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Introduction
This course looks at the process of design – from assessing the complexity of design as
an activity, to exposing the difficulty in making general conclusions about how designers
work. You will be able to identify innovation in a wide variety of designed objects and
evaluate the impact of this innovation.
This OpenLearn course provides a sample of level 1 study in Design

Introduction
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Learning Outcomes
After studying this course, you should be able to:
l recognise that functional artefacts have had input from a designer, with greater and lesser degrees of

engineering input
l identify that engineering designers work within constraints of finance, materials properties, desired functionality,

human factors, etc.
l understand that design exploits models of the product being designed, whether those models are physical mock-

ups, computer-based models, or mathematical models which explore an element of the product’s performance
l understand that there is rarely a unique solution to any design problem. Part of the skill of a designer is in finding

a problem–solution pair, and the best compromise
l understand how models of the design process are formulated, and how they can be applied to understand the

development of a particular product or product family.



1 Design and designing

1.1 Design
Design is everywhere. Look around you, and consider the objects you see. For example,
in my office I can see my computer, a telephone, a pen, a coffee mug, my sunglasses, a
stapler, my wallet, my diary, a one pound coin, a postcard, carpet tiles, a desk, a chair,
window blinds, a jacket, a radiator, a strip light, and much more besides. All these objects
are the result of a number of decisions which have been made by someone – either an
individual or, more likely, a team of people. The designing of the material world is thus a
complex and multifaceted activity involving a variety of human capabilities. It is this
complexity which is explored in this section. Straight away we can see that we need to
make a distinction between the human capability for designing and the output of that
process: the designs which surround us in their many forms. In this field, authors often
refer to both the process and the product as 'design'. Watch for this and try to work out
which they are referring to.
Some of the products that are considered in the course may be unfamiliar to you, and you
may not know the detailed principles of their operation. You should still be prepared to
think broadly about the challenges that faced the designer, though. Do not be put off by an
unfamiliar product. You will not need an advanced knowledge of these products and their
manufacture to consider their design.
To help give you an appreciation of the wide spectrum of contexts in which designing is
undertaken and the variety of designs which emerge, our case studies will be taken from a
variety of fields. The list below gives some of the examples we shall be looking at:

designing a folding bicycle
designing a human-powered aircraft
designing a rescue stretcher
designing a kettle
designing yachts and their hulls.

These examples will be used to illustrate the process of design, and the effect that early
design decisions can have on the final product. Technicalities will only be introduced to
illustrate the design story. That is still a long way from learning to become a competent
designer!
In addition to the wide variety of contexts in which designing occurs there is also great
variation in the types of knowledge required by designers. Design teams are rarely static
in their composition, and will rarely rely on the skills of designers alone. Specialist
contributions will be sought throughout the whole process of designing: for example,
advice on a potential market, information on a new material or results from the testing of a
prototype. However, at the core of a design team will be people who are able to interpret
information. They will have developed a certain blend of skills and knowledge which they
use to combine and transform information into creative, new products. Interestingly, they
might describe themselves as an engineer, innovator, designer, architect, inventor, etc.,
but their titles are really of no importance here. I am more concerned with exploring those

1 Design and designing

7 of 125 http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/
design/design/content-section-0?utm_source=openlearnutm_campaign=olutm_medium=ebook

Friday 9 November 2018

http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook
http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook


human capabilities which make people good at designing and innovating. You may wish
to develop your own capability at this beyond the scope of this course, but it can take
many years of practice.
One thing all those objects in my office have in common is that they were all made in large
numbers. This is not to say that you cannot be designing if you are not planning and
specifying for mass manufacture. Indeed, we can all find ourselves designing to some
extent during our daily lives. Many people who have acquired a powerful ability for
designing use it to make one-off designs – for example craft workers in wood or silver, or
designers for the theatre. However, this material is biased towards the particular demands
of designing for mass manufacture and mass consumption.
The term design can be, and indeed is, used to describe the creative output of various
professions such as jewellers, architects, boat builders, and those people devising new
television adverts. So a study of design would not be complete without a study of
designing, and this material will guide you through both. It will look at the designs of our
manufacturing culture including bridges and architecture as well as consumer products. It
will also examine the process of designing, including a critical appraisal of some of the
accepted models of design. The term innovation is widely used today and this course
reflects on what constitutes innovative design and innovative designing. Design is an
essential part of engineering, and, in a competitive world, innovation is an essential part of
design.

1.2 Problems and solutions
One way to look at design is to consider it as a problem-solving activity. For example, a
person designing the interior of a house has to solve many problems such as how to make
it functional in an appropriate way (you don't, presumably, want your bed next to the
cooker), how to make it attractive, how to make it comfortable, and how to achieve all this
on a given budget. The designer needs to ask: 'Whom am I designing for?' An interior for
one client may be very different to one designed for another client. Also, an interior which
is intended to enhance the saleability of a property may be very different to one aimed at
the owner's personal preferences. The design team responsible for a new motor car also
has complex problems to solve including achieving a broad market appeal as well as
meeting the required performance. There are various modelling techniques which
designers use to help them understand problems and generate solutions.
Generally design problems comprise several factors. Those factors that are concerned
with how people use, understand or interact with designs could be called 'human factors'.
Other factors might concern 'materials' or 'manufacture'. Each factor is really a group of
related concerns which might be vital to the design or they might be marginal in their
relevance. Designers need to establish the relative importance of these factors and
generate proposals which seem to offer a suitable compromise.
Partly, designing is this process of seeking suitable compromise. This course examines
the tools and procedures which can assist this difficult process. Seeking compromise can
be hard enough in relatively simple design jobs such as planning and redecorating a
bedroom. When the task concerns the design of a new building, aeroplane, car, or even
modest consumer products such as an electric iron, then the process of seeking
compromise calls for a wide range of skills, knowledge, abilities and sensitivities.
Design problems usually have many, many possible solutions. One of the main things you
will learn in this course is that there is generally no simple formula for finding the best
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design solutions. This is what makes design exciting, challenging, and rewarding. Some
people are very good at it and, almost magically, manage to find wonderful new solutions.
In this part of the course you will be exposed to some of this magic, and you will be
encouraged to tease out some of the systematic knowledge about designing, using an
extensive set of illustrations and case studies.
There will be self-assessment questions to help you develop and test what you are
learning. Sometimes they will be designed to make you think, rather than testing some
specific point in the preceding text. There are no right or wrong answers to many of these
questions, since they depend on how you look at things. There are indications of possible
answers and solutions in these cases but your solutions may be very different. As you go
through the material you should become more confident at answering them. So, try your
hand at the following, rather challenging self-assessment questions.

SAQ 1
Look around the room you are in. Write down three or four of the objects you see. Do
you think they were designed? Was any part not designed? You might also like to think
about the following questions, but do not worry if you cannot answer them. What
problems do you think the designer had to solve? Do you think the solutions are good?
Do you think the materials used helped solve the problems? Is there any evidence of
innovation?

Answer
Although I don't know what is in your particular room, I can help you answer the
question by illustration.
First, looking at the question overall, any human-made object you choose must have
been designed. It did not arrive in its form by accident. Furthermore, every part of it
was designed, and is there for a reason. I shall now discuss some specific examples.
You should have had similar thoughts for whatever examples you chose.
Let us take my coffee mug. The designer had to ensure that it could hold hot liquids
without disintegrating, and without it being too hot to pick up. It also had to look
attractive, and not be too expensive. There are probably several other things that I did
not immediately think of. For example, it must be comfortable to hold even when full of
liquid and therefore quite heavy.
Nevertheless, it is a fairly standard ceramic mug (no innovation, although it is
decorated in an unusual way). It works very well. The material it is made of is strong
enough to contain the weight of liquid. The mug has a handle, which enables me to
pick it up without burning my fingers. The ceramic material is not a good conductor of
heat, which helps prevent the handle getting too hot, at least during the normal length
of time for which the mug contains a hot liquid. A drawback of this material is that it is
brittle, and if I drop it, the mug will probably break. The mug has rounded edges and is
not dangerous (although it might be if I dropped it).
As another example, consider my chairs. I have two in this room. The designers of the
chairs had the problems of giving me something comfortable to sit on, something
reasonably portable and mobile, and making it reasonably cheap. Both chairs are quite
ordinary and I don't see any real sign of innovation.
One of the chairs is covered in a vinyl imitation leather material. Since it is very hot (I
am writing this in June), this chair is not comfortable, and I do not use it. Instead I use a
chair covered in a woven cloth material which I find much cooler and more
comfortable. So the designer of the first chair failed to solve the problem of making the
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chair comfortable. The chair I am sitting on is made of tubular steel, and is quite light.
So the designer of this chair solved the portability problem. This chair was also
inexpensive, so its designer solved the cost problem. So, am I sitting on the perfectly
designed chair? I'm afraid not. It's a little hard for me, so the designer did not get a
perfect solution to the comfort problem. But it might suit someone else very well!

