding assembling attributesmatie behavior, manufacturing
attributes and ergonomics are rated rather mediocagdarage. Yet, only about 10 % of the
designers state that aspects of deformation and streagtiive ascertained in “good” way
with the help of CAD. In fact about 50 % of the desigheonsider the possibility of
ascertaining each of these attributes as “bad”. Thigeig remarkable, since 62 % of the
designers claim that deformation and strength are impo#spects of the design tasks they
usually process.

The results presented above show that there is st #&gotential lack of quality in the
representation of certain product attributes with thie loé CAD. Since sketches are used
parallel to CAD, it might be possible that sketchesesass an aid to represent those attributes.
Therefore the designers were asked about which produbttgs they usually represent with
the help of sketches that are used parallel to CAD (seed=3-17).

geometry / shape | | | | 95 %
: 5 i l

dimensions / size | | | 49 %f

design / appeal 26 %i |

assembly : : :39 |%|

kinematics 41 %
T i |

manufacturing 29 % |
; |
ergonomics 17 % [] Sketches
|
8% ] cAD
strength (8 % —|

deformation 14 %

1
I I I I o

O 10 20 30 40 50 60 70 80 90 [%]

Figure 3-17: Product attributes represented by skettH@s comparison with those product attributes that
ascertained in a good way by CAD models — see Figure 3-16)

It shows that geometric information (95 %) dominate intdkes. Therefore it may be
supposed that sketches, similar to CAD (as shown by bgéy bars in Figure 3-17),
represent this product property in a good or at leastigabciuality. Dimension and size

! Question: “What do you usually represent with the help dthks that are used in parallel with CAD?”
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respectively are represented less often by sketches, praha#blio the lack of accuracy in
freehand sketches. Design, appeal or attractiveness\isrepresented by a quarter of the
designers within sketches. For this purpose, CAD is probhelynbre practical tool due to its
rendering functionality. Besides dimension/size and appealprofile of product attributes
represented by sketches is rather similar to the pmffilbose attributes represented by CAD
in a good way. So it does not seem as if sketches areausgglesent those product attributes
that are represented by CAD in a bad or impractical B&gtches seem to supplement CAD
in providing otherfunctions(see Figure 3-15) buttot in providing the representation of other
product attributes

A different picture emerges when the product attributesesented by Rapid Prototyping and
Virtual Reality are considered (see Figure 3-18). Howetlgse results should be used
carefully, since only a rather small number of desigrerer used Virtual Reality and/or

Rapid Prototyping (Virtual Reality 17 %, Rapid Prototyping%R The other designers were
asked to answer the question about those tools hypothetistll, these results reflect the

designers’ expectations according to those tools. Incdse of Rapid Prototyping, this

especially applies to assembling properties and, in a raktent, to manufacturing properties
and ergonomics. In the case of Virtual Reality, thindiceable for dimensions respectively
size, assembling properties and ergonomics.

: i i ; ! ! ! !
| | 68 % geometry / shape 79 % i—l
71 % dimensions / size 65 % |
I I
l 55% ' design / appeal 46 % |——|
e e e e S
[ 72% assembly 68 % |
] T

X kinematics 32 %]]
' —
28% manufacturing 42 %|

| 49 % ergonomics
H [

[] Rapid Prototyping

[] vVirtual Reality g %|’ strength

| cAap 11 % deformation

[%] 80 60 40 20 0 0 20 40 60 80 [%]

[] caD

Figure 3-18: Product properties represented by Virtual Reality and Rapid Byt (in comprison with thos
product attributes that are ascertained in a good way by CAD m- see Figure 3-16)
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Although 20 % of the designers (hypothetically) use Rapatio®y/ping to represent aspects of
strength, material behavior in general is representedrratfidom by Rapid Prototyping or
Virtual Reality. Again, this is rather remarkable, 8in62 % of the designers claim that
deformation and strength are aspects with great signticéor the design tasks they usually
process (see Figure 3-9). Asked for the characteristitgoafal design tasks, this was even
the item that was mentioned most often.

According to the results discussed above it seemsattrdiutes of deformation and strength
cannot be ascertained in a satisfying way with the he@Ad and sketches. Those media do
not give an immediate feedback about these aspeeatpmiduct. Even rapid prototyping and
virtual reality are used rather seldom to represent oyam#lhose aspects. It may be supposed
that FEM serves the purpose to ascertain strength aodmagfon attributes since this is the
main functionality of that tool. But this tool can onlg bsed with a completed CAD-model
and still requires further treatment such as the gaoaraf a net. It remains uncertain, in
which way designers determine a product’s characterisficdefmrmation and strength.
Designers probably use rough calculations, intuitivenmegions and experience from
previous design processes. Still, these processes are tgvidenh supported by common
design media in a satisfying way. Due to the importancaspiects of deformation and
strength in typical design tasks, developers of CADukhamprove their systems by
implementing such a functionality. But beforehand, desmgthodology should strive for the
development of appropriate procedures and methods. Theseiargific approaches to the
integration of rough calculations in CAD T 2002), but they have not been implemented
yet.

Besides strength and deformation, there is anotharentdattribute that is regarded as being
important in typical design tasksd is represented with the help of sketches rather often,
which is kinematics. 41 % of the designers state tlegt tise sketches to represent kinematic
behavior of products. Besides geometry/shape and dinms/sime (which are direct
attributes), this is the attribute comes third and thesindirect attribute that is named most
often (see Figure 3-17). So the investigation of kinermaticsketches might be the best way
to achieve an understanding on the representation méabdattributes in general. From the
way that kinematics are represented in sketches, it baagossible to infer suggestions on
how to represent deformation and strength.

3.2.4 Benefits from the Application of CAD and Sketches

Designers seem to receive numerous positive benedits the use of sketches and CAD.
Considering the use of sketches, it seems that desigrteedly experience those advantages
they want to achieve. The two benefits from the usskefches that are named most often are
improved communicatio(B88 %) andoccurrence of new idead7 %). This corresponds to
both the main intentions for the use of sketcheallghto CAD, which are developing ideas

! Question: “Which attributes of your conceptual solutionydu mostly wish to analyze or represent with the
help of...?”
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and communication purposes. Furthermore, dingple comparison of solution alternatives
(66 %) and theoncretion of ideas with minor effq®3 %) are pointed out (see Figure 3-19).

improved communication

occurrence of new ideas

simplification of comparison
between solution alternatives

concretion of ideas with minor effort
recognition of faults and mistakes
stimulation to try concept modifications
better product understanding

recognition of unknown requirements

easy access to information
from previous sketches

recognition of the over-all effect
from single predefinitions

sé%\

7%%\

665%\

553%\

j43%\

36?% |

 25%

339

% |

1
0 10

1
20 30 40 50 60 70 80 90 [%]

Figure 3-19: Effects from the use of sketches for conceptual design

A different picture emerges when the benefits of umijiz CAD are considered. The
recognition of faults and mistak€gb %) is named most often as a common effect wifdb C
is used.Improved communicatio(2 %) andbetter understanding of the produate named
often as well. The difference in the influence from CADd sketches on the conceptual
design process may be exemplified by the factdbatirrence of new ideg81 %) only ranks
sixth in the list of common benefits from the us€aD (see Figure 3-20).

! Question: “Please choose a maximum of five statenteatsepresent the support you received from sketches”
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recognition of faults and mistakes | : : : ' ' 75 % ‘

improved communication : : : 72 % ‘

better product understanding } : : : : 71 %I‘

immediate concretion of ideas 63 % ‘

recognition of the over-all effect : : : : : o
from single predefinitions . g 57i % ‘

occurrence of new ideas 51 % ‘

reuse of CAD model i oi
for other design processes : : : 43 % ‘

recognition of unknown requirements 39 % ‘

0O 10 20 30 40 50 60 70 80 90 [%]

Figure 3-20: Effects from the use of CAD for conceptual désign

Regarding the overall impact from sketches and CAD ow tand quality in conceptual
design, the tools are subjectively judged in a different lyadesigners (see Figure 3-21). A
large majority of designers (85 %) mainly agfe&s the statement that better conceptual
solutions arise when sketches are used. A different picorerges for the designers’
judgment concerning the impact of CAD on the quality ef¢bnceptual solution. A narrow
majority of the designers (54 %) again mainly agreetheostatement that better conceptual
solutions arise when CAD is used, but there are 20 % vewlydisagree This result shows
certain dissatisfaction with CAD. It alludes eitlerthe occurrence of mistakes when CAD is
used or to obstacles on the way to the best soluti@m\@AD is used.

! Question: “Which effects did you often perceive when ysed CAD?”

2 In this context, “mainly agree” means that the statenise considered “absolutely right” or “mostly right”.
Likewise, “mainly disagree” means that the staterentnsidered “absolutely wrong” or “mostly wrong”.
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LBetter conceptual solution arise...

[] ...when sketches are used.*

B ...when CADis used. [%]

----------------------------------------------------------------- - 40

- 30

- 20

- 10

mostly absolutely
right right wrong wrong

absolutely mostly ;1o isive

Figure 3-21 Designers’ subjective judgment according to the general ir
from sketches and CAD on the quality of conceptual sol®

The results for the impact from sketches and CAD erefficiency of conceptual design look
rather similar (see Figure 3-22). Over 90 % of the dessgagree to the statement that the use
of sketches leads to satisfactory conceptual solutiatiésrma shorter amount of time than
when no sketches are used. Although the majority of thgyrdes (65 %) agree to the
statement that satisfactory conceptual solutions &agter when CAD is used, there are again
20 % thatdisagreeto this statement. This result may allude eithetiragathe occurrence of
time-consuming mistakes or to a general slowing down wiAdh i€ used.

! Question: “Do you think that you develop better concestolaitions whit ... than without ...?”
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.Satisfactory conceptual
solutions develop faster...

[] ...when sketches are used.”

B ...when CAD is used.” (%]
- 50
- 40
- 30
- 20

- 10

absolutely mostly

mostly absolutely
right right wrong right

indecisive

Figure 3-22 Designers’ subjective judgment according to the gel
impact from sketches and CAD on the efficiency of conceptsigintie

Further results provide clues to possible reasons fdeslsepositive judgment of CAD by the
designers. The survey also investigated more specifiomsdsr possible drawbacks from the
use of CAD. The designers were asked for their subggdgtrdgment according to the
following questions:

* How intuitive is the operation of the CAD-system (&égure 3-23)7?

* How often does it occur that product predefinitions on Cé&dhnot be made in
accordance with the own imagination (see Figure 3-24)?

* How high is the effort to change a CAD-model (see Figue®)?

The results generally show a mediocre judgment. 3tlll% of the designers consider the
intuitive character of their CAD-system’s operatiorias or even very lowNot onedesigner
stated that the operationvsry intuitive. And 19 % of the designers state that predefimst
cannot be made in the desired way often or even vesg.ofthis is not the majority, but such
an obstacle may prevent the designer in some casesdalizing the best solution concept
although he may have developed it with the help of skethesdy.

! Question: “Do you think that you develop a satisfactonceptual solution faster with ... than without ...?”
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intuitivity of CAD operation
(%]
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Figure 3-23 Designers’ subjective judgment according to the int.
character of CAD operatidn

predefinitions not in desired way
| [%]
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Figure 3-24 Frequency of situations, in which product predefinition
CAD cannot be made in accordance with the imagination

! Question: “How high do you consider the intuitive opergbif the CAD-system?”
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effort to change CAD model
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Figure 3-25 Designers’ subjective judgment according to the effort for chaoge
CAD modé

Although the results shown above only represent subgeptdgments of designers (that were
not gained by analyzing CAD itself), a dissatisfactidndesigners becomes apparent that
cannot be neglected. According to the European standambfiovare usability 1ISO 9241-1
(1997), usability of software is a product effectivenessefficiencyand satisfaction of the
user Likewise, the dissatisfaction of the designers whtir CAD-systems results in a lack of
usability of the systems for conceptual design. One nagie that this lacking is constantly
reduced e.g. by increasing speed of computation, growing mewgapgcity and by
ergonomically (and aesthetically) improved user inter$a At this point, we propose that this
dissatisfaction reveals a general lack of usabilitf AD-systems for conceptual design that
results from the vergore of the system. We propose that the CAD modeling methaaishe
ensuing design procedures are not suitable for conceptual design

In the following considerations, we will outline a vergsic view on design media and tools
in general. This will provide us with an approach to exangreative mechanisms in
conceptual design that occur on account of the mediutmobibeing used. We will use this

! Question: “How often can you not make predefinitions oD@Aaccordance with your imagination?”

2 Question: “How high do you consider the effort for changidg@nodels?”
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approach to analyze the use of sketches and therebyraialwhy a sketch (as opposed to
common CAD-systems) is a medium that is extremeitgble forconceptualdesign.

3.3 Basic Characteristics of Media and Tools

The characteristics of a medium determine in which wagan be used during design.
Likewise, they determine the effect — positive or negation the result of the design process.
We may consider a design medium just as storage fomation, serving as a “backup” for
the working memory. Yet, not only tlorageof information within the medium needs to be
considered, since the information needs teferedinto the medium before. Furthermore, if
the medium is used as a temporary memory reliefinfloemation has to beead outof the
medium again. So the use of a design medium may ineligenalizatiorof information and
subsequentnternalization of information. Both these processes comprise a nurolber
complex sub-processes that depend on the user, thermadal the information. It needs to
be regarded that the information undergoes certain tdterthereby.

Let us have a look at some examples of externalizaiidren a designer imagines a straight
line and wants to draw it on a piece of paper, he neederiee the motion of his hand from
that imagination. This motion needs to have a cedmécttion, speed and duration in order to
draw a line that represents the imagination. Such a denvaisually happens rather
unconsciously but it may be necessary to carry outpifteEess consciously once the
imagination becomes more complex. In order to drawirtfagination of a spatial object, it
may require the conscious application of laws of perspegbrojection and drawing
techniques. Yet, this process of derivation is complatéferent when a different medium is
used. The advantage of 3D-CAD is that the applicatiosuzh laws for depiction is not
necessary. However, in that case a sequence of mickseand entered values (according to
the modeling mode of the system) needs to be derivedtfreiimagination.

Especially in the case of 3D-CAD, it is obvious thaternalization requires different sub-
processes than externalization does. Inspecting and eongraispatial CAD-model demands
the knowledge about the navigation mode of the systemcndization should not just be
regarded as the reverse-process of externalizationlitArgp working designer internalizes
the same information he himself externalized befoug,thhese processes are determined by
the medium and may strongly differ for externalizatend internalization. In the case of
CAD, it is imaginable that a person knows how to modehggac information, but does not
know how to inspect the resulting CAD-model.

In the following chapter, we will consider the proceasséexternalization and internalization
in theory and thereby develop a framework for subsequentrieahpinvestigation of
sketching in chapter 4.

3.3.1 A Model for Soliloquy using Media as Communication Channel

For further consideration of the use of media, wé eahsult a model that explicitly allows to
differ between externalization and internalizatibarthermore, it offers interesting clues for
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further reasoning that will be taken up later on. We adkpt the model of communication by
SHANNON & WEAVER (1949) to the use of design media. According to ShannoMéeaver,
a general communication system consists of five elesnent

* message source

* transmitter

» channel

* receiver

* message destination
Figure 3-26 shows the communication model schematically.mMé&sage source chooses a
message for communication and hands it to the transmiitee transmitter translates the
message into a signal that is transferred to thevesceia a channel. The receiver retranslates
the signal into a message and hands it over to thendesti. Furthermore, the channel (and

likewise the signal that passes the channel) may bedulg noise that is exerted on the
channel.

Shannon & Weaver (1949, p. 12) specify the problems that ntay daring communication.
They define three problem levels, which are characttbgehe following questions:

o Level A
How accurate is the signal transferred? (technical enopl

* Level B:
Do the transferred signals represent the initial mear{sgyfantic problem)

* Level C:
How effectively does a message influence the receiMmlsavior? (effectiveness
problem)

noise

signal signal ) message | message
transmitter Fseeeemesees » channel B » receiver e » - g
source destination

message

Figure 3-26: Communication system according tA\@NON& WEAVER(1949)

Communication is defined as an exchange of informabetwveen individuals (FRRIAM-
WEBSTER 2003). So how could any form of communication take plabenva designer
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sketches on his own while working solitarily on a degi@gk? After all, there are not even
two different individuals to exchangeything Still, if the designer would collaborate with
another, he could use a sketch for communication as Aadbrding to surveys, 90 % of the
designers use sketches for communication to others,ss@teh is a feasible language for
design communication. Still, another dominant intemtior the use of sketches is the
development of solutions, which is named likewise by entlran 90 % of the designers
(PACHE et al. 1999).

There are results from studies that suggest that probtdwng in general and design in
particular may be seen as a process of communicatibroweself. BRTL & D ORNER (1998)
have shown through experiments that human beings tensblioquize while solving
problems even when working on graphic problems. The mannehich this soliloquy is
carried out effects the performance of problem solvileRTBU (1999) showed that the more
difficult the problem is, the more distinct this behavi@comes. The portion of expressions
that show characteristics of a dialogue (questionstnaitions, etc.) increases with the
difficulty of the problem. This even happens if thereasother person around. Bertau argues
that the dialogue between the child and its mothereiditst form of problem solving that is
learned by a human being. Since more sophisticated mdtrgat®blem solving evolve from
this process they still show characteristics of dodize as a relict from this origin. As a
reminder: RNER (1999) refers to problem solving as an “inner conversafioimeosoul with
itself”!

SCHOEN (1983) describes professionals conducting dialogues witim gitgations as a source
of creativity. Especially in the case of design, Schdescribes an architect having a
reflective conversation with his own sketches, in wiiehexternalizes his vague ideas and in
turn finds useful clues for further refinement.