SAQ 2
Let us take a familiar object: a telephone. Mine has a handset plus a base unit with
buttons for dialling (note that the term 'dialling' is a hangover from the days when the
design featured a rotating dial; see Figure 1).
Using any telephone of your own as an example, write a list of those broad factors
which you think the design team had to consider when they came up with the particular
compromise which is your telephone.

Answer
The factors fall into broad groups. Each group will be likely to contain many sub-
factors. You might have thought of the following.

Functionality. What features should the telephone offer?
Human factors. Usability by a wide range of people. Does it suit the physical sizes
of various people (head, hands and fingers)? Is it understandable and clear how
to operate it?
Costs. Can it be made at a cost which is acceptable in the market place? Can
costs be reduced anywhere?
Materials. What materials are compatible with the expected life-span? What might
the buyers want or need? What materials might assist the protection of the
internal components? What materials are compatible with mass manufacture?
Image. What form might be attractive to the market? Does it suit the intended
context (home or office etc.)?
Manufacture. Is it specified how the phone must be manufactured or is there
flexibility to exploit new processes? How many telephones are to be made? Can
assembly costs be reduced?
Marketing. Where and how will the telephone be sold (mail order, shops,
Internet)?
Does packaging and marketing have an influence on product design?

1 Design and designing
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Figure 1 Great variation in the design of telephones

1.3 What is good design and good designing?
I stated in Section 1.2 that we are all capable of undertaking design activity. I am now
refining this to the activity of designing. Some people have developed their skills and
abilities to a high level and they take part in professional designing. The word
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'professional' doesn't imply that such people have necessarily elevated themselves to
some higher plane, just that they undertake design as their profession. It was also pointed
out that the results of design activity continually surround us in the products which we
wear, use, ride in, read and perhaps even eat. Judgements about design quality –
whether they concern the products or the processes – depend very much on the context.
Self-evident truths in one context may be irrelevant or false in another. However, in trying
to define quality in design it becomes clear that there are common features and recurring
themes that are found in many different contexts.
How can you characterise good design? A good design is one that appropriately answers
a requirement, or meets a stated need. Good design also concerns the anticipation of
what people may want. Of course, values come into play here and wants may range from
the apparently trivial to fundamental needs. Good design might also concern the skilful
use of technology, such as materials or manufacturing techniques. It might also imply the
exploitation of knowledge, for example information on human size or human perception so
as to make a product easier to use.
To be involved in designing, then, means to be involved with using skills (e.g. researching,
making, testing), using knowledge (e.g. about things, people, principles), using abilities
(e.g. time planning, management), and using sensitivities (e.g. to values, context,
markets). It is notoriously difficult to take this further and attempt to define a formula for a
process which will lead to successful design. Having said this, in Section 3 I shall present
some models of the design process as others have seen it. I hope that you will view these
critically and be able to see the strengths and weaknesses of each.

1.4 Designing as model-making and model-using
Any attempt to integrate skills, knowledge, abilities and sensitivities in formulating a
design is going to be difficult, and the outcome from one designer's work is likely to differ
from another person's attempt. Differences might occur in the unravelling or interpretation
of various problems, the generation of ideas intended to overcome these problems or the
quality of communication provided to convince others of the quality of your work. Figure 1
showed various designs for a telephone. Differences might not only arise in the form of the
product, though. There may also be differences in the physical or scientific principles that
different designs exploit. Figure 2, for example, shows a conventional light bulb and a
light-emitting diode, both of which emit light but using completely different physical
processes.
In formulating a design, designers use their mental and physical tools for a process which
has been termed modelling. Models and modelling encompass a wide range of
applications. You may be most familiar with its use to describe a new car (as in 'the latest
model') or as a title for those men and women who display the latest fashion creations
(fashion models). These popular uses of the term have some things in common with the
way designers use it but their meanings have a number of levels which I want to explore
here.

1 Design and designing

12 of 125 http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/
design/design/content-section-0?utm_source=openlearnutm_campaign=olutm_medium=ebook

Friday 9 November 2018

http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook
http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook


Figure 2 A conventional light bulb, which works by heating of a tungsten filament, and a
light-emitting diode (LED), which works by light emitted from a semiconducting junction

You will probably be familiar with the use of the termmodel to describe constructions such
as an architect's scale model of a proposed building, or a bigger-than-life-size model of a
new toothbrush used in a shop display. These are three-dimensional models. I would also
use the term 'model' to describe drawings and sketches; in this case they are simply two-
dimensional models. An important distinction in the use of such models might become
immediately obvious to you, namely their function. That is, the primary function for some
models is the communication of information, whereas for others it is to act as an aid in
exploring and developing ideas. An architect's scale model (Figure 3) which has details of
the finished structure, and might incorporate windows, walkways and figures to the
appropriate scale, is likely to have been made at the end of the design process, or at least
at the end of one design stage. Its primary aim would be to communicate detail to others
involved in the process, and this might be achieved using photographs of the scale model.
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Figure 3 An architect's model of a flour mill

Models in the form of drawings might have a number of purposes. At one extreme,
engineering drawings are supposed to facilitate unambiguous communication of precise
intention. Sketches, on the other hand, are models which have a primary function to assist
an individual designer or design team to creatively resolve problems. Few sketches are
formally presented in the way the scale model might be. They are often rough, incomplete
and ambiguous (Figure 4). In as much as they are 'representations' of thought or intention
they can assist communication but it is their rough ambiguity which assists creativity.
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Figure 4 Sketches for the Morris Minor by Sir Alec Issigonis

Models might also be expressed as scientific formulae which include the important
physical characteristics of the product. So it might, for example, be possible to determine
the stresses under load on the gears in a gearbox by a formula including loads, tooth
profile and material properties. A computer model of a gearbox might just encode the
mathematical formulae but it might also be used to simulate performance where simple
formulae do not apply. Computer models might thus take the form of graphic images or,
alternatively highly specified virtual forms.
Another type of model might be those mental pictures we create when we are thinking
about a problem or about ways of solving it. We could call this cognitive modelling.
('Cognitive' here indicates that this process involves knowledge, experience and
reasoning, as well as perception, aesthetics and instinct.)
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Figure 5 Sir Alec Issigonis (1906–1988), designer of the Morris Minor and the Mini

I could take this one stage further. Consider the skill of designing as, in part, a skill with
modelling. Being able to design would imply an ability to link cognitive modelling with
various physical modelling tools which might include making cardboard or wooden forms,
sketching on paper, constructing plans and elevations as engineering drawings, using
engineering formulae, generating computer models, and making electronic circuits on
'breadboards' (temporary circuit boards used for prototyping). As you can see, the design
process is a microcosm of the process of engineering.
An ability to make and use models is vital to designing. Models assist in the generation,
testing, evaluation, communication and selling of ideas and, as such, their use is not
limited to designers. Some modelling techniques are particularly good at supporting
several functions at once. For example, some models might be so quick to construct that
they can help in the creative generation of ideas. They might also be accurate enough to
be used to share ideas with other people involved in the process. The fast sketch
drawings created by designer Ian Callum at the conceptual stage of the Aston Martin V12
Vanquish (Figure 6a) would be a good case in point: such sketches can be assessed for
potential appeal in the market before technical questions such as engine power or ignition
circuitry are raised (see Ian Callum and the V12 Vanquish).
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Of course, not all designers are competent with all modelling techniques. Very often
designers will specialise. However, a competence at modelling is characteristic of a
competence at designing. Engineering design usually involves a lot of modelling, and a lot
of it is done on computer. For example, the mechanical parts of a new car or engine are
usually modelled in a CAD (computer-aided design) system using a technique called finite
element analysis.