If Shannon and Beaver's communication model is appbetthe soliloquy via sketches, then
the information source and the destination would best#ime — it would be the designer’s
mind. The resulting model is shown in Figure 3-27, in whieghdesign media is the channel
for communication.

designer i i
g design media
source commur:ication
and channel
destination

Figure 3-27: Application of the communication model accordingHanBioN& WEAVER
(1949) on a designer sketching solitarily
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The “transmitter” contains all physical, psychical amgthihical processes of depicting
information in a sketch. In the opposite manner, the€eiwet” contains all processes of
perceiving information from the sketch. Although informatidoes not travel over long
distances via sketches, some kind of “noise” may occat tb exerted upon this
communication channel. Thereby the information may legedtduring the soliloquy without
the ability of the designer to prevent or affect diieration.

A simple example can be used to show why “noise” meguoin the case of sketching.
Figure 3-28 (a) shows two straight lines that run pardfleihe would have drawn these lines
with the help of a ruler and then added the bundleysf shown in Figure 3-28 (b), the result
would be that the lines are not perceived as being paaallghore (see Figure 3-28 c) This
optical Illusion is known as the Hering effecOne may stilrememberthat the lines are
parallel, but then the depiction of the linesx@& memory reliebecause he or she had to keep
that in mind. So the noise that we have discoveretisndase results from the interference
between different pieces of information that areneed from the channel at the same time.

b)

a)

c)

= <

Figure 3-28: Geometricabptical illusion resulting from the interferer
between different pieces of visual information

We will consider the application of this communicatioad®al on sketching media in greater
detail later on. At first, we will have a differeatiook attoolsfor design.

! This effect was discovered by Ewald Hering in 1861 (seeHR2003 for a digital animation of numerous
effects of optical illusions).
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3.3.2 A Differentiation of Tools for Design

At the end of the preceding chapter, a simple tool has Ibeentioned and that has been a
ruler. It allows the designer to draw a straight lihat is more precise than a free-hand line,
so the ruler intensifies the designer’s accuracy iwih@ In the following considerations, we
will regard any object or device thattensifiesthe human action as amstrument(HACKER
1998, pp.159). A hammer is a classic example for an insttumah intensifies human
strength by the effect of inertiawe will use this definition also in a more broadssefor
devices that intensify not only mechanical, but also nhectaon.

Notice: In the context of sketching, one might regard the gesnainstrument as well.
Without the pen, the sketch would be no medium at athsopen is considered as
being a part of the medium sketch. Therefore, the pdinnat be regarded as an
instrument.

In contradiction to an instrument, an automatic dewgbstituteshuman action (HCKER
1998, pp.159). Thereby, such a device undertakesgulatethe action and this is actually
the essence of automation. We will call such a dewicauiomatand a functionality that
substitutes human action asaurtomatismCAD acts at least partially as an automat, since it
provides the designer with many automatisms. The systayntake over the calculation of
volume, mass and moment of inertia for the desigmeit onay check an assembly for
collisions.

Still, the differentiation between an instrument ancaatomat does not categorically depend
on the device. The example of drawing a line can be usstaw that this differentiation
rather depends on tletion that is considered. If the designer simply wants radpce a
straight line than both the ruler and the CAD-system may berdegiaas an instrument. It
does not matter whether the regulation of the motidirsction is made unnecessary by the
ruler or the motion itself is substituted by the CABtgyn. They both simply intensify the
accuracy of the line in comparison to not having one addldevices.

If the process of drawing a line afhy shapas considered — maybe a line that represents the
curve of the nose in a portrait — then the ruler idequseless, since it inhibits drawing a
curved line. A CAD-system may be used for that purposetheuproduction of that line is
the application of an automatism. The designer sgscdeveral points that the line shall pass
through and he gives some information about the run ofiibebetween those hold points.
He sets the goalor the process, but the systearries outthe executiorof the process. The
designer is not able to vary the run of the line sinmaltausly while it is being created.

The previous example of drawing a line that is part of rirgib shows a basic problem of
automation. The author supposes that portrait painteeg éigat it is hardly possible to draw a
portrait with the help of vector-based graphics softvaareven a CAD-system. Drawing such
a line is a continuous process that requires continugudaten. At every moment of the

! The term tool would better correspond to the colloquiglerstanding of such device as a hammer. But in the
technical area, the term tool is so universally agidirycorrectly used, so we will also use it as a temmany
support device.
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process, the actual object that is portragad the part of the line that has been drawn so far
determine the continuation of the line. Portraying ised&nt from taking a photo. The visual
extraction of a characteristic line out of the compsgght of a human face is a complex
process of perception. The author has to admit that meelfi cannot separate the visual
extraction and isolation of the line from the procekdrawing. For him, the line disengages
from the sight while he sketches, so he would not be bimagine the run of the line in
advance. The reader is invited to carry out this expetirnanoneself (the author would
appreciate any comment on this subject).

In the following chapter, we will investigate real sketchprgcesses that have been carried
out during conceptual design. The free-hand line, whichpéioitky drawn without the help

of a toolthat intensifies its accuracy, will play an essantle then. The soliloquy model that
has been introduced just before will help us to integrase-based observations on sketching
into the greater context of creativity and conceptualgesThese observations will lay
ground for the conception of the new sketching media tileb&presented in chapter 5. At
that point, the question will reemerge whether or nothsacmedium should provide
intensification or even automation of human action.
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4 Sketching — A Major Element of Conceptual Design

The results from both the surveys presented in chaptéo®ed the dominance of sketches
and CAD as major representational media for conceptasign. It seems that sketches
support the process of idea development for conceptual @muto a greater extent than
CAD. Furthermore, it seems that sketches are used toesu@pli CAD concerning this
function when used parallel to CAD. Sketches serve thiggser because thlmecurrence of
new ideass stated as being the second most important beriefitedches besidamproved
communication In order to examine the creative mechanisms initiatetl smapported by
sketches, an extensive experimental study was carrigdd examine the use of sketches.

Notice: In the following chapters, numerous scans of designcis&st will be
presented. The scanning process was set up in such a wall talments of the
sketch — even very slight lines — are visible. Therefeoene sketches appear to be
darker and richer in contrast than in reality. Neveetbgl this seemingly poor quality
of the scan serves the purpose of better understandicgrttent of the sketch.

4.1 An Experimental Investigation on Design Sketchi  ng

The sample of test subjects for the experimental imaggin consisted of 61 persons overall.
It contained 46 students of an engineering course of studfesyhich 78 % studied
mechanical engineering. 20 % studied electrical engineeringgainted knowledge in
mechanical design through practical training or lectureg €dadent (2 %) studied process
engineering. On average, the students were at the age ®fy28rs. Furthermore, 15
designers from industry were investigated. About halhefrt worked in branches that could
be assigned to mechanical engineering (47 %), the othekeavar the field of automotive
engineering (53 %). The majority of the designers was ¢edcat a German
“Fachhochschuf® (67 %) and 20 % studied at a technical Univefsitjhe others were
educated as draftsmen for example. The majority (73 %gdsthat they mainly work on
original design tasks while the others mostly carry aldptive design. On average, the
designers were 35 years old and had 9 years of working erperon average.

For the experimental investigation each test subjectdagbrk on two design tasks in order
to find a conceptual solution. The design tasks were wiorkeat in a way that they
hypothetically make different demands on the design whilitthe test subjectsThe less

! The diploma from a ,Fachhochschule* is more or tesaparable to a bachelor degree.
2 Likewise, the diploma from a university is comparable master degree.

% The design tasks showed different values according ton#tod for analysis of the demand structure by
SCHRODA (2000). This method determines the degree of demand asmaination of complexity,
intransparency, degrees of freedom, dynamism, requiredlédge and the existence of contradictory goals.
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72 4. Sketching — A Major Element of Conceptual Design

difficult design task concerns the design of an adjustable barbecue grillishafinitely
variable according to the distance between the coalshee grilled meat. Thereby no manual
contact to the grate and the coal tub should be necdssagjustment (even not with a pair
of pliers or any similar removable handle). Figure 4-1ngddies these circumstances
schematically. Additionally, both the grate and theghbuld be easily removed for cleaning.
All components near the coal tub should be heatprooth&umore, weather resistance was
demanded and the use of electrical components was peghifiihe conceptual solution for
the grill was supposed to be achieved within approximately ome ho

MM, [o-en

—

Figure 4-1. Exemplification of the desi
task “barbecue grill”

In the second, more difficult design tiskhe test subjects were asked to design the
conceptual solution for a device for laser welding oftzady sheets. As boundary conditions,
the laser and a linear motor for actuation of the lagere given, as well as shape and
dimension of the sheet metal (see Figure 4-2). Eatlstibgect had to develop a device that
made the laser move with a defined speed and a definedcéisittimg the sheet metal. The
laser beam had to hit the metal’'s surface at right argllethe way. For cost reasons, the
linear drive was the only external actuation that Wasvad to be used for motion of the laser
(Still, the test subject could try to use e. g. gravityafctuation).

! According to the method fromc8RODA (2000), this design task can be regarded as “simple adapsigate

2 According to the method fromc8RrRoDA (2000), this design task can be regarded as “complex adaptive
design”.
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Figure 4-2: The design task “laser welding device"
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The graphical information that was given to the test stubjecaddition to the verbal

description is shown in Figure 4-3.
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Figure 4-3: Graphical information given in the design task “laser weldiagice"
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The reader is invited to try to solve this problem himsgie complete design task is given in
the appendix. We will address some of the major difiiesi of the design task, which were
frequently sources of error. Furthermore, some oftardard solution approaches developed
by the test subjects will be presented. So those redusrsvant to challenge themselves by
working on the design task without any hint at solution i#s2s, should go on reading on
page 76.

One major difficulty of the laser welding task corsief the fact that — as evident in Figure
4-4 a) — the sheet metal consists of straight edgethssvof curved edges. Therefore, the
linear motion from the drive has to be transformed @ntenlinear motion of the laser. There
is also a right-angled corner that needs to be passed~{gure 4-4 b). At this point, the laser
needs to be switched off for the time it is put fra end of the previous straight edge to the
following edge. Otherwise the corner might get burnednduthat time. Gravity cannot be
used directly to actuate the laser (e. g. at the vedagment of the sheet, see Figure 4-4 c)
because than the laser will accelerate althoughstipposed to move with a constant speed.
Additionally, the distance covered by the motion & thser is longer than the motion range
of the linear drive (see Figure 4-4 d) and thus, a soluhah dvercomes this discrepancy
needs to be found. The laser needs to be returnecetstainting point after the welding
process in order to weld the next sheet (see Figure 43he)atter requirement is not given
explicitly in the task, although this information may ¢athered indirectly from the task
description. Furthermore, some common requirements (@aximum weight and dimension)
are stated.

a) transmission of a linear motion into a non-linear motion

S ©  [E) l @ o

—|@ ]
b) moving around a right angled corner
lﬂ c) gravitation cannot be used for actuation

d) length of the laser’s way is longer than the actuation way of the linear motor

.300 300

(S E— o mm)

e) laser needs to be moved automatically back into initial position l @

Figure 4-4: Specific difficulties in designing the laser welding devic
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One solution approach that has proven to be rather s@udciesssome of the experiments is
shown in Figure 4-5. The desired direction of the las@dsion is achieved by a track that is
shaped in the way the laser is supposed to move. Thadasmmnected to a “crab” that runs
in these tracks. Thereby the laser perforce has to mlowng the shape of the tracks. The crab
has two wheels so it always runs parallel to the tangfaite track’s shape. The laser is fixed
to the crab at a right angle, so the laser beanthatsheet metal (that is located underneath
the track) at a right-angle as well. Still, the pmmtthat is covered by the laser is longer than
the motion range of the linear drive. This problem casdieed by attaching the drive to any
kind of fixture above the track with the help of a joiDuring actuation, the laser rotates
around the joint. In the upper right corner of Figure 4RB, principle of transformation is
schematically illustrated. When the linear drive edtermy a certain length {@aiop, it
accordingly rotates around the joint for a certain @rg). The resulting length of the laser’s
motion (dase) IS longer than the extension of the linear drive.

angle a
\g{/ joint
/ dactuation

Figure 4-5: Solution approach fort he laser welding task using a crab that rura
track

Another useful solution approach uses a belt to guiddatdex (sed-igure 4-6). The belt is
circulating around several coils. Since the desired matiothe laser consists of straight
sections and circle segments, the belt can be fordedai shape that matches the desired
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laser's motion. The laser is attached at a righteabg the belt and as soon as the belt
circulates, the laser moves along the sheet metabrder to overcome the discrepancy
between the distance covered by the laser’s motiorttendange of the linear drive, the belt

can be actuated by a wheel. This wheel is actuated bynder ldrive by means of a crank

mechanism, similar to the actuation of the wheelssiéam train.

Figure 4-6. Solution approach for the laser welding task using a belt tr
actuated by a crank mechanism

The experiments were designed to clarify a number oftaqures concerning the use of
sketches for design. First of all, it should be ciedif if sketches are really used to such an
extent that was indicated by the surveys. Therefoeeséimple of test subjects was divided in
two different experimental groups: one group that was reggiest use sketches (and
modeld) and another group without such a request for sketchingngadetling). In the group
with no request for sketching or modeling, no material pr@sented. If required, material
was provided (e.g. paper, pencils, pasteboard, wire, a madglldsticine etc.). The test
subjects requested to sketch or model wex@icitly invited to use the materials that were
made available. The groups consisted of 30 and 31 personstredpemnd the persons were
randomly assigned to each group. The experimental dssgiown in Table 4-1.

! By these experiments, the use of simple physical madisinvestigated as well. Still, in the following this
issue is not elaborated further. For results on thefusedels, see ®RVER (2002).
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Table 4-1: Experimental Design

design task
barbecue grill laser welding
with 23 students and 7 designers
request for
sketching
without 23 students and 8 designers

The design process was recorded by audio and video equipneetiie test subject’s actions
were on-line-documented by means of a computer-based pkofbeoprotocol differentiated
between the following categories of action (among sdher

writing,

reading,

sketching,

erasing,

regarding (the sketch),
talking,

gesturing and

“staring into space.

Personal data were gathered, i.e. experience in dedggign education, ability for spatial
imagination (GrTLER 1990) and heuristic competencaASDEL 1988). After the experiment,

the test subjects were interviewed about the run of ts@merocess and the functional
principle of the solution they developed. The video recgrdilowed additional case study of
solution progress, problem solving steps and the solution gedera

! This category includes those actions that could not umecally be assigned any one of the other categories.
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4.2 The General Characteristics of a Sketching Proc  ess in

Conceptual Design

First of all, the experiments show that the use ofctle=t de facto is a common media for
conceptual design, especially in the case of diffiamitl demanding design tasks. All test
subjects used sketches to work on the laser welding taskrdpdhree persons from the
group that was not been requested to sketch did not sleetefT able 4-2). In fact, it could be
argued that there was no solution development by waketthes in these three cases; the
test subjects stated that they developed an entire piadesolution in their head and then
sketched the solution afterwards in order to documelue to the experimental setting, it
could not be verified if the solution was either depeld further or modified during that
documentation.

Table 4-2: Numbers of test subjects that used sketches

design task
barbecue grill laser welding
with 30 persons 30 persons
request for used sketches used sketches
sketching without 28 persons 31 persons
used sketches, used sketches
3 persons
used no media

Through analysis of the test subject’s actions, it hagshthat the rates of sketching activity
in relation to the overall process strongly differ ébiferent test subjects. For sake of clarity,
only the results for the professional designers hagted in Figure 4-7. For the designers, the
average rate of sketching activity (referring to both detaghs) ranges from about 17 % to
44 %. The results for the students are similar (in thae, the lowest average value is about
14 % and the highest value is 42 %). So it seems tha iheot one common procedure of
conceptual solution development according to the intendigketching activity. Moreover,
no correlation could be found between the rates afckkey activity and the kind of task
according to each person. Thus, there seems to hedinadual style of sketching intensity
that is independent from the task.
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Figure 4-7: Designers’ rate of sketching action referred to therall time

Regarding the results shown in Figure 4-7, the test sshpect39 (average sketching activity
17 %) and no. 34 (average sketching activity 44 %) appear to@rperccases among the
designers according to their sketching intensity. Considethie distribution of all actions
over the whole duration of work on the laser weldirgktat shows that the activity profiles
for these corner cases strongly differ (see Figure. £8¢h a basic activity as erasing does
not even occuat all in the case of no. 34. This person has not used aerghsisughout the
whole process of solution development although it wadlae — this points out, that there
may be individual sketching styles that differ fundamewtall different persons. Still, both
test subjects work with the sketch for about 75 % of the'ti Therefore it should not be
supposed that test subject no. 39 did benefit less from bishgls during the solution
development process, just because he sketched only for 1th&averall time.

! In that case, the actiosketchingerasingandwatching the sketcare summarized to the actiork with the
sketch
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talking fand "stariny reading working
gesturing spac writing with a model

talking and
writing gesturing
watching "staring into
space”
watching the sketch p
the sketch | ketching
erasing
test person no. 3 test person no. 39

Figure 4-8: Actions performed by test subjects no. 34 and 39 (corner casésy dine work on the laser weldi
task

Let us now take a closer look at the design activities are carried out with the help of
sketches. The observed phases of work with the sketthozaghly be divided into three
different ones:

» problem analysis:
Only information given in the design task is depicted oerpreted,no solution

approachis represented.

» solution development:
Conceptual solutions are depicted and altered.

» documentation of the solution:
The actual conceptual solution is no longer altered orlsmgnted, no moreew

conceptual solution elements are depicted.

In case of the laser welding task, 39 % of the test stthjesed a sketch to clarify the
problem. Those persons depicted geometrical informatiahdontained no new component.
In the following chapter, we will see if this informationainly represents components given
as boundary conditions or other information.
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For the laser welding task, the sketch was used signilyclmger for solution development

than in case of the barbecue grill task (p < 0.001). Moreneesketch was used significantly
longer for problem analysis in case of the laser task ith@ase of the grill task (p < 0.01).
Figure 4-9 illustrates these findings. The more demandidgsgn task is, the greater the
extent in which sketching is used for problem clarificasiod solution development.

[%]
A
- 60

[ ] barbecue grill task
B laser welding task - 50

---------------------- - 40

problem solution
clarification development

documentation

Figure 4-9: Observed phases of sketch work (average time ¢
referred to the total solution time)

Keeping in mind the description of problem solving processes BRNER (199%,
“ARASKAM”-process, see page 22), problem solving processesamatain changes in the
degree of abstraction. So predefinitions in a sketch, warehmore abstract than visual-
graphical depictions, might support the design processr@iif modalities of depictions may
be:

* visual-graphical
(ilustrations that match the actual view on the objedtich means that e. g. all
visible edges are depicted, laws of perspective are applied)

» schematical
(reduction of actual shapes to more simple geometrieg, spatial objects are
reduced to lines, joints are reduced to dots)

» symbolical
(e. g. arrows to symbolize motion, dotted lines to iaticsymmetry)

* verbal
(words that are integrated into the geometrical corttttie sketch)
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We will discuss these modalities in great detail in tigxt chapter. Figure 4-10 shows
examples for such depictions from sketches that hase bwde by the test subjects during
the experiment.

o _— visual-graphical
schematically- _—
e abstract
= Griffsteck €
I' - il ~Asherer hufwand
I —lost Schwer eatnchnjy,

verbal symbolical-

§ / abstract” %
.

. / verbal

’.
oo

Figure 4-10: Exemplification of different depiction modalities

The sketches of all test subjects were analyzed wghrdeto the modality of depictions.

Table 4-3 (upper four rows) shows the percentage of testctsilfjeat used a specific

depiction modality at least once during the design protessase of the laser welding task,
all test subjects used symbolical depictions. Most persmesl at least three different

depiction modalities (78 % in case of the barbecue sk and 97 % in case of the laser
welding task).
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Table 4-3: Rate of test subjects that used certain depiction iesl@nd information categories at least once

barbecue grill task | laser welding task
visual-graphical 98 % 95 %
schematically-abstract 48 % 69 %
symbolical-abstract 82 % 100 %
verbal 83 % 92 %
geometry 100 % 100 %
motion 41 % 93 %

It has shown that for the laser weld task, about 73 %heftest subjects used schematical
depictions during solution development. Moreover, 7 % didneuse only schematical
depictions to complete a conceptual solution for tisi.t&All test subjects used symbolic
elements within the sketch and 89 % used written terms.

Furthermore, Table 4-3 (lower two rows) shows how masf subjects depicted certain
information categories. Both design tasks implied kinematoblems, so the geometry of
components and the kinematic behavior of componentd stboreason as information
categories. It is not surprising that in case of baskg, all test subjects depicted geometry. In
case of the laser welding task, about 93 % of the testaslgjepicted kinematic properties of
the solution concept at least once. In case of theebae grill task, the rate was lower, but
still came to 41 %. The motion of parts was depicteckample by arrows and curves.

In the following case study, we will further examine thepiction modalities, as well as the
information categories within sketches. From these rigsli we will make an attempt to
conclude their meaning for the creative sketching process.

4.3 Depiction Modalities and Information Categories in Sketches

We have seen that designers do not sketch for conceptugh dasorder to represent

technical solutions as photorealistically as possiblee fidsults presented in the previous
chapter show, that schematical depictions are useer raftien. Moreover, words are used in a
sketch to represent information that may be as albstsdanguage permits. The same applies
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to symbolical depictions: Again, all levels of absti@at may be used that are provided by the
symbolical system. In the following paragraphs, we wallry out a case study to investigate

the information modalities in more detail.

Figure 4-11: Overall sketch (left) and detail sketch (right) frost subject no. 17

Let us regard sketches from test subject no. 17, a stutlemahanical engineering. Figure
4-11 shows the whole piece of paper with an overall skeitcthe left side and a detailed
sketch on the right side. The sketches were made ddmnghase of solution development.
They present the approach to a conceptual solution lieaids enables a part of the desired

motion of the laser.
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Figure 4-12 Section of the sketch that represents the device for hori
and vertical motion

At first, we will explain the solution principle thatas chosen by the studénFigure 4-12
highlights the representation of that part of the dewdeich enables a horizontal and a
subsequent vertical motion of the laser (representedebgléitk arrows in Figure 4-12). The
functional principle that underlies the solution apphoacillustrated in Figure 4-13. From
state 1) to state 2a), the whole device moves horiltpritacause it is guided by two rails
(represented by two horizontal double-lines) in which thecgerolls with the help of two
wheels (two black dots). The device is actuated horilgngd the upper left bar (the
actuation is represented by the grey arrow A) and thdtires motion of the laser (grey arrow
M) is horizontal likewise. This motion phase is comgteas soon as the device bumps
against the limit stop (“Anschlag” in German). It isdrgsting that this element is only
represented in the sketch by terd “Anschlag”. Yet, is not depicted — we will get back to

! The explanation was extracted from the interview withtest subject that was carried out directly subsequen
to the experiment. The person was asked to describe signd@ocess in own words and explain all technical
solutions that arose along the process.
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this subject soon. The limit stop inhibits the horizbnation of the device, but the actuation
continues. So in state 2b), the vertical slide beamsngctivated (represented by two short
horizontal lines on both sides of the long horizotited). The laser moves downwards (grey
arrow M) and the two joints (circles) transmit tharibontal actuation (grey arrow A) until it
reaches state 3.

(“Anschlag®)

|l - |
[ ] [ ]
\J/ W
1) 2a)
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Figure 4-13: Functional principle that enables the horizontal and vertication of the laser
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In the first instance, the description above showsuweey complex technical systems can be
represented in sketches by rather few lines. Consideran@vérall sketch once again (see
Figure 4-14), it shows that not only technical componergsrapresented. The processes
resulting from the behavior of the components, such esons, are represented as well.
Components are drawn repeatedly to represent diffetatg#ssof a motion (one example is
labeled by 1, 2 and 3). Symbols, such as arrows, indibatecértain components move in a
certain direction (A). In mechanical engineering, theigie of a technical device includes
designing a technical process since providing a dedieddvior (indirect attribute) is the
superordinated goal of design. In chapter 3.2.1, we have katweamplex kinematics are
characteristically for many design task in realitygpage 47). It seems as if the student has
dealt with the complexity by depicting not only the teceheomponents, but their kinematic
behavior as well. In the previous chapter, we have He&n(at least in case of the laser
welding task) motion was depicted rather often (see page 83

Figure 4-14 Different categories of elements used in the conceptusibn
sketch

However, in the previous chapter we have also seenhdatpresentation of components is
not limited to the use of depictions, but verbal and symoébltepresentations are used, too.
Words do not only label geometrical elements that dmeady depicted, but they may
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represent a componeentirely. In this sketch, “Anschlag” (B, as well as “Motor” (B)
represent components that are not depicted explicityy.uing textual predefinitions, a
designer can take advantage of the whole variety ¢drdifit levels of abstraction that are
provided by language. The designer does not yet need to spemiyponent geometrically.
By using symbols, a designer can represent componerdsgniar levels of abstraction (i.e.
circles represent joints without further specificatioh the special kind of joint). Still,
symbols, in contradiction to words, often give a sligsusl impression of the component’s
shape.

Besides geometrical elements, a sketch can providegndesvith symbols and written terms
representing components, as well as their functicatédibutes on different levels of
abstraction. Furthermore, the elements in a sketch feagons to each other; a number of
lines may form a shape and a number of components epagsent an assemblyOBRNER
(199%) points out the meaning of abstraction and concret@mn problem solving in
conceptual design, but he assigns these processes nwiwyrbal information. A sketch
provides external representations for information chunkgitberent levels of abstraction that
a designer might have in his mind during design. In this deg&e sketch can provide
memory relief for the designer's mental process.,Stillthis case the sketch is a rather
“simple” memory relief, similar to notes put down onn@mo pad. DRNER (1999)
describes problem solving as an inner dialogue with onegdlfid regard, the sketch would
only be the intermediate storage for some single témoms that dialogue. The “questions”
and “answers” that actually make up such a dialogue wbeldormed in the mind. We
suppose that the sketch is capable of even more thareprsisenting single terms in a clear
and easily accessible way.

Even those elements that show the specific shame aeimponent are not purely concrete
representations, they provide a certain level of abstractferred to the future component. In
the previous chapter, we have labeled those elemergmatibal (see page 81) and we have
seen that they appear rather often in sketches (remeahdie7 % used no visual-graphical,
but only schematical elements to depict the geometry of tieibecue grill solution). In the
sketch above, almost every element is depicted asea Which is a one-dimensional
depiction, since there are only few closed shapes in kkécks In reality, all these
components will be spatial objects, but in the sketicls, spatiality is not determined. The
elements in the sketch only define the extension of dleponents irone maindimension

the other dimensions are left open. The bars thatepresented in the sketch may have any
kind of profile in future — it is just not specified yet. 8ements in a sketch may be abstract
in a sense that they omit certasfassesof geometric attributes, such as certain spatial
dimensions. It may be argued that a single lineggrabolfor a bar, but the author does not
agree to this argumentation. Still, a line contains @spef symbolism as well, but the
symbolic meaning of a line depends on more than justribatself. In the next chapter, we
will see that the same line may once represent k (vettich can still be seen as a kind of bar)
and then represent a belt (which is certainly no bar).
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The detail sketch (see Figure 4-15) shows that this ahetrazn be abrogated stepwise. In
Figure 4-13, we have seen the functional principle that sahsehorizontal and the vertical
motion of the laser. Yet, the laser also has to edvatween those motion phases in order to
enable the welding process during the horizontal motibis problem was solved by a stud
that is connected to the laser. The laser is connectde teest of the device by a joint and
may rotate therefore. The stud glides along a guide stbttee shape of the slot causes the
stud to move and therefore the whole laser rotates arthenjoint. This solution was only
possible by specifying the shape of device in the third dimenkigewise, the detail sketch

is drawn 3-dimensionally to reveal the spatiality @& tievice.

guide slot

Figure 4-15: Detail sketch drawn in perspective

The abstraction discussed above consists in omittimtpiceclasses of attributes. Such
abstract predefinitions represent a variety of conqueteefinitions since the attributes that
were left open may be specifiedany way There is another, different kind of abstraction that
does not omit certain geometric attributesnpletely It rather narrows down the range of
possible specification for a certain attribute, yetiit kkaves ascope This is the case, when
the shape of a component is specifiaguely Roughly drawn shapes can represent a variety
of specific shapes. The recognition of this variety depend$fie contextual knowledge of the
viewer. A viewer unknown to the context might interpaetoughly drawn, wavy line, as a
concrete shape that is meant tcelactly that wavy
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Figure 4-16 shows the element of the sketch that repsetiemtsheet metal given in the
design task. It may be interpreted as the representatiaromponent that is as wavy as the
original line in the sketch. However, the element mayval be interpreted as shape A),
which is clearer and sharper than the sketched line.cbmslusion might be drawn if one
regards the waviness as a lack of accuracy in sketchinl.irstihis case, it was actually
shape B) that was represented by this element. So nothenliyne was drawn wavier than the
actual shape, but also the partial elements were dradifférent proportions than in case of
the actual shape. In this case, there are at leastdifferent ways to reasonably interpret the
shape of the line.

A)

B)

Figure 4-16: Roughly drawn line and possible ways to interpret it

This kind of vague predefinition described before may be asean abstract elements in
certain aspects. Such an element may be interpretedvieyvar as a representation of one
certain concrete shape at one time and as a differemtat another time. So this element
contains a variety of possible concrete shapes. It mdidiea viewer does not only switch
between different interpretations, but that he is ealda to see thigariety. Keeping in mind
the definition of abstractidn the representation of a variety of concrete termsais
characteristic of abstract, superordinated terms in gengithough in the case of graphical
elements, the attributes that are omitted (respegtivatrowed down) can hardly be named
by words, the effect may be just the same. If one toetescribe such a shape in words, this
person will probably end up in either describing it exactlyicl results in an extensive text,
or in using terms such as “somehow”, “sort of’ and figadout”. Still, the shape cannot be
named by using one term and simultaneously reflect itsreugeated character. Visually
perceiving such a shape may achieve just that: one cagiyeetbe whole shape at once and
still “see” the variety of specific shapes represerigdt. Thereby, an abstract graphical

! DoERNER (1975) defines abstraction (similar to the definitionsduse engineering design research) as
“omitting inessential attributes respectively accenigpgssential attributes” (page 7 in this thesis).
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element may function in the same way as an abstraoaveErm, although such a graphical
element does not have a direct verbal counterpartaytbe possible that designers use such a
abstract graphical predefinition in a calculated way justrwthey are not certain about the
future shape yet. Still, this does not necessarily ned@ @ conscious behavior. Due to the
experimental setting used in this analysis, it is nasfbe to derive any statement whether
designers intend to represent abstract, vague elemehthey just sketch inaccurate. Still,
the verification of this question would provide insight itlhe creative generation of shapes.
Even if it shows that designers do not use abstragyes elements on purpose, it may be
worth it to think about teaching such procedures in ordemfwyove creative sketching.
Likewise, it might be necessary to practice the ge¢mn of vague shapes as abstract
predefinitions.

Figure 4-17: Auxiliary elements and numberings to express spatial and tainpor
relations

Generally considered, a sketch puts graphical, symbolicavanal terms on different levels

of abstraction into a spatial-relational contextisT¢ontext is more diverse than the context
that language can provide. Terms, such as “above”, “beldeft from” and “right from” can

be specified by the position of elements on a sketdl, Bese relations can even be

represented by special elements. In the sketch, the stusles ancillary elements, such as
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thin lines (see Figure 4-17, lower section), that inditiad certain elements are on the same
horizontal or vertical level with others. Theseebndo not represent objects that will be
manufactured when the device is produced in the end. Thesse dlso do not represent
indirect attributes such as the behavior of a technicslesy They “explain” or even
“emphasize” the direct geometrical attributes of ttevice. So besides the geometrical
relations between the elements on a sketch that enaertgenatically, a designer can use
special elements texpresssuch relations. When processes are represented, thantlee
temporal sequence of process steps can be depicted. mifftages of a motion process can
be annotated by numbers that indicate the order otahesqsee Figure 4-17, upper section).

Let us now recall the consideration of problem solving d&algue with oneself (BRNER
1999, BERTAU 1999). We have already applied the communication model S:@xRNON &
WEAVER (1949) to such a soliloquy via external media. In the Yahg paragraphs, we will
analyze the “language” that may be used for such aglial We will indeed apply some
basic concepts frortinguisticsto a sketch, yet we will not go into detail accogdio this
complex domain. In linguisticgphrasesare small groups of words which are the basic
elements of sentences. Linguists differentiate batwe#dferent kinds of phrases (e. g.
CRYSTAL 1995, pp. 94), such as:

* nominal phrases
A nominal phrase is a part of a sentence that reéfeis person, object or event,
which may exist in reality (e. g: “George”, “the black dpthey”)

» verb phrases
A verb phrase refers to actions and processes. It usallars together with at least
one nominal phrase to indicate the object of theaar process respectively. Some
verb phrases only need one nominal phrase (e.g. disdisig”, “went fast”).
Thereby, those phrases express something about the,chjebt as its behavior.
Other verb phrases need more than one nominal phi@sgs“carries”, “is giving”)
and thereby the action/process implies a relation detwdifferent objects and

subjects.

» prepositional phrases
A prepositional phrase expresses spatial or tempoetlae$ between objects (e. g.
“above”, “under”, “besides”, “on the same level as”, faye”, “after”). These
relations may be symmetrical, which means that the imanphrases can be
exchanged and the meaning stays the same. Such a prepbghase does not
have a specific direction (“A is on the same lea®IB” means the same as “B is on
the same level as A”). Others are asymmetricalheg indicate a directional relation
(“A is above B” is different than “B is above A”).

If one might consider the elements in a sketch ssrtaof graphical language, then functional
symbols (such as arrows) would be “graphical” verb plstatbose elements representing
components would be “graphical” nominal phrases then. \Ale halready discovered
prepositional phrases such as the thin lines used asaayxdllements. Especially these
elements urge to consider sketches as a graphical langiage these elements are actually
not necessaryo represent geometric information. Spatial relatisnsh as above, below, left
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from and right from are provideautomaticallyby the position of elements within a sketch.
Such ancillary elements are tepression®f relational information that is given anyway, yet
they emphasizehis information. Even directional relations canrbgresented, such as the
indication of temporal relations by numbers. Taking graphateitraction by rough shapes
and contextual abstraction by words and symbols into deration, the information content

of a technical sketch can be enormous and on a high leaddstfaction. Complex sketches
can literally tell “technical stories” to a viewer wlm familiar with the technical context of

the sketch.

(“Anschlag®)
A \ B
4(?\ g % -
R

Figure 4-18: Representation of a contradiction in the conceptual sketch

The stories that are told by sketches can even beatictory and irrational as shown in
Figure 4-18 shows. The sketch contains a contradictioe state A cannot be transformed
into the terminal state B because of the “Anschldigiit stop) in-between. Still, this obstacle
IS necessary in order to translate the horizontalaticin into a vertical motion during the
process step before. Still, the student has depictetethenal state, although it cannot be
achieved ye?. It may be supposed that the student has been awars gbtitradiction. The
“impossible” terminal state is depicted very differ&oim the other states. It is represented by
thin lines, which may be regarded as an indication of avigiobnal predefinition. The
contradiction may not be seen as a faulty solutioncambr, but as the representation of the
problem Such a contradiction can be on a high level of attgtra and may generate
tenseness for the viewer, being the equivalent to aignestuch as “How can that ever
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work?” This way, a graphical dialogue, conducted by the desigitie “himself’ via sketches
can be provoked, initiated and even enforced.