Figure 6 (a) Sketch drawing used at the conceptual stage of the Aston Martin V12
Vanquish (b) The finished vehicle

Ian Callum and the V12 Vanquish
Designer Ian Callum, originally from Dumfries in Scotland, studied at the Glasgow
School of Art and at the Royal College of Art in London. Early work for Ford led to
appointments in Britain, Japan, USA, Australia and Italy, among other countries. Since
1990 he has been commissioned to design for several manufacturers, including
Mazda, Range Rover, Volvo, Nissan and Aston Martin.

For Aston Martin, Callum designed the DB7 model (unveiled in 1993). He then
designed the concept for the V12 Vanquish (Figure 6). This concept was unveiled at
various motor shows during 1998, and its favourable reception led Aston Martin to
decide to put the model into production as soon as possible.

The main body of the V12 Vanquish is formed from extruded aluminium sections,
bonded and riveted around a central transmission tunnel made from carbon fibre. At
the front of the vehicle, a steel, aluminium and carbon fibre subframe carries the
engine, transmission and front suspension. Engine control, transmission and braking
all make extensive use of microelectronics.

The Aston Martin V12 Vanquish was launched in 2001, and is made at the Aston
Martin plant in Newport Pagnell, Buckinghamshire. Each car is hand built, although
computer-controlled processes are used for the composite sections.
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Figure 7 Indy racing car rear-wheel hub and section of wheel during cornering, modelled
by finite element analysis. The original image uses colour to show regions of stress, as
classified in the key alongside the image. The highest compressive stress is in the dark
region above the hub

These systems can predict the physical behaviour of the object, including points where it
is highly stressed (Figure 7).
The next section returns to the issue of needs, the exploration of which also involves the
exploitation of modelling.

1.5 Design and needs
In the opening sections I raised the question of 'need' as a foundation for design activity. A
dilemma came to light: although we might look for needs before generating design
proposals, we recognise that some needs may only come to light as a result of getting
involved in the generation and testing of various ideas. That is to say, although we attempt
to specify our task, define the perimeters to our work, and impose guidelines for planning
and direction, it is likely that in many situations we only really uncover detail about the
needs when we become involved in designing. Many of the activities we might see in
creative problem-solving in design, such as sketching, making models and prototypes and
generating life-like computer images, actually have a very important role in problem-
finding. Often the real problems can be uncovered only by generating models which
provide feedback.
In some instances the feedback required is very particular. In the design of a gearbox, for
example, the need might be explicitly stated and the models used in the generation and
testing of the proposal can be quite abstract. They might exist only on computer and have
no tangible form at all. On the other hand, the design of a new mobile phone might require
extensive market testing using life-like models of several versions of the phone in order to
elicit the impressions of the kind of people who might be future buyers of the product. Of
course there will be many other types of models used to test other aspects of functionality.
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However, my point here is that vital information about the need might only emerge once a
proposal has emerged. The phone manufacturer may find out that some designs do not
convey the status expected: perhaps they are too big or too small; perhaps they just look
wrong. The remedy might be straightforward, requiring only a few styling changes. Other
user feedback might imply a more significant rethink of the whole project. There are two
lessons here:

1 Designers have to formulate problems and needs as best they can at the outset of
design activity, and yet sometimes they cannot completely define problems and
needs before embarking on creative design activities.

2 Designing means getting the correct type and quality of feedback at the correct time.
It is vital that the types of models used at any particular stage in the design process
be appropriate to the requirements of the design team. With pressures on
manufacturers to reduce the time it takes for a new product to be developed and put
on sale (Figure 8) then strategies for generating the appropriate feedback early in the
design process are critical.

Figure 8 Decreasing time taken for new technologies to reach the market

SAQ 3
If you were a professional designer needing to assess the performance, operation or
appeal of the products listed below, what sort of models, physical or otherwise, might
you use? (Hint: think about possibilities like scale drawings, mock-ups, computer
simulations, etc.)

1 A new steel aerosol-spray can to re-market an existing deodorant.
2 A new family saloon car.
3 A swim suit.
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4 An elevated section of road near to a town centre.

Answer

1 You might want to produce some images of what the new deodorant container
might look like. This would provide general feedback about the visual qualities but
if you required feedback on the feel and use of the steel package you would
probably have to have full-size models made. Wooden models might be easiest
to make but it would then be difficult to convey the cold feel of steel. There might
also be the need to model the pressure inside the can, to ensure that the steel
wall is thick enough.

2 Similarly with the car. If one only requires the initial impression of potential buyers
then renderings or computer-generated images may be appropriate. Full size,
highly realistic clay models are still used in the motor industry to facilitate
feedback from potential users and for evaluation by the design team and senior
management. If feedback on comfort is required then models using real seats, a
dashboard, and a steering wheel might be used. Because such a model lacks the
outer skin of the proposed car, it will look very different from the clay appearance-
model.

3 The production of a swim suit is relatively low-cost. Some initial computer-based
mapping of colours and textures onto a virtual human form may take place, but it
is reasonable to make up a prototype and have it worn by a real person.

4 The elevated road is clearly too big and too complicated to model at full size.
Even if you did make a full-sized model, what would it tell you? The information
you actually require is likely to concern costs, material volumes, changes to traffic
flow, changes to pollution etc. and these can be more successfully modelled via
computer-based statistical techniques or specialist programs for civil engineering.
You might also construct partial models to investigate, for example, the stress in a
particular road section or support structure. A scale model of the design might be
helpful in communicating the proposal to local residents. Increasingly, virtual
reality can provide useful models for generating meaningful feedback about
architecture and engineering.

1.6 Designing as heuristic problem-solving
Generally, solving design problems is different from solving puzzles or mathematical
equations. One major difference is that design problems are often not well-specified. This
is discussed in more detail in the next section, but one of the primary reasons is the
complexity of factors which you began to explore in SAQ 2. It means that the properties of
the object that the designer is supposed to produce are often not very clear; if they were
entirely specified, the designer's job would almost have been done!
Another difference is that design problems don't usually have a single 'correct' solution.
Generally there are many possibilities. Sometimes if the requirements are over-specified
there may be no solutions. For example, 'Design an aeroplane for 150 passengers that
will cost less than £100,' or 'Design a car which will give complete protection to its
passengers in any high-speed accident.'
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Consider an under-specified problem, such as 'Design me a house for two adults and
three children costing less than five times my salary.' There could be millions of possible
designs meeting this specification; and there would be millions more designs not meeting
the specification. How can the designer find a good design from all these millions of
possibilities? One approach would be to try looking at them all, and judging which is the
best. This is, of course, totally impractical. In general there is no formula which leads to a
good solution, and designers have evolved heuristics for solving their problems. A
heuristic is a rule or procedure which works most of the time, but sometimes fails. For
example, one of the best ways to predict the weather tomorrow is to say it will be same as
today. Of course this weather prediction heuristic fails sometimes: you may judge for
yourself whether or not it has a pretty good record.
One heuristic used in solving problems with many possible solutions is to reduce the
number of options. So the architect designing my house might ask me a few questions,
such as whether I would like it to be made of brick, or how many bedrooms I would like,
and so on. Each answer would reduce the set of possibilities dramatically. By asking the
right questions, the architect could rapidly weed out the majority of 'non-solutions', and
begin to investigate some of the remaining possibilities.
Another heuristic used by designers is to look at previous designs to see if there is already
a solution to the problem. Often they find solutions to similar problems, which can be
adapted to the design problem in hand.

1.7 Design as finding a good problem – solution pair
Design is an interesting form of problem-solving, since part of the problem is to find an
accurate way of expressing what the problem is. This may sound paradoxical, but it is
quite simple really. For example, if you commission an architect, you generally do not
know what is possible within your budget. Some of your desires may be impossible
dreams while some may be absolute necessities. Part of the architect's job is to help you,
as a lay person, understand these things, explain what is possible, and to help you
establish your priorities. Thus you might start the process by requesting a house with five
en-suite bedrooms, a double garage, swimming pool and tennis court. For most of us, it
would not take long to be convinced that the last two constraints make it impossible to find
a solution within budget. So, they are removed from the specification, and the problem
has changed. If however, you are a very keen tennis player you might be prepared to
trade-off space in the house in order to build a tennis court in the garden. In this way you
can consider the design process as partly looking for the problem (a specification that you
can accept) to which a solution can be found. The design then reflects this problem–
solution pair.