Furthermore, this example suggests that the line thiskisea significant characteristic of a
depiction. The last motion state, which is actuallggular in the technical context of the
sketch, is drawn by thin lines. The use of thin lines magrbéndication for grovisional
predefinition.

In the last chapter, we have seen that in case daslee welding task, about 40 % of the test
subjects used sketches for clarification of the design @nablet us now briefly view such a
sketch in order to find out which kind of information is wégd for problem clarification.
Figure 4-19 shows the very first sketch that was drawn glihie laser welding experiment
by test subject no. 34, a designer from industry with 2tsyavorking experience. The
designer depicted the sheet metal that was supposedwelded (which was given in the
task description) and then developed the necessary mdtiba aser. He sketched the laser
in several characteristic positions and determined theecbat the laser had to move along.

Figure 4-19: Sketch that was drawn during problem clarification by test subjeS4

In this case, the designer developed and depicted the bebéthe future device even before
he depicted the first idea about how the device might lige. It may be supposed that he did
not even have an idea about the functional principkheffuture device yet. So in this case,
kinematic information is not represented as thsult of the analysi©f some existing

solution’s behavior — it rather represents skarting pointof the search for such a solution.
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Figure 4-20 outlines this matter. The indirect attributesheffuture device are depicted at
first and then the direct attributes are deduced, ssubeession of depiction can be headed
from indirect to direct. This procedure corresponds to tle-Sided problem solving”
approach (EHMANN 1972, p. 51) which is suggested for the reduction of the sepate
(see page 21).

indirect attribute
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Figure 4-20: Schenatic illustration of the development of direct attributesrtsig from the depiction of indire
attributes

4.4 Perceiving Conceptual Design Sketches

Previously, we have mainly discussed the content afr@eptual design sketch. Regarding
the vagueness of shapes, we have already pointedabth¢éhperception of shapes may imply
an interpretation process that determines the informdtiat is actually received from the

sketch. Furthermore, we have seen that a sketch nmgica broad variety of information

categories and depiction modalities at once. Georastilymotion is depicted with the help of
graphical, verbal and symbolical elements on differemels of abstraction. We will now

analyze in which way the perception of an emerging sketeh a period of time may alter

the information that was initially depicted.

The following sequence has happened during the experiméme sfudent test subject no. 17
(the same person whose sketch was considered in theyseshapter). It occurred early

within the experiment, shortly after a first solutiapproach was developed and just before
the sketch we discussed in the previous chapter.

This book is available at Verlag Dr. Hut, Minchen, wdihut-verlag.de (ISBN 3-89963-176-5)



96 4. Sketching — A Major Element of Conceptual Design

The desired motion of the laser was given by the shiffeesheet metal as described in the
formulation of the task. The student decided to achiegariotion of the laser by two tracks
that were shaped just like the curve which the laser tnadotve along, as shown in Figure
4-21. The laser was connected to a “crab” that ran seth@acks. Thereby the lagerforce
had to move along the shape of the tracks. This soligioomparable with the principle of a
monorail or a roller coaster. The student sketchedajysoach by using simple curves that
represented the tracks and the depiction of a “carti wheels, which represented the crab
(drawn twice to point out its motion). The laser, wected to the crab, was represented by a
simplified shape.

Figure 4-21: Sketch that represents the sduotprinciple to realize a defined motion of
laser

Still, this approach only covered the problem of guidancehfe laser. It did not cover the

problem of actuation since the laser had to move witkrgain speed along the tracks. To
actuate the crab, only the linear drive was available iamqmovided a linear actuation.

Therefore, this linear actuation needed to be trangnitte the rather complex motion of the
crab. The student then clarified the actuation problemkbycking the speed vector of the
crab’s motion, represented by an arrow attached torie mointing in the direction of the

motion. He then added the horizontal and vertical porad the speed vector, forming a
vector triangle (see Figure 4-22).
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Figure 4-22: Sketch after the speed vector triangle of the crab was added

After considering the sketch (for a repeated time), hes @nee of the track curves (the one
that was closest to the vector of the crab) againht rayer the existing one and thereby
intensified it, but did not alter its shape (At this ppilh is important to mention that the
motion of the student’s hand along the track curve mdtthe direction in which the crab
was supposed to move along the tracks). Afterwards, @éesified the track curve once again
in a slow manner. Then, without removing the pencil frihv sheet, he drelweyondthe
existing shape and completed the curve koog, as shown in Figure 4-23. He added pulleys,
represented by simple circles, to some corners dotpeand attached the laser directly to the
loop.
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Figure 4-23 Sketch after the solution principle has been changed into a circt
belt

Therefore, just by adding few lines, the student alteredstiution principle from a crab
running in tracks into airculating beltwith the laser attached to it. Since a belt is table

in shape, it is forced by the pulleys to move along thereld curve. Within the described
sequence, the whole design concept evasged significantlySo what might have happened
within these minutes?

Premising that the change of concept has been indtthliy the sketching process, there are
two approaches to explain this process which correspahdfiniings from design literature.
One approach is to assume that the speed vector ofdheand the track curve have been
attended togethesind have beecorrelated Each element has been drawn independently and
without a direct, contextual relation to each otheces the vector represented the motion of
the crab. The student may have referred this vectorhé¢o ttack and interpreted the
combination of both elements as a curved shaparthaes “in itself”. Such an object may be
a belt or a chain. Furthermore, this assumption ioborated by the fact that from all curves
representing the tracks, the one thatlasest to the vectdras been chosen for modification
(although all curves have the same shape). It is probiadlea viewer can correlate elements
more easily when they are spatially close to eachrptince they may be interpreted as being
just one shape. In fact, the vector almost touchesudive and is actually closer to the curve
than to the crab. The discovery of this relation rhaye been actively supported by the
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student himself in intensifying the track curve. Therebyhd® highlighted this element since
its contrast to the surrounding has been increased.

This approach to explain this sketching sequence corresporttis thd “unexpected
discovery” of relations between elements describeddwaSet al. (1999). Still, Suwa and his
co-authors do not specify any alteration of a concegesign solution, but only refer to the
discovery of new shapes or of geometric attributeshapes that were not noticed before. In
the case we just discussed, the discovered relationtbasdatheconceptual meaningf the
sketchradically. This might be due to what has been represented iskéish. Even the few
elements in this sketch contain enormous informatigie sheer representation of shape.
The track curve, a simple line, has geome#aimd symbolic character. Its shape roughly
determines the geometry of the track. But why is it reamghas a track? Only because of the
existence of the depiction of the crab, the curve gactntextualmeaning and is recognized
as a track. In correlation with the vector, the cumay gain acompletely newcontextual
meaning. The discovery of this sort relation between elementtherefore, can result in a
new interpretation of the contextuaieaning of the elements themselvéee assumed
process of reinterpretation could not be verified (wk see later on that there is another
reasonable approach for explanation). Still, the thett the depiction of the belt was
developeddirectly out of the track curve by completing the loop shows tiatelement has
changed its meaning. Figure 4-24 shows that a part of theefdrack (grey line on the left)
has become a part the belt (grey line on the right).

part of a track ~=— part of a belt

Figure 4-24: Direct development of the depiction of the track into épgction of the belt

In this context, the sketch shows “linguistic” charac¥ords gain a more specific meaning
when they are arranged to sentences, since then theyplorases and these phrases are
correlated to each other. We have seen before thatlehsents in a sketch gain contextual
meaning by the way they are correlated to their surrognelements. Elements of a sketch
can be considered agraphical nominal phrases, verb phrases, etc. They provide
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superordinated information when they are arranged to gra@ogences and thereby may
literally tell complex technical “stories”.

Throughout the whole sketching process, the actual statee sketch is constantly visually
perceived and interpreted. When elements that weretddgimdependently from each other
are attended simultaneously, they may be correlatdu edth other. Since the contextual
meaning of a single element depends on its relation ¢oother elements, this new
interpretation can change an element’s meaning compldistablishing a new relation is
comparable to “mixing up” the order of nouns and verbs irtgbknical story that is told by
the sketch, so new sentences are formed. In “commamjubge, the syntax (which is,
roughly spoken, the order of phrases within a sentencelfispee relations between the
phrases. The syntax of sketch-language is differetitoadh the elements of a sketch are
drawn sequentially, there is no one-dimensional orfietemments within a sketch. Manifold
directions to “read” through a sketch are possible and thecdirection is changed, the new
interpretation of a sketch can result in significdrrges to the concept.

As mentioned before, there is another approach toaexpghe radical change of the
conceptual solution that occurred in the design sequersiilokd before. This approach
takes into account that the track curve has been ifiszhbefore its modification to a loop.
We will discuss it only briefly. When the student intéed the track curve, the motion of his
hand matched the direction in which the laser was supgoseubve. It is possible that the
perception of the motion has been correlated to theecwagain resulting in a shape that
moves in itself. This perception may not only havenbesual, a kinaesthetic perception of
the hand’s motion is possible as well. Since the detsigk processed by the student is mostly
a kinematic problem, this approach should be taken irdoust. However, such a mechanism
of reinterpretation is supposed to occur less frequentesihe motion is only perceptible
right at the moment it takes place. It may leaveslatit trace” of remembrance, but this
probably will fade soon after the event. In contragh®perception of motion, symbols such
as the arrow representing the speed vector are permamenteptible. ARNHEIM (1977)
vividly points out that especially the visual sense tadseinterpret the perceived picture
permanently. The more monotonous the picture is, thee b is reinterpreted and modified
by visual perception. This effect probably even will endotbe discovery of relations
between depicted elements.

In order to generalize the explanation approaches prdpalseve, the application of the
model for soliloquy (based orH&NNON & WEAVER 1949, see page 66) proves to be helpful.
The first explanation approach, which takes visual recoatibn into account, is
schematically represented in Figure 4-25. The sketch, denesi as a communication
channel, shows fundamental difference from classioatnosunication channels (such as a
telephone circuit). The information that is fed inbh@ sketch remains in this channel. The
transmission of information into the channel is a satjak process, but receiving the
information is a simultaneous process. The amounhfofmation contained in the sketch
increases and due to the nature of the perception praessesigner is forced to receive the
whole amount of information. Thus, information inteefe and “noise” occurs (we probably
use the idea of noise in a broader, less literal sér@eShannon & Weaver suggest) and the
information is altered.
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noise

Figure 4-25. Application of the soliloquy model to the explana
approach that considers visual reinterpretation

The second approach takes the motion of the hand intasticaohich matches the direction
of the laser’'s motion. The soliloquy model suggestssidening the hand’s motion as a
message as well. The “motion information” is extem®di and by means of visual and
kinaesthetic action regulation it is internalized iagdhe medium for this communication is
the hand itself, so another communication channel bethéesketch is introduced. Since the
hand’s motion is perceived right within the sketch, thelsgnnels may interfere with each
other and the actual motion may be related to the eleiméine sketch (although the element
actually doesnot move). Figure 4-26 schematically shows the applicatioth® soliloquy
model to this case.

noise

Figure 4-26. Application of the soliloquy model to the solu
approach that considers the simultaneous perception of the sket
the hand’s motion
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A major advantage of the soliloquy model is that it dughly differentiates between the
processes of externalization and the processes ohatitmation. Furthermore, it takes into
account that the message is altered (by noise) whédétitansferred” by the sketch, although
the pieces of information themselves do not changeN&oN & WEAVER (1949, p. 12)
define different levels of communication problems andakeration of the message that we
discussed above is a semantic alteration — the meanitige ahessage is “misunderstood”
(“level B” communication problem — see page 65). The soljoqodel allows for the
integration of processes of “pure” action into an infaiara processing model. Thus, this
model combines action theory and problem solving theorthiostudy of design processes.

The example above shows that in creative proceasgsn and cognition may be interlocked
closelyindeed Let us regard the first explanation approach: the séQueharacter of the
action ‘depict shapes on a piece of pdpercombination with the simultaneous character of
visual perception provides a new combination of depicted elesn®ue to the linguistic
character of such elements, the new combination exgrassempletely new “statement.” By
cognition, a technical component is found, which matchissnew statement. Such a process
may bring about a completely new conceptual solution -erdowy to classical scientific
frameworks, such a result would probably be assigned orgyoimesses of pure cognition. In
this caseaction perceptionandcognitionwork hand in hand — and cognition probably plays
the least important role among those three.

Unfortunately, the mechanisms proposed before could noebfed in this experimental

setting. The student was not told to “think aloud”, themfdesign events can only be
identified by observation of the sketching process. Unequivomaceptual changes have
occurred rarely and they mostly eluded from well-foundeermetation. Still, the proposed
mechanisms do not contradict the findings from other dedagnains. Due to the domain-
specific modality of sketching in mechanical engineering dedigm occurrence of such
mechanisms may have an impact on the solution develttpmnecess that is different from
the impact within other design domains (seerRG& TVERSKY 1999 for examples from

architecture). In mechanical engineering, reinterpretatmm a “rather simple” geometrical
level may have a major impact on the underlying contdxineaning of the sketch and,
thereupon, may result in new conceptual solutions.

4.5 The Meaning of the Pencil’s Motion in Sketching

Apart from the processes of cognition and perceptionat@underlying and accompanying
the sketching process, the depiction of lines with thp &l pencil isaction It requires the
application and regulation of physical, muscular worlorder to achieve the motion of the
pencil’s tip. As long as the tip touches the piece of ppreby, a line appears that is shaped
in accordance with the direction of the motion. Nothaut reason, we have chosen the
depiction of a square to exemplify the TOTE-cycle asaaic model of action regulation
(MILLER et al. 1960) in chapter 15. As we have seen beforalgbietion of a linemay be a
part of regulation cycles on a high level of complexstych as theepresentation of a shape
The regulation cycle may again be part of a cycle orexan higher level, such as the
representation of a complex technical system (see pageAlfierarchical structure arises
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that describes the execution of complex tasks. Stiltherbottom level of this structure, there
is a sequence of observable actionagkERr 1998, pp. 203).

Besides sketches, there is another, very basic repatismal medium that allows the
“depiction” of lines and shapes but does not require angraavhich isimagery BADDELEY
(1997, pp. 71) proposes a working memory model that includestans for the mental
manipulation of images and, revealingly enough, callssystem therisuo-spatial sketchpad
According to the vision system byossLYN (1994, pp. 70), mental images may be generated
from memory without an actual stimulus from perceptibikewise the mental image of a
sketch may be generated and manipulated on the mentaehg&dt Still, the vision system
may as well generate a mental image from actual peoceptid then process it, SO an existent
sketch may be viewed, stored and then manipulated in mind.

From theoretical consideration, three different wygenerate, manipulate and process any
sketch-like information may be proposed (see Figure 4-2/&t & all, a designer may draw
“real” lines within an actual sketch. These depictionspareeptible and lasting. Secondly, he
may watch an actual sketch and thereby imagine itsatitiar Thereby, a mental image is
generated from perception which is manipulated then. Tisteexipart of this mental sketch
is refreshed constantly, but the manipulated part isduvable. Lastly, the designer may
generate and manipulate a mental sketch without any gotweéption. This may happen
while he closes his eyes, watches an empty piece of papgtares into space. Such a mental
sketch is entirely exposed to the process of fading, bfyrand forgetting that is
characteristic for image()<ossLYN 1994, pp. 74).

imagine and manipulate
a mental sketch

watch the actual sketch
and imagine different
variants of manipulation

make depictions
in the actual sketch

Figure 4-27: Three levels of depiction for sketch-like information

Going back to statistical analyses on the general rinsiktching process (chapter 4.2), we
see that watching the sketch holds a considerable shaomodptual design activities. Those
test subjects that were considered as corner casebeddatte sketch for 26 % and 44 % of
the overall time respectively. We must admit thatehing a sketch does not necessarily
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imply that it is mentally manipulatedat the same time. The sketch may be regarded for
purpose of analysis as well. However, there is a dersble period of time when mental
manipulationcould happen. By contrast, the corner case designers staedpace fairly
seldom (1% and 3 % respectivBly Likewise, this activity may not be equated with
processing a mentahage since verbal reasoning may take place during this timeeés
Under the experimental conditions used in this study (no ségoe‘think aloud”), the
processing of mental images could not be analyzed dgiyectyhow.

In order to find an approach to depiction and manipulatiosketch-like information that
goes beyond actual lines on a piece of paper, we will @ieother case study. Again, video
data from the experiments was used to investigate all\aiideractions that are carried out
during the sketching process in great detail.

For that reason, the behavior of the designer withhigkest rate of sketching activity per
time is investigated (test subject no. 34, which has begarded as a corner case in chapter
4.2). The following design sequence is taken from the bagbgrill experiment. The analysis
starts immediately after problem clarification when tingt element has been depicted that
has not been given in the task description. It ends vaflerlements necessary for the
function of the grill have been developed and therelsy fitet conceptual solution approach
is completed. All in all, this phase just lasts someut@s.

The following categories of action are distinguished byptis¢ocol analysfs

* pointing at a free spot
(touching the paper’s surface with the pencil tip or brivgtip near to the surface at
a spot where no depiction or no characteristic poira depictiori is — remaining
motionless at this spot for a noticeable while — liftinghg tip again without having
depicted anything)

* pointing at a given element
(same procedure @®inting at a free spobut pointing at a characteristic point of a
given depiction)

! These figures even cover the recording of activitiastbuld not be assigned to any other protocol category

2 These categories were developed by explorative spot chetkegre carried out randomly among all video
data. They fairly follow thghysical actionproposed by Swva et al. (1998, pp. 460), which are distinguished in
drawing actions (D), moves (M) and looking at depictir)sIn this case, L-actions were not noticed duéto t
experimental setting. The categories used in this analysibeeggarded as differentiations and integrations of
the sub-categories of M- and D-actions by Suwa et al.

3 End-points, corner-points or centre-points of depiction®wegarded as characteristic points. Points that were
indistinctly located within a depiction were regarded asg'fspots” as well.
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« gesture the depiction of an element

(bringing the pencil tip near to the paper’s surface withactually touching it

— moving the pencil in a drawing manner without actually ngakimy depiction)

» actually depict a new element

105

(touch the paper’s surface with the pencil tip — actuabyvda line that has not been

depicted before at this position)

» actually re-depict a given element

(same asctually depict a new elemeriut thereby follow the shape of a line that

was already depicted right at this position)

» actually write down information
(depict a word, a sentence or a paragraph)

The resulting protocol features those single actitwvas tannot be subdivided any further
(according to the description above) as the smalldstty eand scale unit as well. The time
elapsed was taken down roughly, but the actions were notlated with time, so the

duration of actions did not matter for the protdcdligure 4-28 shows the protocol that
emerged from observing the actions of test subject no. 3Madk mark indicates an action
that refers to empty spots and new elements in the sletey mark indicates actions that
refer to given elements and their characteristic poegpectively. The test subject worked on

three sketches as indicated in the protocol.

pointing at_ I i A

gesture the depiction. .
actually depict. .
actually write. ..

\—> sketch no. 1

—_——————

-
| B
= ——

pointing at... I |||H|H|||H||

gesture the depiction. ..

actually depict...

actually write. ..

\—>sketch no. 2 \—>sketch no. 1 (again) \—rsketch no. 3

|—> detail work

Figure 4-28: Protocol of actions for test subject no. 34

! In the protocol, gesturing the depiction of a new agian element was distinguished, but for most analyses

made in this study, both these categories were summed up.
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When the frequency of the occurrence of certain aat@egories is referred to the total
number of actions, an interesting picture emerges. Figi2@ presents the distribution of
action categories for the whole duration of observatibshows that the depiction of new
elements (32 %) is the action category that occurs fregtiently. Summing up all kinds of
depiction action (new elements and given elementgjictien forms about the half of all

actions (48 %). Still, a number of other categories halgstinct share in the overall process
as well. Pointing in the sketch with the tip of thengétakes up more than a third of all
actions (38 %), while this action is rather evenly distiéd among pointing at free spots
(20 %) and pointing at the endpoints of given elements (118 %

actually write

down information pointing at a
free spot
actually re-depict
a given element
18 % pointing at a

given element

gesture the
depiction of an
element (2 %)

actually depict
a new element

Figure 4-29: Distribution of action categories for test subject no. 34

In other words, one might state that “the processkefching does not consist of sketching
exclusively.” Pointing at elements and spots is anvaabiccupation with the sketch taking
place within the sketching process. Going back to the daatadn protocol, it seems that the
process of pointing may partially be seen as a sub-gsaitat can fairly be differentiated
from depiction. Sequence A (see Figure 4-28) shows a subgwsrticat seems to be secluded
from the overall process and mainly consistspointing at given elementsurthermore,
sequence B shows a similar sub-process that consiptardging atfree spotsn the sketch,
though. Later on, we will further analyze both thesguences. Apart from both these
sequences, the action of pointing is evenly distributedngntbe rest of the process and
seems to be an integrative part of depiction, too.

In order to further investigate the contextual meaningeofain actions and sequences of
action respectively, each action was related to itscgbyehich is the respective element or
spot in the sketch. Figure 4-30 exemplifies the detailedopobtthat covers the designer’s
first occupation with sketch no. 1, in which he developesl basic configuration of the

! According to the subjective impression of the obseryiarson, the duration of actions ranges from about ten
seconds (writing down words) down to the tenth of arsg¢pointing at spots).
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barbecue. Figure 4-31 shows the sketch at the end of thisnseqaed a schematic

representation of the sketch. This schematic repragantustrates the order of depiction of

lines (small letters) and pointing at spots (capital igfteThe actions are indicated by the
same letters in the protocol (Figure 4-30) as well. THetisa consists in a three-legged
rack', a grate that is hung up on the rack and a coal tulistidéced underneath the grate.
The cable or chain that holds the grate is guided ogeil anderneath the top of the rack and
is wound up around a winch that is attached to one pdleahck.

pointing at... HERRENAEE RRR | || |44 || EElE | || [[[[|[@]]]

gesture the depiction... E E

actually depict... ElERIE D ':

actually write. .. |
e
--

pointing at... clelelele []]]

CEL R L L B FFFH
gesture the depiction. .. J|d
actually depict... H I |H J
actually write. ..

Figure 4-30: Detailed protocol of actions for the designer’s occupatiith sketch no. 1

Figure 4-31: Schematic representation of sketch no. 1

! Only two legs are depicted due to 2-dimensional repratsemt
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From those action categories that occur rather fretyyatgpiction is probably the category
that is most ordinary for a sketching process. Still, gpugnat elements or spots in the sketch,
using the pencil’s tip as a pointer, seems to be andispiart of the sketching process. Both
sequences show pointing action almost exclusively (A aimd Bgure 4-28) and they allow
for assumptions on the meaning of pointing.

pointing at... I il il | -

gesture the depiction...
actually depict...

actually write... il -

|—»sketch 2 |—»sketch 1 (again) |—»sketch 3
> detail
painting at. .. KIKIJL I I
gesture the depiction. ..
actually depict... J
actually write. ..

Figure 4-32: Detailed protocol of actions in sequence A

Figure 4-33: Pointing action in sequence A
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In sequence A, the tip of the pencil wanders acrossegits that have been depicted already,
as shown in the protocol of this sequence in Figure 4-32ehiately before, the designer has
worked on the second sketch, in which he has specifieditiod for winding up the cable or
chain. Now he returns to the sketch he has drawnsat(§ee Figure 4-33) and redraws the
endpoint (J) of the grate. Afterwards he points twicéhatcorner point (K) of the coal tub,
then points twice at the other end (1) of the gratefanadly switches between pointing at both
ends of the grate (I and J).

We can only speculate on the meaning of this sequence aitd anderlying cognitive
process. But it may be supposed that this series of pgiattion was not part of an intended
depiction process. On a conceptual level, the solusi@oimplete at this point and the sketch
has not been altered, supplemented or extended in thitharear later. Before this sequence,
the designer has been engaged with a different sketch difigr@nt aspect of the solution.
Immediately afterwards, he writes down information adow to the way in which the poles
of the rack may be put togethe€ontextually, the sequence is isolated from the piegess
well as from the subsequent action sequence and it doeslaiet to any depiction made in
this sketch afterwards. Accordingly, it may be suppobkatithe series of pointing action was
not part of synthesis via depiction, but served to anabgsess or check the actual solution.
The pencil tip may be used as a marker to guide the eyegthtbe sketch. When the pencil
tip points at a certain spot in the sketch, it increlsesontrast of that spot to the area that
surrounds it. The “emphasized” element stands out agaiesither elements and therefore
the eye does not stray. Due to the experimental gettiere is no way to consider what kind
of analysis, assessment or verification has bearedaout by the designer. Since the designer
is engaged with the grate and with the upper corner otdla¢ tub alternately, we may
suppose that the designer deals with some relation bethath these solution elements. Such
a relation may be the proportions of the parts or e¢tetive motion of the parts according to
each other. Yet there is another interesting sequenadich the designer is occupied with
the grate and the coal tub, which is sequence B. The gedpprocess of analysis in
sequence A may have been the preparation for this sequence.

! After the pointing sequence, the designer writes downntfsta wie Zeltstangen zusammenstecken”, which
means in English “poles are fit into each other like poles”.
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Sequence B (see Figure 4-34) also mainly consists of pgiaiitions, but in this case the
designer points at empty spots and at non-charactepstids of elements respectively.
Again, it can only be speculated on the underlying cognitieegqss. Directly before this
sequence, the designer has drawn the coal tub on a mme pf paper in the same
configuration he already depicted it in a previous sketdter&ards (as shown in Figure
4-35), the designer points at indistinct points on bata walls of the tub (A and B). This
possibly happens in order to judge the distance betweewadlig or to imagine a future
element that may be located between those wallsn @heemarkable part of this sequence
follows. The designer pointghttimes in a row at a spot above the coal tub (C) wtrene

is no actual depictioryéf). Afterwards, he points twice at a point near the tshde wall (D).
He then moves the pencil tip back to point C and withemitially touching the paper’s
surface. At this level, he “twitches” several timggs( above the spot where the latter
depiction of the grate will be located), just as if heuld start to draw a line. Directly
afterwards, he finally lowers the pencil down to the papsurface and finally draws a line
that represents the grate above the tub. What may lgmeened within the few seconds
described above?

pointing at... TR 1T
gesture the depiction. ..

actually depict. ..
actually werite. .

\—>sketch no. 3

pointing at...

gesture the depiction. ..
actually depict. ..
actually write. ..

Figure 4-34: Detailed protocol of actions in sequence B
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Figure 4-35: Pointing action and gesturing in sequence B
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The designer points at C at a moment when there depation yet. Still, this spot gains
meaning after this event, since at this spot tiaeliebe the depiction of the grate. Obviously,
the designer assigned relevance to this spot even lbaédepiction, since he pointed right at
this spot. When he pointed at C, he probably thought ahebdl@ady imagined the grate at
this spot. We already discussed that pointing at a depigtith the pencil tip increases the
depiction’s contrast to its surrounding elements. Thisiegppoemptyspots to an even greater
degree, since without the pencil tip therenascontrastat all. It is hard to fixate a particular
empty spot on a piece of paper when there is no visualtol hold on to. This is even more
difficult, when there are contrasting elements ia srrounding spateThe reader himself
may try to fixate a randoramptyspot on a sketch for some time without straying — this
sounds like a simple exercise, but in fact it is ratfaed to do!

In this case, the assumption is that the designerimmaaghe depiction of the grate being
within the sketchwhile fixating the empty spot with the help of the petipil

imagine and manipulate
a mental sketch

*n

watch the actual sketch
and imagine different
variants of manipulation

draw real lines
in the actual sketch

Figure 4-36: Three levels of depiction for sketch-like information

supported
by pointing

W)

—
>
w
L ]
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Going back to the theoretical levels of processing bkite information (they are shown in
Figure 4-36 in an adapted way), the level of “watching the Bkated imagining its
alteration” takes on a wider complexity then. It se¢émbe supported or even complemented
by the process of pointing on spots and elements withirskb&ch. Moreover, this level
actually seems to be used for the generation of diffesolution variants for a design
problem. The designer points at spot C (8 times), poiris(awice) and then depicts the line
to represent the grate at the location of C. So wieg the point at D, which — at first glance —
seems to be an interruption of his process of imagimatib may be supposed that the
designer tested several different positions of the gfane variant would be on the level of

! Arnheim (1969, pp. 23) vividly describes the mechanism»@ttiin that urges the eye to bring outstanding
objects into the centre of the field of vision. Thésction is determined to a greater extent by the stintidus
by the person’s conscious intention.
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point D, right between the side walls of the coal flihis position would have the advantage
that the hanging grate could not swing during grilling, sort&at could not fall into the
embers. However, the grate could get stuck during the adjostaf its height and then
abruptly bounce up, so the operating person might even getTha designer might have
carried out such a consideration during this sequence and thdadlex dismiss a grate that
hangs between the coal tub’s walls. Instead he choleedte the grate at C above the tub —
Figure 4-37 shows both solution variants, which clearlyediffom a conceptual point of
view. The level of “watching the sketch and imagining litsration” is possibly not only used
to “pre-think” a following depiction in order to (re)calig sequence of actions. It may rather
be used for the cognitive process of generation and ewaluaf different solution variants
and decision for one of those varidnts

motion R4 N
range

motion
range

a

_I 00000 |_ _I 00000 |_

Figure 4-37: Both solution variants for the hanging grate

Still, one interesting detail of sequence B remains dodlscussed. Near the end of the
sequence described above, the designer twitches withethal’s tip as if he would draw a
line. But since the tip does not touch the paper, no releimerges. Still, the motion is just
where the actual line will be depicted subsequently (seed-#35 once again to recapitulate
this scene). Alleging that the designer does not twibchnon-contextual reasons (such as
nervousness), we may suppose that the designer “imitheeseal depiction by this gesture.
The gesture may be a trial-action without a permanensegjuence — it is a “test drive” for
the real depiction that follows then. While gesturirge tlesigner performs an action that is
basically similar to the real depiction. Hence, beeives a similar sensory-motor feedback
from the gesture. Moreover, the designer receivegsaal clue to the future depiction,

! Generation and evaluation of and decision for solutaiants is reminiscent of distinct stages of the bl
solving cycle suggested by Ehrlenspiel (2003, p. 81).
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although it does not exist yet. The designer sethe direction of the pencils motion which
matches the future line. Kim & Francis (1998) argue thatnwheving objects are watched,
there is a sensual stimulus of the motion*lif@®mewhat comparable to the lines in the comic
picture shown in Figure 4-8B This sensual impression is not lasting though — it fasesy
after a short time. So the designer’'s gesture may genarperceptible representation of the
line and the shape of the depicted element, respectietythis representation vanishes after
a while — in a figurative sensihe line erases itself

Figure 4-38 Comic picture showing motion lir
(reprinted from Seuss, 1968 by Kim & Francis, 1998)

On condition that the twitching of the pencil is apglia the manner that has been proposed
before, such a behavior would createmew levelof “depiction.” Compared to the levels
described beforggesturediffer substantially from the other kinds of depets as shown in
Figure 4-39. Just as real lines, gestures provide the remgsendf an element in a
perceptible way. Yet, the perception of the gesture ip@aohanent — it is momentary. Hence
the depiction is not lasting, but fades and blurs jush@smagined manipulation of an actual
sketch. In contrast to pointing action, gestures male diape of the depiction itself
perceptible.

! Kim & Francis (1998) show this effect theoretically tiymputer simulation of a neural network. The network
model generates trails of different orientation dependinth@speed and the length of the motion.

2 Friedmann and Stevenson (1975) found that motion linaseiméed childrens’ judgements of movement in
still pictures. Motion lines can even be found iff' t&ntury Japanese drawings ((Friedmann & Stevenson 1980).
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imagine and manipulate
a mental sketch

watch the actual sketch /s1upported by
and imagine different pointing
variants of manipulation \4

gesture lines by the ‘/L'
 S— motion of the pencil tip -

& draw real lines

in the actual sketch

Figure 4-39: Four levels of depiction for sketch-like information

From the observations described above, it may noafeets conclude that designers perceive
gestures as representations of potential future depidforthermore, we do not know if
designers use gestures in a cognitive way, for exampleder to analyze the behavior of the
object that is represented by the gesture. Although gegtares occurred less often than
pointing actions and “real” depictions, this matter dtidae investigated with the help of an
appropriate experimental design. Due to the chance ofdangva unique level of depiction, it
should be considered if the use of gestures as depictiagshe taught in design education,
even if gestures do not prove to be relevant in desigheatsiral sketching.”

From sheer consideration of the frequency of occurrgraiating seems to be an integral part
of a design sketching process just as drawing lines.itssliggests the relevance of a level of
depiction that combines the perception of the existent Iskeitt elements in imagination.
Gestures may even expand the bandwidth of levels of dapibly a perceptible line that
erases itself after a while (unless it is actually draftarwards!). A fluent change between
those levels is possible, since no change of mediutmad is necessary. These levels have in
common that they are all active occupation with #etch and witin the sketch.
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4.6 A General View on the Sketching Process

In the preceding chapters, we have considered sketchingrasess that comprises...

» problem solving,

e creativity,

* action regulation,
* perception,

e communication and

* linguistic aspects.

Each one of these characteristics makes contributonde development of conceptual
design solutions by means of sketching. Thus, conceptughdgsetching shall be seen as a
highly complex process that combines a number of mechanighinteract with each other.

First of all, sketching offers the possibility to ext&ine provisional and partial results of a
mental design process. By using sketches as interreeidiarmation storage, the designer
can overcome limitations of the working memory in ortierhandle complex technical
systems. The designer may use specific geometric deymdooshow the shape of objects and
their geometrical interrelations. Likewise, he may userds and symbols that are
conceptually abstract in order to represent a varietybgdcts at once. Thus, concrete and
abstract information may be externalized in sketcbesupport a problem solving process
that is based on switching between different levelbstraction (DRNER199%). Moreover,
concreteand abstract predefinitions may be combinedoime single sketch. Geometrical
relations between parts of a solution may be repredantthis way, even when those parts
differ in their level of concretion and completicaspectively (see Figure 4-14 on page 87).

Elements of a sketch may also be abstract witheréerto their shape; we have labeled such
elementschematicIn chapter 4.4, we have considered a sketch that featu@wyed line to
represent a track in which a crab runs (see Figure 4-Zdaga 96). This element provides
geometrical information about the track, since its ciumeashows the direction of the track in
the tangential dimension. Still, the curve leaves openextension in the other dimensions.
So the depiction contains certain geometrical infaimnaand at the same time, it omits other
information that would be necessary in order to egtispecify the represented obiject.
Thereby, this line may be used as an abstract predfirsince it represents a variety of
objects, which have the same shape, but may have detgptifferent cross sections.
Moreover, such an unspecific element may gain syimlblaracter in a sketch through the
surrounding elements. Omitting certain geometric infaionaalso enables a variety of
functionalinterpretations. In case of the track, the depiobiba cart nearby actually classifies
the line as a track (the same applies vice versa ddpietion of the cart is nothing but just a
dot without the track next to it). Similar to a sentgnelements gain meaning by their
combination and this meaning may go beyond the sum of ¢neeats’ meanings. One may
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argue that the same applies to any kind of perception, asiefewing real objects or photo-
realistic representations of objects. Even then, @&fiens that result from experiences make
us see more than there actually is. But a sketch ionlytthe representation of (future)
reality; it is theconceptualizatiorof reality. Thus, the relations between elementatgust
“read into” the sketch by perception, but they are ekpflidepicted This is clearly shown in
the use of elements that only represent relations, aachuxiliary lines that indicate that
certain elements are aligned on the same levelHggee 4-17 on page 91). These elements
have no direct equivalent in reality and may be cosgaio prepositional phrases in
language. Conceptual sketches sksywtactical characteristicsSimilar to language, sketches
may tell technical stories due to the combination oif tlements. However, in contradiction
to spoken or written words, the syntax of sketches awmdsrefer to the succession of
elements, but to the nearness of elements to each 8tilereven distant elements may be
referred to each other with the help of prepositionahelds.