SAQ 4

1 Which of the following design problems have a single, unique solution?
1 designing a house for a client
2 designing a ball gown for a princess
3 designing a bracket to support a shelf
4 designing a six-lane road bridge to cross the river Severn
5 designing a railway locomotive.
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2 Which of the above involve finding a problem–solution pair?

Answer

1 None of them has a unique solution.
I will take each case in turn.
1 Designing a house for a client. This would involve finding a problem–solution

pair – as discussed in Section 1.8. Specification of the 'problem' – the
requirements of the client – will give some idea of the solution, but there will
be a myriad of solutions in the end.

2 Designing a ball gown for a princess. This probably requires a problem–
solution pair. The princess and dress designer would probably work up the
design between them making many changes, until they were happy with the
result. If the designer were working in isolation, the 'problem' would require
greater specification: should the gown be low-cut, have a high hemline, etc.

3 Designing a bracket to support a shelf. In this case the requirement is
essentially fixed and cannot be negotiated or changed. So no problem–
solution pair. There might be different solutions, but only one problem.

4 Designing a six-lane road bridge to cross the river Severn. Again the
requirement is fixed. There might be some negotiation about the form of the
bridge, or even its position, in which case this might mean finding a problem–
solution pair.

5 Designing a railway locomotive. This probably would involve some
negotiation about the price and performance, and tests during manufacture
might require modifications to the original specification. Also, problems
encountered during the construction might requirement modifications to the
specification.

1.8 Design, creativity, invention and innovation
Before proceeding further, it is worthwhile clarifying some of the terminology which
surrounds the design process. The words given in the heading above are often used
almost synonymously, and in this course we will try to be more specific.
Creativity is the ability to generate novel ideas.
To invent is the process of transforming a novel idea into reality, giving it a form such as a
description, sketch or model for a new product, process or system.
An invention is a novel idea that has been transformed into reality and given a physical
form such as a description, sketch or model conveying the essential principles of a new
product, process or system.
To design is the process of converting generalised ideas and concepts into specific plans/
drawings etc., which can enable the manufacture of products, processes or systems.
A design comprises specific plans, drawings and instructions to enable the manufacture
of products, processes or systems. A design can also be a particular physical
embodiment of a product or device.
To innovate is the process of translating an idea or invention into a new product, process
or system on the market or in social use.
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An innovation is a novel product, process or system at the point of first commercial
introduction or use.
Although invention can be the starting point for designing, a study of design is less about
invention and more about innovation and the innovation process from invention to
acceptance among users (and competitors). Few products are radical departures from the
norm. That is to say, most products belong to a family of similar products. Thus there may
be hundreds of different makes and models of digital camera on the market but they
broadly share the same technology. Some of the differences may be no more than styling
changes to colour or form. Others may typify incremental innovation – a process of
making small improvements over time. Most of the products of our mass manufacturing
culture are variations or variant designs based on the same radical innovation.
There have been numerous books written about design and innovation. Many have
attempted to demystify the process and to demonstrate something typical via studies of
various successful innovations. However, there may be a significant flaw in this strategy.
The point about successful innovations is that they are atypical. Very few innovations go
on to become commercially successful. The vast majority fail, and so to study only the
successful ones may not tell us much about the vast majority of innovation taking place.
Be cautious if you plan to do any additional reading about innovation and innovators. We
are encouraged to believe that successful innovations are the result of some special
process or the application of processes by a special individual: the myth of the 'hero
innovator'. An alternative viewpoint would suggest that innovation inevitably occurs when
certain conditions prevail. However, it is somehow unsatisfying to say that jet engines
were inevitably going to be developed in the 1940s because the world was full of
innovators and the time was right, rather than to say that 'our' genius, Frank Whittle,
invented the jet engine. Either we are all innovators, to a greater or lesser extent, and
innovations are common events, usually failures, or there are great innovators who will
succeed against all odds, time and time again, and by studying these special people we
can hope to emulate them.

1.9 Design is …
Most design is routine: it's a job. It's people at drawing boards, working at computers,
building models, arguing in meetings and learning by doing design work. The subject of
design is broad and it takes place in all sectors of industrial society. Although there will be
obvious differences between the knowledge and outputs of designers in the various
sectors, there will also be considerable similarities in the way they design, the skills they
have and the tools they use. It is for this reason that the examples used can tell us much
about design and designing as it is found in many contexts. Today much designing takes
place via managed groups of people rather than being the responsibility of one individual.
The design and development of most new products is just too important, too costly, too
urgent and too complex for one person to manage. Collaboration in design may take place
between departments within an organisation, e.g. marketing, production, and engineering,
and it can be seen between organisations looking to pool expertise and share outcomes.
As the preceding subsections have shown, there are different ways of looking at design.
They are all perfectly sensible in their own ways, and they more or less fit together to give
a coherent picture. Does it help an engineering designer to know the wider theoretical
background to the discipline? Yes, for many reasons. Engineering designers work with
many other kinds of designers, and can benefit from knowing that different areas of design
have different traditions and emphases; a knowledge of design theory can also help to
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identify flaws in a design process. In the rest of this course you will see many examples of
this, and hopefully get a good understanding of the phenomena we know as design and
innovation.

2 Design and innovation 1: the plastic
kettle

2.1 Issues of supply and demand
Section 1 attempted to tease apart the various factors and processes that might be found
in design activity. Designs can be the result of quite complex interactions which in turn are
influenced by context. This complexity is important but I don't want it to be confusing, so in
this section I will focus on one example: that of plastic kettles.
In Section 1 I looked at the thorny problem of 'needs', and how as designers we might
devise ways of understanding them. Do you think there was a need for a plastic kettle
before the first one was introduced in 1978? I cannot imagine somebody making a cup of
tea with a conventional metal-bodied electric kettle, and grumbling that what they really
'needed' was a plastic kettle. However, for some reason the introduction of the plastic
kettle had a startling effect on the kettle market. Within the first few years of production by
several manufacturers, plastic kettles gained 30 per cent of the market share. This raises
some very interesting questions which are central to this course. Firstly, might a significant
number of users have harboured unspoken complaints about their existing methods of
boiling water, including the use of plated and stainless steel electric kettles? Perhaps the
market was ready for innovation but it was unable to articulate this because no one had
any experience of an alternative to metal-bodied kettles. Might there be some other
influence at play: perhaps a movement away from gas towards electric kitchens, which
might create an environment ready for innovation? Is it possible that the supply of plastic
kettles could have generated a new demand?

2.2 Who dares wins?
As sales were so buoyant, does this indicate that the new plastic kettles were an
immediate runaway success? Well, actually no. The early plastic kettles quickly became
shabby, primarily because the polymers used absorbed traces of fats present in a kitchen
environment and were easily discoloured by sunlight. Also, the surfaces were easily
scratched and the fashion-driven colours dated quickly. Even worse, the polymer tainted
the water during boiling, giving it a distinctive taste. The first mass-produced polymer
kettle was launched in 1978 by Russell Hobbs. It was called the Futura and it was a failure
(Figure 9). Not only did it suffer from the disadvantages stated above, but it also took a
long time to boil owing to its small heating element, which was demanded by the need to
minimise the potential fire risk.
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Figure 9 The Futura – the first plastic kettle