We have seen that sketches offer the possibility to npeg@efinitions that combine symbolic
and schematic characteristics within one element.dBssschematizing, a designer may use
another kind of geometrically oriented abstraction, clwhis vaguenessA wavy, roughly
drawn line may be interpreted in several ways — thereoi® ithan one concrete shape that
may be represented by such a shape (see Figure 4-16 on padée¥6jore, such a shape
may be used and interpreted aplaceholderfor a variety of shapes. Unlike schematic
depictions, vagueness does not omit certain charaaterigiut it blurs them. This is a
different principle of abstraction, since vagueness pro\aaeargin for the specification of a
shape. This kind of abstraction may again be combined with dther kinds of abstraction
discussed before, which are schematic and symbolic pné¢aefi So sketches may offer
various possibilities for geometric and conceptual akbstrae- this abstraction may range
from completely omitting characteristics to settingrgins of various bandwidths for possible
specification.

Not only it needs to be considered how information isesgmted in a sketch, we also have to
pay attention to the way this sketch is created. Sketchimgpaper and pencil is a process of
action regulation. The depiction of each element sketch requires motor activity in the
form of movement of the hand. The hand’s motionsparéormed sequentially and likewise,
the elements of a sketch emerge sequentially. If wenieeathe depiction of an element in
detail, we see that shapes emerge continuously in acoarda this motion. Therefore, a
sketch alters its configuration constantly during sketchirtgyisc The designer needs to
visually perceive the sketch throughout the whole poésalteration in order to regulate the
distinct motion of the hand. Thus, the configurationiglitsmay be interpreted in a different
way over and over again. Moreover, visual perceptiodddn reinterpret, even when the
configuration does not alter ANHEIM 1977). In contradiction to the process of depiction,
perception should not be regarded as a sequential, buhaseacomprehensive activity. The
application of the communication model fronHABINON & WEAVER (1949) takes this
distinction in account. For visual perception, the wigKetch is on display and there is no
primary direction of “reading” provided by the sketch. Relasi between elements can be
established in every direction. Due to the syntactidadracteristics of sketches, the
conceptual meaning of a sketch can be changed significandlygh reinterpretation.
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Another aspect of sketching as a process of actiore ifrequent occurrence of pointing into
the sketch with the help of the pencil. Thereby, bbéhlévels of real and imagined depictions
may be connected to each other. The pencil’s tip creatiesal point for the eye so that
imagination can be integrated in the sketch and relateédet configuration that is depicted
already. Depiction and imagination can form a consisfeint picture that may be estimated
and further processed. Gesturing within the sketch may adzhgéher level of predefinition.
It uses the “afterglow” of the motion as perceptible id@ms that fade afterwards. Motor
activity within the sketch opens up different levels addafinition within one and the same
medium and switching between those levels may be achigitkout any delay.

Moreover, activitywithin the sketch adds another communication charoethe sketching
process. The kinesthetic perception of one’s own matay be seen as a communication
channel as well. It may interfere with the other chés)neo the hand’s motion and the
pencil’'s motion respectively may be associated with adegielements. Action within the
sketch may evoke reinterpretation of the symbolic meamfirmdements and thereby add clues
for new conceptual ideas.

We see that the sketching process features a unique combiodticimracteristics that
supports and enables creative processes of conceptual desgjuestionable whether these
processes are initiated if not all of these charadtsiare given. A future conceptual design
medium should aim at providing similar advantages as papkipencil while compensating
for their deficits — such as the incompatibility with sequent digital product models. In the
next chapter, we will see how this claim may be stk a digital design medium that links
CAD and sketching: the 3D-sketcher.

Lin terms of a soliloquy process in the style of commafivn according to Shannon & Weaver (1949)
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Sketches may be powerful devices in support of conceptughdesmechanical engineering.
This unique design medium may even enable creative precHsselie beyond conscious
control. Likewise, the moment of the occurrence oc&gd®r conceptual design solutions may
elude from the designer's control. Incubation time cemmonly quoted as a major
characteristic of idea generation. Ideas seem togararly after an unsuccessful occupation
with the problem — just when the person does not courthendea anymore. However,
conceptualdeasin mechanical engineering are usually no concestlationsyet, but they
may be a clue or a starting point for the developméstoh a solution. In order to develop a
solution through sketching, the designer only needs a piepaper and a pencil —there is
probably no design medium that is as freely disposabéea@nventional sketch.

The heading of this chapter shows that we will considedia that differ from conventional
sketches. Keeping in mind the subject matter of the prewbapter, the question comes up
whether or not new media for conceptual design aressacgat all. At first, we will consider
the processes and media that are subsequent to conabgsiged. Thereby, we will find out
that there are distinct arguments for new media. CADRha provider of the universal product
model, has the most important influence on a future conakgesign medium. It represents
the interface to all other design tools and productiongs®es. Therefore we will derive some
basic requirements on future conceptual design media@ABr Yet, the essential demands
on the operational mode of future media arise from dbasideration of conventional
sketches. We will discuss these requirements and demahis will be on a rather abstract
level. In order to show that these demands can prégtloa realized through a new design
medium, we will finally present the concept of Bie-sketcherThis digital sketching device
has already been set up as a prototype at the InstituBrodiuct Development at the
Technical University of Munich.

5.1 CAx - A Necessity in Product Development

Typical design processes in mechanical engineering dls asein kindred branches of
engineering are supposed to result in the productiorspétial object. The input information
for this production needs to describe processes of nmaoufsg and assembling that are
capable of bringing a 3-dimensional object into being. &rae two basic technological
trends in engineering design, which have been employegets already and which result
directly from this demand. On one hand, the informati@t initiates production tends to be
digital data that is fed into the production procdsectly. Automation in production has led
to computer-aided manufacturing (CAM), which requirestdigiontrol data. With the help
of appropriate interfaces, a digital product model (if exist can be transferred into
manufacturing data. Thus, the consistent applicatid®Add may rationalize the initiation, as
well as the execution of production in mechanical engingef®n the other hand, CAD-
models tend to b&-dimensionalin order to represent spatial products. Certain shapes,
especially free-form surfaces, can hardly be reptedejust by 2-dimensional views and

This book is available at Verlag Dr. Hut, Minchen, wdihut-verlag.de (ISBN 3-89963-176-5)



120 5. Future Media and Tools for Conceptual Design

sections. In some branches, such as automotive andaaéoah engineering, 3D-CAD-
systems are certainly common.

The results from the surveys presented in chefeestimate both these trends. The second
survey showed that 87 % of the designers (see page 46)3B€AD-system, nevertheless,
48 % (also) use a 2D-CAD-system. So there still seenetapplications for 2-dimensional
representations of products or at least parts of thera. Slinveys have also shown that
sketches are often used before and during work with CAD laidthey seem to fulfill
different functions than CAD. The development of ideas named as a major purpose of
sketches, while the concretion of solution was stated amjor purpose of CAD (besides
communication and presentation, see page 52). In theedingc chapter, we have
comprehensively studied reasons for the unique suitabilgiketthes for the development of
conceptual solutions.

Going back to the beginning of this thesis, we may reaiapd three characteristics of
preliminary, conceptual solutions (see page 6). The prelisniclaaracter of concepts may
consist in itsncompletenessrrationality and/orabstraction As a typical example, we may
once again consider a sketch that has been generated derexpdriments and compare this
sketch with a CAD-model.

Figure 5-1: Characteristic design sketch
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The element on the right in Figure 5-1 is representé@iratightly with the help of thin lines
and this element reflects all the characteristicpr@iminarity we just mentioned. It is
“floating in space” and not specifically attached to odéghe assembly. This representation is
incomplete because some relations within the product model ateolgf— the model is
inconsistent therefore, yet the sketch can still regmtes. In contradiction, typical CAD-
models need to be consistevithin themselves. Gaps within the model of an assembly need
to be specified and some gaps within the model of a part @nnot be modeled at all (such
as missing edges or surfaces within a solid body).

Moreover, the element in the sketch is irrationaifra functional point of view. The part
cannot reach any position to the right of the elentbat is represented by the word
“Anschlag”. We may suppose that this irrationality isanfinced on purpose by the designer
in order to represent theroblem he works on. Such an irrationality differs from angle
mistake because the provisional character of this prolslendicatedby the thin lines used
for its sparse depiction. While using paper and pencildésggner can vary the line thickness
and (what is more important) the contrast of linesfpl\ang different pressure to the paper.
CAD-systems do not allow for such a direct represemtadf the provisional character of
predefinitions.

Finally, sketches can represent abstraction in a fatgréandwidth than CAD can do. The
sketch in Figure 5-1 shows elements that are abstrace dihey are schematic,
symbolic/verbal or vague. Single lines represent valoos objects, but omit shape and
dimensions of its cross-section — this kindsofiematiadepiction is even predominant in the
sketch. Schematic predefinitions may be the preliminagesbf more specific voluminous
elements that follow in the course of the design m®cEAD-systems allow for the depiction
of lines as well, although these lines are usually nednhto be equivalent to volumes, but
only to serve as auxiliary elements. Yet, those linag be used as schematic predefinitions,
from which more specific volumes are developed. CADesystdo not provide the use of
verbal elements such as the word “Anschlag”, which seagean independent element within
the sketch in Figure 5-1. Likewise, the use of symbols ilDG# usually restricted to a
limited variety of draft symbols; the application ofiadividual symbolic language usually is
not supported. Yet, the representation of vague shapesgthrthe use of wavy lines is
extremely time-consuming when vector-based systemssack Hence, it is not reasonable to
work with geometric abstraction in CAD.

Sketches are seemingly much more suitable for the sepiaion of conceptual design
information than CAD-systems. However, sketchesnmireeering design may not be seen as
conceptual design media which are independent from CAD. Avriead study by GNTHER
(1998) investigated the change in levels of complexion antraghen of the product
definition during design processes. It has shown that Hrerdesigners that tend to complete
the definition of a product as a whole on an abstractl leefore moving on to a more
concrete level. On the other hand, it also turnedl@itdther designers strive for the concrete
specification of a part of the product before moving otheonext part, again starting on an
abstract level. Figure 5-2 visualizes both these generalagpes in a distinct way, although
the differences between both these procedures may Wediarreality. The temporary state
of a product definition may be a mixture between diffelenels of abstraction. Switching
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between different levels of abstraction may be proaka@ddoth ways during design and it
may refer only to a part of the product definition. Afigt, cognitive psychology also
suggests moving upand down in abstraction in order to develop new solutions. elean
interface between sketches and CAD that works both girectwould be necessary.
Moreover, a medium that allows for the combinatiorcohceptual design information and
specific CAD-information within one product representaticould be desirable.

level of
abstraction
functions | .
structure E L7
-
1.7 - - level-
working 1 om— sl oriented
structure J.o”
} o Sl part

7 oriented

structure
part of

| | | the product
element A elementB element C

Figure 5-2: Different design procedures according to levels of abstractiorcamgplexion

In case of CAM-based production, design data needs tagital dn the end of the design
process. A design medium for mechanical engineering,hmhiovides a mixture between
conceptual and specific design information at least needsovide such a digitadutput. An
obvious idea for the realization of such a medium ésitibegration of the conceptual design
sketch into CAD. Hence, sketched information will beitdigand therefore accessible to
digital product data management (PDM). This allows faaldshing a product model that
covers the whole lifecycle of a product. Moreover, 3RBEsystems provide spatial product
models that are defined via coordinates in 3 dimensions. iske®-dimensional information
from sketches has to be transferred into 3D sometimke Wwhing specified. However, if the
sketch is fully integrated into 3D-Cad, then conceptualrmétion could be 3-dimensional as
well right from the start of conceptual design. A fetwketching tool should combine the
creativity-supporting characteristics of sketches witke #dvantages of digital system
environments. In the following chapter, we will gather regjmients on future conceptual
design media, which come from the analogous and fremditital world.
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5.2 Characteristics of Future Sketching Media

On the basis of the insights into the use of free-Iskitiches, several requirements on future
sketching tools may be formulated. These requirementsaienable the occurrence of the
mechanisms that were worked out in the preceding chapter 4.

1. A future sketching tool should not only enable the designersé shapes of any
kind, but also letters, numbers, words and individual sJsib

This is the basic requirement for achieving a degree ofaabisin, which is as high as the
degree that is provided by language. Such abstract elementaiciy be portrayed, yet
they can be put into a spatial-relational context togyetvith other specific elements.

2. It should be possible to combine geometrical and synabofiteaning in one
element (e. g. a curved arrow to indicate motion akngrtain direction).

Thereby, not only technical components may be represénted|so technical processes.
By combining shapes and symbols, “graphical verbs” maybedd and highly complex
“graphical sentences” may be made up.

3. The designer should be able to depict ambiguous, vague shape®my represent a
variety of different concrete shapes.

Vague depictions blur the shape, as well as the posifi@iements. One possibility to
achieve this kind of geometric abstraction may be the ts@wy and roughly drawn lines
that allow for various interpretations. Another podgibis to draw multiple lines, which
then cover an area of the design space, although tleeyn@ant to represent only one
element. Somewhere within the indicated space, the fatemeent will be located, but it is
not yet specified wherexactlythis will be.

4. Schematic representations, which omit certain kinfisattributes, should be
practicable (such as omitting shape and dimension ofrtdss section of a body by
using only single lines).

This kind of abstraction is frequently used during sketchingctmrceptual design and
seems to be a central form of representation. It sasily be combined with vagueness
through the use of wavy lines or multiple lines.

5. The depiction of elements and parts of elementgectisely, is to be made
sequentially.

In order to increase the chance upon creative re-itatpyn by visual perception, the
configuration of a sketch needs to change as often ab@dathen all entities of a sketch
are created sequentially, then each new element cassbeiated with the others one-by-
one. Due to the linguistic character of sketches thata@o symbols, words and shapes,
new contextual meanings can be read into sketches.
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6. Single elements should be created continuously undestaod control of the
designer.

Ambiguous shapes are not made up of regular standard shapessyist¢ there would
probably be no ambiguity about their interpretation. Whelaments are created
continuously, then the designer can access a shemitanfariety of non-standard shapes.
This way, ambiguous shapes and various individual symbolsbmayeated freely. When
the creation of shapes is controlled by motor-activlign there is also a haptic feedback
and a sensory-motor feedback from the motion. Thatbfedddmay be associated with the
sketch and may also be a source of creative re-intatjomre

7. The area of perception and the area of action steutdngruent with each other.

Action within the perception space allows for pointinglaiments of the sketch and thereby
supports the combination of imagination and real depicti@estures within the perception
space may provide a separate level of preliminary depictidhen action and perception
space are one, then the designer can change fronmgaaimtd gesturing to drawirdjrectly
without any translational effort and delay.

Beyond these demands from the insights into classketithing, there are requirements that
result from the subsequent CAD-processes and data managenmeesses. Digital sketching
especially makes sense when all opportunities, which areedffey the digital world, are
used.

8. The future sketching tool should create information tt@tresponds with 3-
dimensional product and process models.

Products in engineering design are mostly spatial objeutls the processes that are
necessary to produce them usually have 3-dimensional tfastdcs as well. CAD
supports the creation of 3-dimensional product models.tNetlefinition of 3-dimensional
geometries with the help of sketches can be complicatttgndard-views and cross
sections are not capable of representing all imaginableshdpes, but sketching in
perspective requires special drawing skills. Still, a $ket@erspective only represents one
view, while CAD-models can be rotated and provide all possidws on the spatial
object.

9. The sketching process should provide a digital outcome.

A paper sketch that has been scanned and saved agean@elly meets this requirement;
hence it may be managed by computer-based product data mandg&et, when the

sketch informationtself is digital, then subsequent processes based on CAD- ANt C

technologies may access the conceptual informatitimeisketctdirectly.

10. It should be possible to contextually interrelatenelets of the sketch with elements
of a CAD-model.

When abstract elements of a sketch and the specifiteaks of the subsequent 3D-CAD-

model are linked together, then it is possible to swhiatk into the conceptual state, even
only for parts of the model. A digital sketch would exadlow the mixture of abstract and

specific information irone medium
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11. Manipulation of a digital sketch should be possibldlithase ways that are usually
provided by digital design tools.

An entirely digital sketch would provide advanced procesdemanipulation, such as
rotating, shifting and up or down scaling. If the sketch festan data structure, then this
holds for the sketchs a wholeas well as foelementof the sketch.

We will see that the uncompromising transfer of the immadgketchand all its characteristics
into a 3-dimensional, digital environment may provide anragt new representational
medium. It may not only enable completely new and neffeeient design processes in
mechanical engineering, but it may also be applicabieaoy other industrial, scientific and
even artistic disciplines.

5.3 The 3D-Sketcher — An Example of a Digital Mediu m for
Conceptual Design

The 3D-sketcher is the prototype of a digital sketching dawagg Virtual Reality (VR) that
aims to fulfill the requirements on a future media donceptual design (as discussed in the
previous chapter). It may be regarded as a stand-aloneimédomparable to the classical
paper sketch) but also as a module or even a featurkinfra CAD system. We will discuss
the possibilities of application, starting from the 3&tsher as an independent stand-alone
system. This configuration has actually been realizedpastatype at the Institute of Product
Development at the Technical University Munich.

5.3.1 Sketching Lines in Space — The Basic Idea

The very basic idea of the sketcher consists ircthation of 3-dimensional free-hand lines
by the continuous motion of an input device through design spaee3D-line is displayed
within the design space, depicting the device’s motion cur¥keavery location where that
motion has taken place. It is displayed in real-tmoeording to the device’s motion. The
device can be activated and deactivated by an appropriatelcorechanism (such as a
simple button). Figure 5-3 illustrates this principle -this case, the device is actually the
user’s fingertip (we will see later on that this is gibke). The 3D-sketch that emerges from
this process appears to be floating in space and may fbedsbi rotated in space with the
help of an (additional) 3D-input device.

This book is available at Verlag Dr. Hut, Minchen, wdihut-verlag.de (ISBN 3-89963-176-5)



126 5. Future Media and Tools for Conceptual Design

Figure 5-3: Drawing lines in space — the basiea o
the 3D-sketcher

The visual perception of such a sketch is truly 3-dimensidumalko VR and is not comparable
with the perception of lines within a normal 3D-CAD syst&8D-CAD may display objects
in space according to the laws of perspective represamtdiut especially in the case of
simple lines, CAD does not provide any practicable viewst imagine two lines in space that
do neither intersect nor they are parallel. In 3D-C&Bhout VR, these lines will always
appear as a cross. It is neither perceptible which dime front and which is in the back, nor
what is the distance between them. So in case afljécts that only consist of lines, truly 3-
dimensional representationimlispensable

The principle of the 3D-sketcher provides the user viadfree-hand lineas thanfinitesimal
element of depictionThereby, a designer gains the most freedom and fligyikih
representing any kind of context. The designer can dspagies, illustrate symbols and even
write words in space and put them into a spatial-relatiooatext within the 3D-sketch. The
continuous depiction process that is fully controlled iy tiser’'s motor activity allows for
roughly drawn shapes that may represent a variety ofremnelements. Still, going far
beyond the possibilities provided by paper-sketches, the dgsape is truly spatial. Making
3-dimensional depictions in that design space doesauptire special skills in perspective
drawing; the user does not need to transform the aagde length of elements to the
perspective view. He can draw a line in space as it actapfigars. Figure 5-4 shows a 3-
dimensional sketch that was drawn by means of the 3iatske It illustrates a stand
designed for the presentation of the 3D-sketcher ahdumstrial exhibition. The sketch is
deliberately different from surface or volume-based r®de order to retain the specific
characteristics of the paper sketch in 3D. Still, ibve that surfaces and volumes can be
represented by the 3D-sketcher.
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Figure 5-4: 3D-sketch that represents the stand for representation of the 3D
sketcher on an industrial exhibition

A structure or mesh made out of bended and buckled wireslpyabahe only equivalent to
a 3D-sketch in reality. The wire frame model in CADasnehow comparable to a 3D-sketch,
although the creation process differs completely. Tilg metaphor to thereation principle

of the 3D-sketch in the “real world” is the quick motioh a brightly shining object in
darkness. In that case the motion line of this objectiighge an after-image on the retina of
the eye and a line in space seems to be perckived.

When considered as a conceptual design tool in mechamgaleering, it is essential to

consider the way in which the sketcher may be linked tip subsequent CAD-systems. We
will discuss this subject later on; to simplify mastewe will regard the 3D-sketcher as a
stand-alonedesign media at first. Furthermore, this point of vienwadens the horizon to

think about the use of such a tool for other disciplinemegally, every domain that designs
3-dimensional objects (e. g. architecture, electringireeering, industrial design) or develops
abstract contexts that may be represented 3-dimensidsaltyh as 3D-diagramms) may be
taken into consideration. Artists may use such a medla no claim to represent any real

! Author’s remark:
Sparklers, which just have gone out, but still glow, skjuige brightly in darkness. When glowing sparklers are
waved in darkness, the resulting after-image remaihsréing, so one could even write short words in space.
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object. The reader is invited to think about the possibleotifee 3D-sketcher and the author
would be glad to discuss any suggestion with the reader.

Several configurations that basically differ from eather may be used to realize the basic
idea of the 3D-sketcher. At first, we will consider @vicost version that aims to be
applicable on a designer's workspace. From there, weexplore further possibility to
realize the 3D-sketcher. Principally, the following operss and processes need to be
provided by any 3D-sketcher:

1. The position of an input device is tracked within the desigte.
2. ltis ascertained whether the device is activatedbr n

3. If the device is activated, an infinitesimal line edgnin space is determined or an
existing line is extended by a line increment respectively.

4. The line is displayed in space in relation to thetosbf the input device (under
consideration of the user’s view angle).

5. The sequence is started over again with 1.

The first prototype of the 3D-sketcher was developed dngtgute of Product Development
of the Technical University Munich with the help of atdal Reality system. Although the
prototype has been further developed since then, we wilidgmiss initial state as the most
simple and flexible configuration of this medium. Thisteys is desktop-based so it made use
of existing working environments of designers. A PC-bagegbhics workstationwith a
high-performace monitor is used. 3-dimensional visualizalsogenerated by stereo view
principle. The monitor provides both the views for tHe dad the right eye in an alternating
manner with a frequency of 120 Hz. Shutter godglesich are controlled by an infrared
emitter, turn both eyes blind (and seeing respectivelyjhe same alternating manner.
Therefore, each eye only perceives a view with a rieguftequency of 60 Hz (which is
hardly sensed) and the represented object appears to yo&-ttishensional. Software-base
for the prototype of the 3D-sketching tool is a Virtual Rgglitogramming platforrh For
input, the force-feedback device Phantom Deskimpsed.

The Phantom Desktop is basically a pencil-like handlé witoutton that is attached to the
main device by a system of levers. The handle can besdnm space and is localized
according to six degrees of freedom by means of sensdéraréhmtegrated in the lever joints.
Thereby, the Phantom may be used as a very simplkingasystem for the pencil-like

handle. In case of the 3D-sketcher, this “space perxilised to draw the lines of the 3D-

! Fujitsu-Siemens Celsius 460
2 Crystal Eyes by StereoGraphics Corporation (wwwesgraphics.com)

% Sense8 World Tool Kit 9 (this software works with kisoft Windows NT 4.0). Microsoft Visual C++ 6.0
developer studio was used to implement the 3D-sketchethistplatform.

* Phantom Desktop by Sensable Technologies (www.sensahle.Ghost SDK, a developer kit that is shipped
with the Phantom, was used to implement this force-feddtavice.
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sketch. As long as its button is pressed, a 3-dimensior@lappears right at the current
position of pencil’s tip. This effect is achieved by a spleconfiguration of hardware
elementS The configuration of the 3D-sketcher is presented sctieatig in Figure 5-5. The
user watches the display of the monitor via a semsparent mirror that is placed
horizontally over the designer’'s worktable. Therelhg 8D-sketch that is displayed on the
monitor in stereo-view seems to be floating in spaaketreath the mirror. At this location
(which is actually the design space), the Phantomaisepl which can be seen through the
mirror as well due to its semi-transparency. All congua of the system are adjusted to each
other in a way that an emerging 3D-line is perceive@ahtime at the very tip of the pencil —
SO action-space and perception-space are congruent.

monitor

shutter-goggles

~ %

semi-transparent

mirror T——

/ Phantom Desktop

Figure 5-5: Configuration of the 3D-seketcher (similar to the Reachibpiy)

The stereo view that is provided by the system is adjustélaet position of the user’s head
and to the user’s angle of view as well. With the hdl@ dracking system, position and
direction of the shutter goggle are ascertained andreépeesented views are adapted
accordingly. So the user can regard the sketch from differenteanghd explore its 3-
dimensional structure by altering his view, which shouleéthmatural habits.

! The configuration is similar to the Reach-In-DisplayRBachin Technologies AB (www.reachin.se)

2 The author has to admit that at the present time finictionality is provided only theoretically. The matic
tracking system is unfortunately interfered by the magriield from the monitor. Therefore, the adaptation of
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In comparison to a direct view on the monitor, therimcti display of the 3D sketch via semi-
transparent mirror provides two major advantages. Due dactimfiguration, the user’'s hand
is visible in the design space but still does not obsthe view on the sketch. The second
advantage arises from the fact, that the best impresd spatiality is achieved when the
virtual object seems to be located right in the monitan@! In case of direct display, the
perception-space and action-space could not be congreeatyde then the user would knock
against the monitor. With the help of the mirror, theaaof best 3D-impression is transferred
to the free space underneath the mirror.

The lines that emerge while sketching are stored interradlya "voxel cloud.” This
corresponds to a pixel graphic used for example by sadtfeat photo processing. The line
consists of a number of cylinders that are lined up in spacerding to the motion of the
pencil. In this aspect, the sketch deliberately diffeosn CAD-models, which are usually
vector-based. At first, the voxel cloud does not cond@iyn semantic information concerning
lines or shapes that might be formed by related voxél. &l the voxels that evolve from
one continuous sketching motion (when the button is constamdgsed) can be annotated
internally as being related to each other. Such annadetion of related elements is then
regarded as being one line.

The sketch can be shifted and rotated in space as a whblthe help of any 3D-navigation
tool (such as a space mouse for example). Thereby, ttehsden be inspected from different
sides. The area in which the user actually wants talsleatn be turned up front. Experiences
with the 3D-sketcher showed that certain directionhefiiand’s motion were less likely to
depict accurate lines than others. For that matterskietch can be rotated in a way that the
favorable direction is always at hand. This correspomdise possibility to move and turn the
piece of paper on the desk in case of normal sketchingeTia@ctions can be operated by
one hand while the other hand is used to sketch. Watthéltp of a space mouse, the sketch
can also be zoomed, which means that its size isdscgleor dowA. The same functions
(moving, rotating and zooming) can also be applied to glesime within the sketch only.
Furthermore, single lines may be deleted. All thesetionalities may be activated through
keyboard commands. In analogy to the paper sketch, duasztionality is implemented in
the 3D-sketcher. When the sketching mode is switched oweteraser mode, then single
voxels of the 3D-sketch are deleted as soon as thetpacked by the pencil tip while the
activation button is pressed.

the stereo views to the user’s position works in analnes manner. In future, this problem will be solveithw
the help of an optical tracking system.

! The word ,Voxel“ contains ,volume* and ,pixel*

2 “zooming into and out of a model”, as it is known asiaction from CAD, corresponds with two different
functions in case of the 3D-sketcher. A 3D-sketch camdyeed to the front of the design space so it is climser
the user. Still, the sketch does not alter in sizehEtmore, the sketch can be scaled up and down withimg be
moved within the design space. In case of CAD, both tluestions cannot be distinguished.
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5.3.2 Further Functionalities and Features of the 3D-Sketcher

The initial prototype allows for changing the charasters of the line that is displayed, such
as color and thickness, through a menu. However, it lmeasupposed that the line thickness
is an essential kind of expression that is enclosetarlines of a sketch. “Weak” lines may
imply aprovisional characteof the predefinition that is represented by the line (sge 93).
By contrast, “strong” lines magmphasizelepicted elements. Therefore, it is desirable to vary
the strength of a line intuitively and simultaneously ngirihe sketching process. In “real”
sketching, this possibility is given through the variatibthe physical strength used to press
the pencil-tip on the paper. Depending on the pencilishaded, the harder it is pressed on the
surface, the darker and thicker the line becomes. In afiee 3D-sketcher, the pressure
principle cannot directly be applied since in the desigmrespthere is no surface that may
prop up the pressure from the pencil (however, a virtualroag be created — we will see
later on). It is conceivable to provide the pencil withressure-sensitive button for sketching
activation; the harder the button is pressed, the straigeline emerges. A special slide
control knob may fulfill that purpose, too; the strengthhe line would relate to how far the
slide is pushed.

In general, it may be supposed that the “strength” ofina $hould correspond to the
perception of the intensity of the contrast between lthe and the background. For that
matter, a digital sketching tool may offer two ways toyvde line’s contrast: thickness and
color intensity. In case of any sketching tool, the calbensity should be varied in the first
place. Thick lines automatically reduce the achievable poectd depiction, but the variation
of several shades of grey up to deep black varies the myterfsperception while still
providing the same line thickness. The author supposeththptoportional variation of color
intensity along with a slight variation of thicknesgay bring about the most “natural” feeling
of contrast between line and background. Figure 5-6 shoes tmys to vary the contrast of
a line. The designer can still achieve a certain linekti@ss by drawing a line repeatedly over
itself. Slight divergences in position and directiosuie in a thick line — we have already
observed such a process for classical paper sketching éxpegments (see page 97).

variation of...

I !
color intensity
line-thickness color intensity  and line-thickness

Figure 5-6: Variation of the contrast of lines
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The prototype of the 3D-sketcher, as it is described inptegious chapter, does not take
advantage of the force-feedback functionality of therffom device. Still, there are certain
possibilities to use this opportunity for the sketcher pmactical way. It might for example be
useful to create a virtual plane within the design spacevioich the designer can sketch.
Force-feedback can prevent the pencil-tip from movinguiiinghe plane, so for the user, this
plane appears to be there physically. He can skettheosurface of the plane as if there is a
drawing board in the design space. Figure 5-7 illustratepriheiple of the virtual drawing
board. Such a semi-transparent board may be switclredrid off” by the designer and may
be placed freely in the design space with the help efgbace mouse. If the designer
anticipates that he will only depict elements within qiene for a while, then the virtual
board may be a helpful feature. The board might atsarbassisting feature for users that are
not familiar with the 3D-sketcher. With the help bfst board, a 3D-sketch can be created
even though the user still sketches in the classical mstgad of drawing freely in space, the
user keeps on adjusting the virtual board within space hed sketches in that plane.
Thereby, the procedure of drawing 3D-sketches may be exbktepwise without losing
complete reference to classical sketching. In cas@éeovirtual board, the common way to
vary the contrast of a line (by variation of the pressapplied to the sketching surface) can
be adapted. However, the force-feedback device neecheasure the forces applied by the
user through sensors.

Figure 5-7: Virtual drawing board

Force-feedback can also be used for a “snap”-functionpiiés the pencil-tip to the end of

existing lines as soon as the tip gets close to thens flimctionality may support the

designer in meeting end points exactly in order to dramtimeous sequences of lines and
shapes. Such a snap-function may also support the desigmeeting the points of a virtual

grid, which would be the equivalent to squared paper.
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Other virtual objects, consisting out of bodies and plames/ be displayed within the 3D-
sketch and may be made tangible in the sketch due te-fieecdback. Thereby, the designer
can sketch within the space between these virtual obfeatse-feedbackhysicallyprevents
him from sketching beyond that space, so he cannot penetoge objects. It is possible to
sketch on the outer (or even inner) surface of suthaliobjects just as if they were real.

5.3.3 Different Hardware Configuration of the 3D-Sketcher

Pencil-like input devices for VR (with or without foréeedback) can usually be tracked in
space according to their position and direction. Feruse of such a device as 3D-pen, it is
only necessary to localize the position of the pengikéigardless of its direction. Still, for
activation and deactivation of the sketching mode, anotipeit possibility is necessary. In
case of the Phantom, this is a button that is integjiatéhe handle. However, VR technology
offers further, more diverse possibilities for data input.

With the help of a dataglove, all gestures of the udeitsl may be recorded along with its
position and direction. Thereby, the glove can turn trex’sifingertip into a 3D-pencil.
Furthermore, it allows the user to control a numbedifférent modes intuitively. Drawing
lines and erasing lines can be distinguished by certairtipgigestures (with one and two
fingers respectively). Thereby, the posture also deterntive$pencil-tip”. A grasping-like
gesture of the whole hand may indicate the intentioshtth or rotate the whole sketch (so a
dataglove might replace the space-mouse for the othet &snn case of the prototype
described before). When only thumb and forefinger are foseal grasping-like posture, this
may select and move just a single line. Zooming the wk&&tch may intuitively be
controlled by a “come closer!” gesture and a “back of#sire respectively. The virtual
drawing board can be generated by a wiping-gesture, the baarthen be moved in the
same manner as a single line. Mixed use of different idpuice for each of the user’s hand
may be useful as well: e. g. depicting lines with the leéIPhantom with one hand (in order
to use force-feedback) and moving the sketch by means of glae&tavith the other hand
(for most intuitive control). Gesture control can ev® complemented by voice control.

For visual data output, there is a large variety of iffié devices that provide very distinct
characteristics of use. Workbenches, Head-Mounted-Dis{ldi¥D) and caves need to be
considered besides desktop-VR systems (as used in cadaee dhitial prototype). A
workbench enlarges the design space many times ovehibwutetvice probably does not fit
into a designer’s workspace. All the more, a configuratith a semi-transparent mirror (as
in case of the prototype) is nearly impossible to reallmeordingly, perception space will
need to be in front of the screen and visual distomidhbe the consequence. Still, such an
enlarged design space may allow for two people workingn@same sketch simultaneodsly
This configuration will be useful for collaborative ideangeation or design reviews when
sketching serves mainly for communication purposes, but ewtadcurate and detailed

! In that case, the monitor/screen needs to displaydifi@rent pictures in an alternating manner with ayver
high frequency — two stereo views for each user. Each gbguyle either each of the user’s eyes or both eyes
blind in a certain sequence, so each eye only perceésvesrresponding view.
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solution development. Different configurations of the 3Dtcher (even the development of a
mobile sketcher) are considered byIMER et al. (2003).

The characteristics of the use of workbenches for IBideking apply to the use of caves as
well. Moreover, the design space could be all arouaditiers, so they could be immersed in
the virtual scenario arstill sketch within the scenario. This configuration requireg wauch
space and cost, though. In case of the use of a HMB sfesce is required and immersion
within the scenario is given as well, but the applaratvould be limited to only one person in
the first place.