There were technical problems. The Futura was expensive to produce and because it had
no lid (it had to be filled via the spout) users were suspicious of the cleanliness inside the
kettle. It was killed off because a high number of kettles were returned to the
manufacturer. Furthermore, in the company's culture, polymers then became associated
with failure, which hindered any subsequent in-house innovation with plastics. It is
interesting to note that this design takes its form and general arrangement from the
stainless steel kettles with which it was in competition; the innovation was in the use of a
new material rather than the shape. It was not until after this that another company
launched the first plastic 'jug'-shaped kettle which did so much to invigorate the kettle
industry.
Although the 'demand' side of the supply-and-demand picture was problematic at this
time, radical changes can be observed in the supply of plastic kettles. The increasing
availability of cheap plastic mouldings together with the necessary heating elements,
switches and cords meant that it was possible for many new companies to set up in
business assembling and marketing plastic kettles. The significant investment required for
the fabrication of stainless steel kettles did not apply to these new assemblers, and the
number of companies producing plastic kettles increased tenfold. They joined established
companies such as Russell Hobbs who had their own in-house design, manufacture and
marketing capability. Figure 10 illustrates the expensive stages involved in the production
of a stainless steel kettle; Figure 11 shows part of the production line at Russell Hobbs
where metal is stamped, cut, bent, soldered and polished: processes that require a skilled
workforce.
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Figure 10 Stages involved in the production of a stainless steel kettle

By comparison the production of a plastic kettle body is an unskilled process. One worker
takes the plastic kettle body from an injection moulding machine (into which molten plastic
is forced into a mould under pressure, and where it cools and solidifies into the desired
shape), snaps off the sprues (residual projections resulting from solidification of plastic
within the mould's feed channels), and puts the kettle body in a bag (Figure 12).

Figure 11 The mass production of stainless steel kettles
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Figure 12 Machine-minding in the injection moulding industry

After an enthusiastic welcome for the innovation, the market displayed some resistance to
plastic kettles. They were not perceived as good value for money, and word soon spread.
However, the supply was rapidly increasing, thus driving the price of plastic kettles down.
It was, and still is, very convenient to be able to boil water safely and quickly and the
manufacturers knew there was a huge market if they could overcome the problems.
Materials science soon solved the problem of the unpleasant tainting of the water during
boiling, and as the market grew so the price of plastic kettles tumbled. Consumers were
faced with some stark realities. They could purchase a metal kettle, which would
undoubtedly have a long life, but at a considerably higher initial price than the plastic
kettle. Alternatively, they could buy a new plastic kettle, add the status of a modern bright
object to their home and replace it, if necessary, in a few years because of the cheap
price. In spite of some companies continuing to promote the stainless steel kettle (see
Figure 13) the plastic kettle won out.
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Figure 13 Advertisement for the Russell Hobbs stainless steel kettle

Sales of plastic kettles continued to increase and manufacturers invested in the victor in
order to secure for themselves a share of this lucrative market. New shapes, colours,
surface finishes and styles of applied decoration appeared, but the real influence on
demand seems to have been the shaping of the kettle body in the form of a jug.
It is not at all certain that anybody really benefits by changing the kettle shape from a pot
to a jug but it has become the standard form for electric kettles today. Some advocates
point to the ability of jug kettles to boil smaller quantities of water and thus to address the
needs of those users who want to make one or two hot drinks at a time. This is achieved
because the tall, thin jug kettle requires less water to completely cover its element. Clearly
this has potential benefits for whoever pays the electricity bill and for the environment, but
research has shown that most users continue to put as much water into a jug kettle as into
a stainless-steel kettle!
The first successful plastic kettle was jug-shaped. It was designed by a consultancy called
Action Design in 1979 and was produced by Redring, a company experienced in
manufacturing the heating elements but new to the kettle market. In 1981 the Redring jug
kettle saw more than a quarter of a million sales in Britain and together with export orders,
contributed £16 million to company turnover. As with other contemporary plastic kettles
the material and technical components were not ideal but its success in the market was
observed by other manufacturers and it inspired the search for better polymers and
technical improvements.

Exercise 1
How did the first polymer kettle compare to existing metal kettles in terms of:

1 looks,
2 cost,
3 boiling time,
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4 taste of the water,
5 durability.

Answer

1 The shape of the Futura was the same as for the conventional kettles; the
polymers allowed brighter colours to be used, though.

2 The polymer kettle was cheaper.
3 The heating element had a lower power, for safety reasons, so the water took

longer to boil.
4 The polymer used in the Futura gave the water an odd taste
5 The polymer had a shorter lifespan, as the colours faded and the kettle began to

look shoddy.

2.3 The significance of 'need'
I started this section with a reference to needs and I want to return to this now. There was
no explicitly stated 'need' for a kettle made of plastic or a kettle shaped like a jug. Even if a
manufacturer had undertaken comprehensive research using questionnaires, interviews,
or brainstorming sessions I doubt whether it would have come up with a brief for a plastic
jug kettle. My point is that successful innovation is not necessarily directed by needs. The
innovative plastic kettle was a result of:

l the availability of new polymer materials;
l the development of techniques for forming these new polymers;
l the emergence of cheap manufacturing capacity in the UK and overseas;
l the growth of the component industry;
l changes in retailing which made cheap consumer products widely available;
l growing consumer affluence which allowed increased spending on the home and

domestic products;
l changes in attitude to the material culture which enabled people to consider

previously valuable household tools as disposable items.

Yes, the plastic kettle was partly concerned with needs: the need to boil water safely and
cheaply; the need for status associated with modern consumer products; and the need for
novelty; but it would be wrong to view innovation as merely a response to market needs.
Given the above conditions, if it was possible to produce a working plastic kettle, someone
was going to try it. The style of the jug kettle was key to the success of the plastic kettle,
but we should not overlook the fact that the technical issues associated with its
manufacture in plastic and its jug form were difficult and complex.
Another lesson is that functionally superior products will not necessarily win in any given
market. It is also salutary to observe that being first in a new market is a perilous business.
Often it is not the pioneers that posterity remembers, but the people who came afterwards
and who are probably the first to enjoy commercial success.
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Exercise 2
You are going to undertake some simple product analysis.
Make two lists on a piece of paper in two vertical columns. With reference to a plastic
kettle that you are familiar with, write down as many of its good points or qualities as
you can think of in one column. In the other column write down all the weaknesses or
faults of which you have become aware. These are good and bad points as you have
experienced them: you needn't try to think of the issues concerning manufacture or
marketing. You may want to use some of the positive and negative points I have raised
in the discussion in order to start you off.

Answer
You may have offered any of the points shown in Table 1. The items in my list are only
suggestions: you may not agree with many of them. The important thing we're looking
at is your perception of the product.

Table 1
Good points Bad points

Cheap to purchase Difficult to clean

Easy to fill Hot to hold or steam escapes onto hand

Easy to pour Difficult to grip

Easy to judge the amount of water in the kettle Heavy

Easy to clean Difficult to fill

Available in colours which suit my environment
(home or work)

Difficult to pour

Can be repaired if necessary Difficult to judge the amount of water in
the kettle

Stable Expensive

Nice to have on display Difficult or impossible to repair

Seems safe Poor image – I don't like it on display
Unstable

Seems unsafe

3 Models of the design process

3.1 Reprise on models
As discussed in Section 1, models – physical or conceptual – are used extensively in
design to give information about what the final product might look like or what its
properties will be. This is a way of trying to make the design more understandable during
its initial stages. In the same way many people have produced models of the design
process itself, to try to understand better the optimum route to producing 'good' designs.
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In general, models are used to represent things for some purpose. In Section 1, I
discussed drawings and constructions as models. One thing all models have in common
is that they are incomplete in one or more respects when compared to the thing they
represent. Models are used to explore some properties of things; other properties
considered to be unimportant for the purpose in hand may be excluded from the model.
Thus the weather map seen on television each day is a kind of model. It is not a full and
complete picture of the weather; it is a simplified version that enables us to understand the
important information quickly. The map of the London Underground is another famous
example of a model. Find out more about this famous model by clicking here.
The models that will be considered in this section illuminate various aspects of design.
Each has its own advantages, and each has its own shortcomings. We can ask also if
these models are useful to designers, and if so, in what ways. This will be discussed at the
end of this section.

3.2 Building a simple model of design
In this section I am going to make a model of the design process. I'm not going to be
specific about what is being designed; I want the discussion to be very general in a way
that will apply to many products.
Design is a process with a beginning when the decision is made to design something; and
an end when the design is complete, and the designed object is fabricated. So let our first
model be Figure 14.

Figure 14 A first model of design

This model does not say much and is not very useful. After all, what is being designed? At
the very least we need some kind of specification. So let Figure 15 be the next model.