5.3.4 Integrating the 3D-Sketcher in a CAx-Environment for Engineering
Design

Beyond technological improvement, it is essentialftdure application of the 3D-sketcher
either to integrate this medium intexisting working environments or to createew
practicable environments for it. In the case of desigmachanical engineering and kindred
branches, the 3D-sketcher should be part of actual G&rébdevelopment processes and IT
environments. This concerns particularly inkage toor evenintegration intoexisting CAD
systems. Concepts that are represented in sketchebanagncretized to CAD-information
and abstract sketches may again be deduced from CAD-mdédeéisdirectional interface
between both these media would be necessary for thadgmur

It is possible to convert a CAD-model into a VRML-fiwhich then may be loaded into a
VR-scenario such as the 3D-sketcher. An appropriatefaae is provided by most of today’'s
3D-CAD-systems and thereby, thay backfrom CAD into the sketch is realized. On the one
hand, this transfer can be used to conceptualize asolpproach that has been specified in
CAD before. The VRML-object can be used as a patterrroplate for conceptualization
within the 3D-sketcher-environment. Afterwards, the initig@ML-file may be deleted and
the abstract sketch remains. On the other hand, exibtemidary condition for a future
conceptual solution can be loaded into the sketching envimtnnibereby, a new concept
may be fitted into the available design space rightnfthe start. Objects that surround the
design space may even be modglagsicallywith the help of force-feedback, so the pencil
cannot penetrate those objects.

The transfer of information from the sketch into CA®Dprobably much more complicating
than the reverse way. CAD-systems process vectodlakda, but data from the 3D-sketcher
is voxel-based. Though voxels may be represented as audheltitf small vector-based
solids, the size of the CAD-model would extensively @#ase and it might be hard to handle
by means of data processing. CAD-systems would need tmldgged in order to provide
sketch-like information within a CAD-model. Another posiéipito integrate information
from sketches into CAD would be the conversion of skékehdataprior to CAD. Fuzzy
lines could be straightened within the 3D-sketcher bef@msterring them into CAD. The
concretion of voxels into vectors could be supported bgnsef software assistants, but the
appropriate procedures and algorithms need to be developeBriyetples from so-called
“fuzzy logic” could be adapted for that purpose. Approadbesmerging” the 3D-sketcher
and CAD will be considered in M.LER (2004).
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In the long run, it would be desirable to combine 3D-CAD drd3D-sketcher within one
medium. Transferring data from a sketch-like state atspecific CAD-model would not
require a change of medium and format anymore — the datddwwonly be processed
contextuallythen. For this matter, CAD would need to become tBdtlimensional with the

help of VR-technologies. Since models from 3D-CAD areiapabjects anyway, this step
would just be logical. The input-devices from 3D-sketching ¢dn& used for CAD-work as
well. Moreover, if CAD becomes a VR-application, nhich a working environment would
need to allow hours of work without immoderate mental@ngical fatigue. This requires

» the appropriate combination of VR-hardware for each pdaticsituation (task,
branch, user, etc.),

» the availability of high-performing components,

» the development of software that provides ergonomic poes for the operation of
CAD,

» the integration of the whole configuration into the comm workplace of a designer
and

» a price for such a configuration that is economicallyntagnable.

The initial prototype of the 3D-sketcher has not been [deittor industrial application yet,

but it is the basis for further development in ordemathieve this aim. Nevertheless, it is
usable for other purposes than engineering design alreagdy.oFall, the 3D-sketcher is a
representational medium that may freely be usedriistia matters. Future development of
the 3D-sketcher will consider its application for otherigiesrelated branches, such as
architecture, civil engineering, industrial design and a=adt engineering. 3-dimensional
schematic diagrams may be used for communication albgusubiject in physics, chemistry
and biology for instance.
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6 Conclusions and Consequences

In this thesis, we have considered the use of paper sieticn conceptual design in
mechanical engineering in order to create a future desegum. Conceptual design is a
process that brings about the generation of any kindabinical concept. This process is an
application of creativity, since in the end there mayIs®lution that has not been known to
designer beforehand. To this day, that kind of creatiigtyonly a human ability. Still,
designers are under the necessity to receive externalrsuppoder to take advantage of this
ability.

Limitation of memory capacity clearly urges the humaind to apply any kind of principle
that relieves the crucial “working memory”. Therebye tstructure of data storage within
memory suggests several basic mechanisms of load reduthiersemantic net of the long-
term memory provides the aggregation of information esthig abstraction: several specific
elements that have certain features in common may fresented by only one abstract
element. Beyond that, the separation into working-mermod/ long-term memory points to
another mechanism of memory relief. outsourcing informatio another medium that is
used as an “overfall basin”. Instead of learning informabigrheart (which corresponds to
the transfer from working-memory to long-term memopp)e may use an external medium
as well, such as a sketch.

Abstraction does not only save memory space, it playisnportant role in problem solving
as well. By abstraction and subsequent specificati@nconcept, one may find a neighboring
concept that differs from the original concept in caressential features. By combining such
concepts, one may find a new solution to a problem. Desigy well be seen as problem
solving. Changing levels of abstraction is regarded agfalysrocedure in design reasoning.
Such a procedure may be carried out in form of a dialogtieomneself — Dorner calls it “the
inner conversation of the soul with itself”. Moreovprpblem solving processes show such
characteristics as recursion and iteration.

In case of goal-oriented work tasks (a design task irhar@cal engineering surely is one),
such problem solving processes need to result in actual ®bidence, cognitive processes
materialize themselves in processes of real actiorcaed TOTE-units may be used to
describe the execution of even complex tasks. The mgidaries of actions is a gateway to
the underlying structure of control processes, which inrteffacts cognitive processes.

Procedure plans from design methodology are supposed to suajgsa@ners in processing
complicated design tasks. Hence, such plans show sichisaacteristics as problem solving
processes described in psychology. Still, such plansraaher generally applicable and
provide an appropriate structure of sub-tasks to process.prboegle only few hints on how

to perform specific action in order to execute thoskstasdowever, design action is rather
determined by the desigh media and tools that are used.

In this thesis, we have distinguished between mediaauld for design. Tools facilitate the
processingof product definitions, whereas medepresentproduct definitions. Representing
a definition may not be seen as just one specific vigyaressing it. Due to the limitation of
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human memory capacity, most product definitions in degigold not even be achieved
without an external medium. Hence, one may assettithiaproduct representation may be
equated with the product definition. Tools can only helgtocess the definition that is
represented by the medium in the first place. CAD ceptgnbvides numerous tool-like
functions. Still, these functions access a productniiefn that isrepresentedby CAD.
CAD'’s characteristics as a medium strongly difi@emi the characteristics of sketches. Since
CAD provides a digital outcome that may be used in subséguecesses of production, this
medium is indispensable for today’s design processe®ahanical engineering.

The surveys among designers from industry, which are peskéenthis thesis, point out that
CAD and sketches are integral parts of design. Both thesgresdia seem to complement
one another according to certafanctions The use of sketches mainly centers on
communication and idea development, while CAD is ratlsed for purposes of concretion,
verification and documentation of given solutions (besiclemmunication and presentation).
However, sketches and CAD do not complement each abeording to the product
attributesthat are represented with the help of these media. Cla&rly reveals a decisive
deficiency in representing certain indirect attributes sash aspects of strength and
deformation for instance. However, sketches are raws®d to represent these attributes
either. Revealingly enough, these attributes are namechdst of the designers as being
decisive characteristics of typical design tasks. ERapid Prototyping and Virtual Reality
are not used to represent these attributes.

The surveys also reveal certain dissatisfaction@titsigners with their CAD-systems. There
is a minority of designers (which is not negligibtbpugh!) that judges CAD as being
downright negative according to the time involved andgbality of results when working
with CAD on conceptual solutions. Sketches are rated pmsiive in this regard. Moreover,
CAD is mostly rated mediocre according to intuitiygecation, effectiveness of operation and
effort for changing a design solution.

An experimental study has been presented that investitfa¢esketching processes of more
than 60 students and designers, each working on two diffe@nceptual design tasks.
Statistical analyses have shown that the individkatching processes of different persons
may strongly differ. Yet, at least some similastieould be identified. All persons sketched
longer in case of the more difficult task. Moreovest anly components, but also processes
were depicted by the test persons. Lastly, most op#rsons used at least three different
modalities of information representation, such as viguabhical, schematical, symbolical
and verbal depictions.

These findings could be specified by further analysis ofquéat sketches. It has shown that
technical elements may entirely be represented witketch even by wordsnly. Thereby,
information on a very high level of verbal abstractiay be integrated into the geometrical
context of a sketch. The same applies to symboligaictiens. Yet, there are other ways to
represent abstraction within a sketSlchematicepictions omit certain classes of geometrical
attributes and represent a variety of different speafjects. Moreover, shapes may be
representedaguelywith the help of wavy, roughly drawn lines. Such depictitisiar” the
specific geometry of a shape and provide a range of posatbibutes. Hence, such
depictions may represent a variety of specific shapbgh is a characteristic of abstraction.
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Also, such a vague depiction does not have any verbal expant that reflects its
superordinated character in one term. Hence, abstraeitbim a sketch may be more diverse
than abstraction that is purely verbal. Similar toglsage, sketches can express irrational
information and thereby provide the formulation of a proble as the starting point of a
subsequent solution process.

In sketches, various kinds of abstract and concrebenmdtion entities can be mixed up. Parts
of a rather specific solution may be abstracted andeqtunalized at any stage of the design
process when sketches are used. Therefore, conceptual desgmot need to occur at the
beginning of a design process exclusively, nor does it teebdppen within a comprehensive
and clearly distinguishable phase.

Moreover, the geometrical elements within a sketch slebaracteristics of linguistics.
Relations between elements are provided not only by sipaitial configuration. There are
auxiliary elements that may establish relations betwetaments that would not be
interrelated otherwise (e. g. because they are digtamt one another). Such relations may
not only be spatial, but may also be temporal (sucheasumbering that indicates different
states of a process). Such auxiliary elements are soabegomparable to prepositional
phrases in language. Likewise, depictions that represemttelbjpay be regarded as nominal
phrases and depictions that represent processes (soatias arrows) may be seen as verb
phrases.

A sketch offers element types that are quite simdathe ones that are provided by verbal
language. Yet, it is even more important to point dt tsketches showyntacticat
characteristicsas well. An element of a sketch provides informatioh avdy from within.
Moreover, it holds meaning in combination with its surrangsl by the way it is integrated in
the context of the whole sketch. Sketches literadlif technical stories by combining
graphical verbs, nouns and prepositions. The message t@tvisyed by a sketch depends
on the way in which those elements are correlated @@t other by the viewer. The syntax
of a sketch is not as unequivocal as it is in case difavdanguage, though. However, there
are manifold ways to “read through” a sketch. Therebyyihser of a sketch may cancel old
relations and establishewrelations. In that case, the “order of words” withie traphical
sentence literally gets mixed up and a sketch may makéytdiitrent sense than it did
before.

Visual perception tends to re-interpret the configurataf shapes at sight. This is a
prehistoric mechanism of protection, which tries to makess out of a given situation over
and over again — in order to discover the predator in disguor instance. It applies
constantly, running unconsciously, so it eludes from dedleecontrol. In the context of
sketching for design, this mechanism may have an effectstha@yond protection from wild
animals, though. Re-interpretation of the configurationairsketch may establish links
between elements that were not meant to be relatedebeind. We have seen one example of
a sketching sequence in which this mechanism may have ledcoonpletely new solution

! As a reminder: Roughly spoken, the syntax is the setiles that determines the order of words within a
sentence. The relations between the phrases ofenserdre determined by the order of the words.
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principle. Such an enormous impact is made due to thedio@l characteristic of the
“graphical phrases” in a sketch. In order to brieflga@tulate this sequence: An arrow,
which initially referred to a moving cart, may have bemmrelated with a track, which
initially was supposed to be immovable. Hence, the néatioa may have been interpreted as
a track that moves in itself and so the initial concegé whanged into a circulating belt. The
“graphical nountrack has been correlated to the “graphical vealybw, which resulted in a
new meaning of the sketch. The change of concept couldbengo radical due to the high
level of abstraction that was inherent in the elasef this sketch. Unfortunately, our
explanation approach for this process could not be edrdue to the experimental setting.

The mechanism of re-interpretation is even reinforcedth®y fact that information is
externalizedsequentiallyin a sketch, but internalizesbmprehensivelyHence, the sketch is
ever changing while it is constantly internalized. Thiocess can be appropriately
represented by the soliloquy-communication-model thatblbas introduced in this thesis. It
considers the use of design media as a process of auoahan with oneself. In this case,
the sketch is used as a communication channel. The ratideis for the differentiation
between the sub-processes of externalization, stoaageinternalization of information
during sketching. Those sub-processes are certainly intedgelaut they show very different
characteristics, though. The model takes into accountthieainformation, which is being
“exchanged” in the course of such a communication, maytéeead during each of these sub-
processes. Thereby, the context and even the meanikgtofies may change.

Another intense case study has been carried out dakahwestigated the actions of a designer
during sketching in great detail. It has shown that predefinsitmay be made on different
levels of depiction. At first, lines may actually deeched on the paper. By contrast, one can
also imagine the line of a fictitious sketch in the mineye. The differentiation between both
these kinds of predefinition is rather consistent, butatigiredefinitions fall in either one of
those categories. A designer looks at his sketches thwaugie whole sketching process and
while he does so, he points at spots in the sketch atpéncil tip. The tip may guide the eye
through the sketch and prevent it from straying, sinceciteeses the contrast at that spot of
the paper. On the one hand, such spots are charactealdsof given elements, which seems
to suggest that the designer analyzes and reflectsctbal atate of the solution. Still, the
designer points at free spots of the paper just as dftes.lays ground for the assumption
that the designer imagines a future depiction right atdpot of the sketch. So this is another
level of depiction that combines characteristics figoth the levels named above. It allows
for the direct integration of mental imagery into thetual sketch on the basis of active
occupation with the sketch. However, action within the gketpens up yet another level of
depiction, which is even closer to real sketching. Thegdes performs gestures, which
simulate the drawing motion without the tip actually tonghthe paper’s surface. Such a
gesture may be a trial-action for a real depictionemghy the corresponding motion is
perceived in a visual and a sensory way. Hence, thergesign actually perceive the shape
of the future depiction, although there is no permanensaguence from such a gesture. In
fact, the trace from the gesture resembles a line“thases itself’ after a while (unless it is
constituted by a “real” drawing action). Still, this #iof predefinition was observed much
less frequently than pointing action.
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All these levels of depiction are provided by the papercbkand each of those levels has
different characteristics. Moreover, the designer saitch between them without delay. As
we have seen in the case study, the designer does wapply those levels and thereby
realizes a very fluent and efficient process of ngstdismissing and constituting solution
variants.

In order to summarize the findings from the extensive éxm@tal study, one may point out
that sketching is a highly complex process that involvpsds from...

...communication — sketching may be regarded as a dialogue a@ésigner with himself
...perception — creative processes of (re-)interpretatiorrgée new solution ideas
...problem solving — sketches provide very different levels afratson

...action regulation — different levels of depiction arnabled by sketching motion

...language — elements of sketches form graphical senten@high conceptual level

A future sketching medium should adopt the advantages frgmerpand pencil while
compensating for their deficits. Moreover, it should prowdeer useful features as long as
they suit the overall principle of the new mediunmc®i product information in mechanical
engineering tend to be digital, it stands to reasomdate a digital sketching medium, which
fits into a CAx-environment then. Above all, the medimeeds to interact with CAD, in a
similar way as classical sketches do. A bi-directiontdrface between both these media
would be desirable at first. On top of that, the integneof the sketch into CAD would be the
next logical stage of development. Hence, the futkeéch would need to be 3-dimensional
in order to suit modern 3D-CAD-systems.

From the analyses presented in this thesis, we hawedeai number of requirements on a
future sketching medium in order to preserve the advantag&dassical’ paper sketches.

For instance, the medium should enable the depictiohages, words and symbols on any
level of abstraction. We have supplemented these regemtsnmvith demands coming from

the digital working environment in mechanical engineeringnidulation functions, such as

rotating and shifting single elements of the sketch shioelldrovided, for example.

The requirements are met by the 3D-sketcher, whicheiguthctioning prototype of a digital
and truly 3-dimensional sketching medium. The basic idethefsketcher is to create 3-
dimensional free-hand lines by the continuous motiorarfinput device through design
space. Due to the application of Virtual Reality techgg) the emerging line appears to be
floating in space at the very location where the matias taken place. The designer uses the
free-hand line as the infinitesimal element of depictaod gains the most freedom and
flexibility in representing any kind of technical context.

The prototype is a desktop-based system that aims tontbt & designer’'s working
environment. It uses a special monitor setup, shutter goglgeephantom input device and a
space mouse. The pencil-like grasp of the phantom is animvepace with one hand, while
the other hand operates the mouse in order to rotatepslziftom the sketch or even parts of
it. The force-feedback functionality of the phantomght be used to physically represent
virtual objects or planes (which may serve as virtual digvoards).
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Different hardware-configurations allow for different ogt®on modes and applications. The
user’s fingertip may be turned into a 3D-pencil with thip e a dataglove, for instance. It
would also allow for a highly intuitive operation of tegstem by gestures. A workbench
would provide a much larger design space, while a cave safiomthe immersion of several
persons into the sketch. Thereby, the sketcher magkhdava useful device for depiction in
several disciplines other than engineering, such ag@ctinie or even arts.

In the long run, the sketcher should be fused with CAD ne single medium. As a

consequence, CAD needs to become truly 3-dimensional Tteereby, operational devices
and principles from the sketcher could also be used tatgp€AD in a more intuitive way.

Nevertheless, the future configuration would need to roegain economic and ergonomic
requirements. The prototype that has been discussed imelsis might be the starting point
of research towards this objective.
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