Figure 15 A second model of design

But what does 'Design it' in Figure 15 mean? Originally there is nothing but the
specification, and from this a design is generated. Is the design good or bad? In order to
judge this, the design must be evaluated. So now the model becomes Figure 16.

Figure 16 A third model of design

Now, suppose the evaluation of the design suggests that it did not meet the specification
very well, or that the object would not work as intended. What happens then? Usually it's
'back to the drawing board' – or possibly back to the specification in order to make
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changes to it. So we add an iterative loop into the model to get a design cycle, as shown in
Figure 17.

Figure 17 A fourth model of design

If the design is judged to be unsatisfactory, there is a chance to have another go. The
designer or the design team might even judge that the problem lay in the initial
specification, and so could return and amend it before starting again or making changes.
For the purpose of this discussion, and for the moment, this model will be considered
satisfactory.

SAQ 5
We have just 'designed' a model of the design process itself. Suppose the specification
was 'to produce a model of the design process'.

1 How many generation stages were there?
2 How many evaluation stages were there? What was the decision at each stage?

Answer

1 Four models of the design process were generated, each adding something to
the previous one.

2 Each of these four models was evaluated. The first three were considered
inadequate in various ways. The final model was evaluated as satisfactory.

I hope that as this model was constructed, you understood the steps involved in each
development stage. If you were being critical, you may have anticipated the problems
within each stage, and you should anyway have been making your own judgements as
the model was developed. Perhaps you felt that the development should have been
different, and perhaps you felt the final evaluation was rather complacent. Perhaps you
thought that we should be able to produce a better model than that?
One of the important features of model-building is that, as with design itself, everyone can
have a go, and the resulting models reflect personal tastes, knowledge and interests.
Other models will be discussed in this section, and they are other people's attempts at
representing the design process as they see it.
As you view these models you should be critical. Ask yourself what is good about them,
and what is bad about them. In other words, evaluate them. Your criticisms should be
constructive. Criticisms such as 'This is rubbish' do not take things far forward, either in
developing a better model or in developing a better design. It's much more constructive to
say: 'This model fails in such and such a respect because of this or that reason, and this
problem could be overcome by doing the following.' In other words, constructive criticism
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involves identifying weakness (evaluation) and suggesting new ways of overcoming them
(generation), and it is an essential part of design.
One misleading aspect of the diagrams that are used to model design is the suggestion
that, when designers go round the generate–evaluate loop, they go back to where they
started. Of course they don't, because by going round the loop they learn. Thus our simple
design model could show the process unfolding in time, so that a spiral replaces the loop
(Figure 18a).

Figure 18(a) A spiral model of the design process

Is this now a useful model of the design process? Let's consider this by applying it to our
example from the previous section: the development of the plastic kettle.
The emergence of the plastic kettle owed more to Russell Hobbs taking advantage of new
technological developments and spotting an opportunity for a new product rather than the
company meeting real needs of users. However, there were evident needs, and these
were to do with low costs, convenience and fashion. The starting point was the design of
the Futura kettle by Russell Hobbs. Sales of this kettle were not high, possibly because it
had no lid. In this case the market evaluation of the design was critical. The market didn't
like it, and the company lost a lot of its confidence for producing such innovative designs.
However, plastic-kettle making did not stop, because someone else learned from the
Futura experience, and came up with a different design. This design sold, possibly
because it was novel, and possibly people believed it was more energy efficient because
of the jug shape.
Other manufacturers observed the success of this product, and new plastic kettle designs
evolved, to be evaluated by the market. For the evaluation of the kettle design, we have to
add people (meaning the general public in the form of consumers) to the diagram. Our
earlier spiral diagrams did not say who was doing what. Also, the spiral for the kettle
development has no end. Design modifications will continue after the kettle is launched
because of feedback from customers.
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SAQ 6
Consider the development of the plastic kettle, as discussed above. Construct and
label a spiral diagram giving a model of the development of the plastic kettle from the
Futura onwards.

Answer
See Figure 18b. It would be possible to make the diagram even more detailed. Inside
each of the 'generate' boxes there is a generate–evaluate cycle by the designers and
the commercial directors of the company, before they decide that the design is ready to
go to market, where it will be tested by consumers.
Clearly the spiral diagram in Figure 18b gives only gives an approximation to what
happened in the evolution of design of plastic kettle designs.

Figure 18(b) Spiral diagram for the development of the plastic kettle

3.3 Other models of design
Having now begun to make simple models of the design process, let us consider whether
this is useful. Are such models helpful in working on and developing a new design? I will
postulate that there are no practically useful, general theories of design and that the study
of successful designers does not necessarily lead to practices that help us to produce
designs ourselves. Rather, I take the view that design is strongly situated – what
constitutes good design methodology in one context may not be universally true – and
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that general understanding is built on experience of different contexts. Specific
understanding of how, say, your own company understands, manages and executes
design is hard won and valuable.
This is not to say that there are no models at a high level of abstraction that inform our
understanding of the design process. The models presented in the previous section had
useful messages in forming a basic understanding of how designers work.
In the following pages we will examine some of the models proposed by a variety of
experts. Then you will have the chance to decide what you think about them, and the
possibility of a general and useful model of design.

3.3.1 March's model: philosophical
The act of synthesis is central to design. Synthesis means bringing things together to
make something new, something different from the constituent parts, something synthetic.
March's picture of design (Figure 19) describes three types of process that act together in
order to create a new design.
The process of production produces an initial design proposal, from many possibilities,
that is a candidate to solve the design problem in hand. The process of deduction applies
known theories and understanding to predict the performance of a design proposal. The
process of induction evaluates a design against specification. Resulting changes and
refinements help generate a new design proposal (production again). The cycle repeats,
taking a designer towards a solution.
These ideas are intuitively attractive. It is easy to imagine all of these processes taking
place in some sort of suitable mix. For example:

l Do I build a timber-frame house on my plot of land, or a brick-built house (production
of a candidate idea)?

l Some calculations of energy efficiency, cost of labour, and a judgement on the resale
value leads me to a conventional UK design in brick and glass (deductions about the
idea).

l Whilst planning a conservatory I hit on the idea of using it to channel warm air into the
main living space, so refining the design (induction to further design ideas).
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Figure 19 March's picture of design. Adapted from March (1984)

The degree to which each component is present in the mix could vary. Designing an
electrical circuit with similar characteristics to a previously designed circuit might only
involve the deductive process. By contrast, designing an advanced space vehicle would
require a great deal of production.
The temptation to break down design into detailed plans is, however, irresistible.

3.3.2 BS 7000 model: practical
There are many more representations of design processes and issues in the academic
and industrial standards literature. All are attempts to move down from the broad
philosophical view of Figure 19 towards the practicalities of the design process. The ones
that we will consider all come from engineering design.
By contrast to the rather abstract and elaborate academic model of Figure 19, the British
Standards BS 7000 picture of design (Figure 20) specifies a direct route from start to
finish.
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SAQ 7
For each of the boxes in Figure 20, identify who would be involved in each of the steps
of designing and constructing a new house for yourself, and what each of the steps
would comprise. (Note: some of the boxes will not apply.)

Answer
The trigger would be the need or desire for a new house (or the desire to make money
if you were a developer).
The product planning would take place between you and the architect.
You might do some sort of feasibility study. For example, a few phone calls might make
it clear that you cannot borrow as much money as you had hoped, so that it might not
be feasible to find a solution to the original specification (swimming pool, tennis court,
five en-suite bedrooms…). Something's got to go.
Then the design would be done by the architect, who might develop your favoured
scheme into a final design.
This is handed on to the builders to develop and produce your house.
In this case your house will not be transported anywhere so there's no distribution.
Then you'll start to use it.
You probably will not have to worry about disposal, since the house will probably
outlast you!

What's missing from the house-building process if we apply this model rigidly?
If you have experience of even modest building schemes, you will know that the architect
must be there to supervise the builders, otherwise production will be a mess. And you will
know that the designer sometimes makes mistakes and has to negotiate with the builder
to find a solution on site. Thus there may be a loop back from production to design. None
of these iterative loops is in the model (and the model contains steps which are not
relevant to our example).
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Figure 20 The BS 7000 picture of design

The model does not take into account the financial problems you will have as the cost
escalates due to the specification changing. And the model does not take into account
that you may have to change the specification, even quite late in the process.
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SAQ 8

1 Suppose you were designing a passenger jet aircraft. Go through the activities
listed in BS 7000 and try to say what would be going on at each stage during the
design of the aircraft.

2 Do you think it might ever be necessary to go back to review previous steps in the
design? Which ones?

3 Do you think the BS 7000 picture of design would describe the process
adequately?

Answer

1 Well, I've never designed a jet aircraft, but here goes.
The trigger is presumably the desire to make money by carrying people long
distances at a reasonable cost in reasonable comfort. Perhaps holiday trends or
business travellers' routes have changed.
The product planning would involve deciding how many passengers, how much
they might pay per seat, what distances they want to travel, what comfort they
might expect and so on. An outline design specification would have to be
produced, e.g. size of aircraft, number of engines. There would probably be some
basic visuals produced such as sketches or images on computer.
The feasibility study would probably involve a lot of calculations to see if the
aircraft was financially viable. Also many calculations to see, for example, which
engines have enough power to propel the fully laden aircraft.
The design would be very complicated. I have in mind hundreds of designers
sitting at computer-aided design (CAD) workstations. Everything has to be
designed, right down to the personal light switches although I suppose some
items might be already available 'off the shelf. I begin to think the model is rather
weak here, because a huge amount of activity has to go in this box. Lots of
models would be used such as CAD models; full-size mock-ups of, say, the cabin;
and mathematical models.
The production would take place in a hangar, although many components would
be produced elsewhere. I would expect to test the various components of the
aircraft to make sure it worked properly and was safe. The various models would
have been thoroughly tested during design so I shouldn't learn anything new at
the first test flight!
The distribution would include delivering the aircraft, probably by flying it to the
customer, and commissioning it. This might involve training the new pilots and
maintenance crew.
The operation would involve the carrier flying the plane. It would also involve a
great deal of maintenance, which I don't see on this diagram.
In one sense disposal might refer to the carrier selling on the aircraft to another
carrier, rather like selling a car before it becomes expensive to maintain and while
it still has high value. Ultimately disposal would probably take place at an aircraft
scrap yard.

2 I think aircraft designers probably do have to go back to previous stages. For
example, what happens if the product fails at the design stage (perhaps the
models reveal that the required efficiency cannot be achieved) or at the
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production stage (the components are too expensive)? Then again, it is
presumably 'back to the drawing board' and some earlier stage.
It is not uncommon for machines to fail unexpectedly when they are in operation
(that is, in ways that the models did not predict). For example, sometimes all
aircraft are grounded until some safety device is retrofitted. The redesign of the
faulty feature also means going back in the design process. The new knowledge
might also lead to better modelling and testing procedures.

3 I don't feel the BS 7000 diagram has represented my aircraft design process very
well. It's disappointing to have 'design' as a box without further elaboration. And
the suggestion that one does not 'loop back' is simply not realistic.

Even though it has the 'gold seal' of the British Standards Institution, this model has its
shortcomings. But although one can criticise it, it is not completely wrong or completely
useless. At some level it describes reasonably well the flow of activities in the life of
developing a product. Some parts of the diagram will fit some products better than others.
So, how can the model be improved?
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Figure 21 (a) French's picture of design adapted from French (1985) (b) Pahl and Beitz's
picture of design, adapted from Pahl and Beitz (1996)

French's picture of design (Figure 21a) starts with a need and proceeds sequentially
through formal stages with feedback. French's picture is relatively simple. For example, if
you were building a house you would start with a need (somewhere to live), you would
prepare and analyse a specification (the price, number of rooms, location, etc.), and you
would state the problem to the architect who would come up with some conceptual
designs. You would select those you liked best. It's not clear to me what embodiment of
schemes means in this context, perhaps an integration of the best features of several
schemes and certainly the production of drawings. These drawings would eventually have
to have all the details specified for the builders, and they would be recorded as working
drawings. The drawings are also used to communicate the design from designer to
fabricator.
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An important feature in French's model is the possibility of 'going round the design cycle'.
At almost every stage, the designer must expect to revisit earlier stages to make changes
so that the design 'works' lower down. French's model captures a very important part of
the design process, that it is iterative in the way it cycles round until a satisfactory solution/
scheme is found.

Exercise 3
What is the important feature of design captured by French's model which appears to
be absent from the BS 7000 model?

Answer
French's model includes loops to earlier parts of the design process, allowing the
designer to 'go round the design cycle'.

French's format is elaborated by Pahl and Beitz's picture (Figure 21b), which follows the
same backbone, but adds more labels, more definition, and more feedback. At first sight
this picture is harder to understand than French's.
The Pahl and Beitz model is one of the standard models in the engineering design
literature. This model shows how designs are 'worked up' from loosely defined ideas into
something much more definite as the process proceeds. At the beginning the designer is,
understandably, unsure what the solution will be. As the design proceeds the solution (or
solutions) becomes clearer.
Of course, sometimes the chosen solution path may fail; then it's back to the drawing
board again round one of those loops. This model also allows the designer to go back and
modify decisions made at earlier stages.

Exercise 4
Both French's model and that of Pahl and Beitz assume there is a need or a task to be
fulfilled. Was this the case in the design of the plastic kettle?

Answer
While there was an established need for kettles there was no perceived need for a
plastic kettle. The original, unsuccessful plastic kettle, was someone's new idea. So, in
this respect there was no need or task to be performed.
However, once the company decided they should make a plastic kettle (in this case it
was the idea of the Technical Director), the need for a plastic kettle is established. The
task for the designer was to design one. So in this respect the models are applicable.

SAQ 9
Use the example of designing a five-bedroom house to answer this question.
In your opinion, which of the French model and the Pahl and Beitz model best
represents the design process? To formulate your answer, take a list of the good and
bad points of one model, alongside a list of the good and bad points of the other. Then
weigh up the pros and cons, and give your considered judgement.

Answer
Deciding good and bad points is a very personal thing. Table 2 gives my lists.
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Table 2: Comparison of design models

French Pahl and Beitz

Simple, easy to understand at a glance. Quite complicated, requires studying

I think this scheme would work quite well for
house design.

I think this scheme might work better for
house design

In summary, the procedure is to analyse and
state the problem, sketch out some
conceptual design, select those that look
most promising.

All of this, but in more detail.

I'm not sure what 'embodiment' means for
house-building – we can only do it once, so
this does not seem to fit our problem.

There is more explicit optimisation in this
model. That's important because there will be
many trade-offs in house design.

Certainly the design has to be detailed into a
set of drawings, so that the planning office
can pass it, and the builder can build it.

Again the plans and drawings are discussed
in more detail.

Does not allow the perceived 'Need' to
change through time. Recall the discussion
of design as being a process to find a
problem-solution pair.

Does not allow the perceived 'Task' to
change through time. Recall the discussion
of design as being a process to find a
problem-solution pair

'Needs' often have to be changed in house
building, because the loose starting
specification may have no solution.

Similar remark.

Although I found French's picture simpler and initially easier to understand, I
subsequently found the Pahl and Beitz picture to be more satisfactory because of the
greater detail it gives. But it depends on the purpose. If I were trying explain design to a
lay person I'd probably prefer to start with French's picture. If you preferred French's
picture because of its greater simplicity, that is a perfectly sensible judgement. Better
to have a simple picture that you understand, than have a complex picture which you
cannot understand.

It is interesting to note that by listing good and bad points in my answers to SAQ 9, I have
convinced myself that none of the models we have studied is perfect. This is an important
point. The models exist so that we can try to gain an understanding of how designers
work; any model will either miss some key activity or will not be generally applicable.
There is no single perfect model of design.

3.4 Conclusion: are models useful for practising
designers?
In this section I have:

1 built a simple model of the design process;
2 considered other models of the design process:

the March model
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the BS 7000 model
the French Model
the Pahl–Beitz model.

One conclusion that I have reached in this section is that none of the models proposed is
a perfect description of the design process for even one specialised area of design. Like
all models they capture some aspects of reality, but lose others. Thus the idea of a 'golden
road' to successful design embodied in a single authoritative model seems untenable.
In reality design is undertaken by humans who will reflect continually on the job in hand
and on the best way to achieve the desired result. They will not approach their designing
by adhering rigidly to one particular model.
Despite the artificiality of the models, however, it is true that most industries must have
tight procedures in order to manage the complex and very expensive interaction between
their designers and/or between design teams. Companies may impose procedures based
on formal design models, simply because they have to have some explicit set of
procedures to follow.
Design cannot be managed routinely if it is to result in good outcomes; whatever the
procedures adopted, the success of the resulting designs will be unpredictable. Poor
designs will be routinely produced, and it is better to identify and eliminate them early than
to assume that a 'good' design model will eliminate them.
One thing is certain. Design, as it is currently practised in most industries (including
engineering design), is not an Algorithm. However, it certainly benefits from being well-
organised, and designers benefit from knowing that there are stages in the process which
can be identified.
All the models we have considered had features which corresponded to some design
processes. In my view this makes the models useful. I would even suggest that reflective
practitioners might find them useful for comparing with their own design process. If there
is something in one model which resonates with practice, and something in another model
that resonates with practice, it may be possible to combine these two ideas to give a new,
bespoke, model of the particular design process.

Algorithm
An algorithm is a sequence of well-defined operations that lead to the solution of a
problem.

That definition, though, doesn't quite capture one of the distinguishing features of an
algorithm, which is that the operations used to reach the solution should be specified
as straightforward, unambiguous instructions that can be performed in a routine or
mechanical way. So, for example, a rule for dividing one fraction by another which said,
'Turn the fraction after the ÷ sign upside down, and change the ÷ to ×,' is an algorithm.
On the other hand, a rule which said that a laboratory report should consist of an
introduction, a description of the method, a set of results, a discussion and a
conclusion would not be an algorithm, because simply following those rules would not
generate the report.

The implementation of an algorithm should not require additional creativity or problem-
solving on the part of the person or machine that performs the algorithm. However,
devising the algorithm in the first place is usually a highly creative business. A software
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engineer who writes a computer program uses creative design expertise (and other
skills) in order to create an algorithm that can be performed by a machine.

Thus I am suggesting all these models might be a rich repository of design relationships.
Familiarity with them may enable designers to disassemble them into pieces, which work
'locally', even though the whole does not work. Then the designer may be able to
assemble pieces from the various models, and possibly some pieces they have
discovered for themselves, to create their own models which they feel describe their
individual design process.
I think most designers do have such models so that at any stage they feel comfortable that
they know what they are doing, and why they are doing it in relation to previous and future
activities.
The models you have seen in this section are part of what might be called 'the culture of
design'. Most designers will have encountered aspects of the models, and those
designers who are reflective practitioners will have thought about the relationships
between the parts of the process. To this extent, although we don't think that the models
are perfect, they inform practitioners about the possibilities they may encounter.
In a typical designerly analysis, we come to the conclusion that the models have some
useful features for designers, but they cannot be blueprints for the design process. Our
conclusion is that the models are neither useless nor essential.
Having described the models, I now want to examine, in Sections 4 and 5 some important
aspects of the process which appear in all of the models, that is, conceptual design and
the route from concept to prototype.

4 Conceptual design

4.1 Establishing the design space
We might also come across this process of defining the design space in other fields such
as laying out a page on a word processor, designing our garden, or planning to redecorate
a room. This is not really designing in the sense of the plastic kettle I discussed in
Section 2. There is a difference in complexity between the designing we do in our daily
lives and the activities undertaken by professional designers. This section takes a closer
look at this complexity and begins to unravel the design activities which are crudely
represented in the models of design discussed in Section 3.
There are experts in all of the various different design fields, and for many people
designing is their profession and their livelihood. These experts will be people who

l have specialist knowledge;
l are likely to be familiar with the types of problems which can arise in that area;
l have a competence with making and using the types of models used in that field;
l may have a wide range of contacts to assist their work.
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When your own designing becomes too complicated you might have found yourself
calling in an expert: for example, using an architect to help you achieve a new extension
to your house. He or she may be able to assist you with the concept designs or to identify
the function restrictions encapsulated in the building regulations.
In the concept or conceptual stage of design, the emphasis for the designer or design
team is on defining the appropriate solution space which best matches the known problem
space. Of course, as we have seen, achieving this is not easy for a number of reasons.
Firstly the problem may not be well defined. Secondly the act of generating solutions can
allow us to reconfigure the problem. A spiral of development is created where defining a
new boundary to the problem space facilitates even more new ideas in the solution space
which further tests the problem space.
In order to find the appropriate design space, designers usually have to go through
iterations of generating ideas and testing them against the known problem. This may
result in changes to the formal statement of the requirement (the product design
specification) and/or changes to the proposal. At the concept stage there can be huge
variations in the specification and in the types of proposal offered but the objective will
always be to do two things. Firstly at the concept stage designers seek to improve the
specification so that it more accurately represents what is actually required. Secondly
designers seek to offer a range of ideas which meet, as well as possible, the developing
design specification. So concept designing has the tricky function of offering creative
interpretations to an emerging problem. To help with this dual activity, designers use a
wide range of modelling skills in addition to their knowledge and experience.
I shall develop my discussion of conceptual design, and particularly this notion of solution
space, using two examples: the design of the hull of a sailing boat and the development of
human-powered flight.

4.2 Conceptual design in sailing boat hulls
Hull shapes for sailing boats typically fall into the three types shown in Figure 22. The 'fin
and skeg' design is typical of modern mass-produced yachts and small dinghies. The
long-keel design is typical of working boats designed to be handled by a small crew.
These two forms represent extremes of stability and performance. The dish shaped hull of
the fin-and-skeg will skate on the sea's surface and turn quickly, whereas the long-keel
yacht will be stable in a rough sea and manoeuvre slowly enough for a small crew to have
time to handle sails and ropes. The compromise design is typical of a 1950s yacht. It has
better turning performance than the long-keel design and more stability than the fin-and-
skeg design.
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Figure 22 Three forms of sailing boat hull

Many large, modern sailing boats, designed and made for both cruising and racing, have
the same overall form as small dinghies. These dinghy shapes are cheap to manufacture,
lively, quick, and none too comfortable. You might imagine that they are advertised for
speed rather than ease and cheapness of manufacture.
The sketch of three hull forms shows no superstructure (cabins etc.) on the hulls. Clearly
somewhere must be provided for the crew to eat and sleep, for storage of sails and
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equipment etc. Depending on the design of the hull of the yacht, there will be different
available solution spaces.
There is a clear compromise between sailing performance and interior space that a
designer must consider. Anyone sailing on the boat will need to have headroom. This can
be achieved either by building up from the deck level of the keel – which introduces
surfaces that are exposed to the wind and affects the sailing properties – or by situating
the living space inside the keel itself. If a fin-and-skeg design is chosen the only way to
provide headroom is to build upwards, whereas a long-keel design can provide headroom
inside the hull. Whether the headroom that is required is for standing or sitting extends the
problem. A large, high cabin to maximise the interior space and carry people in well-lit
comfort is a common design solution for modern pleasure yachts that are unlikely to be
used in difficult conditions.
Consider now, how space might be subdivided in the two extremes of fin-and-skeg design
and long-keel design. A decision tree can be created to show the different design
solutions, Figure 23. (Note that for simplicity the fin-and-skeg design is shown simply as a
finned keel.)
The design decisions concerning how space is apportioned as the design progresses are
shown as a hierarchy. Clearly, the choice between a shallow hull with a fin keel and a deep
hull with a long keel is a high-level decision that imposes significant constraints on the
decisions that follow. The next choice, between a low and a high cabin, on the fin–keel
branch of the tree, will lead to very different designs of yacht. The long cockpit, for easy
sail handling, naturally goes with a low cabin, for reduced wind resistance, on a racing
design. Going for the high-cabin option creates a design where interior accommodation is
more important than performance, and a shorter cockpit gives more length in the cabin to
split up the space between cooking facilities, lavatories and bunks. It is unlikely that the
buyer of a high-cabin boat will want a large cockpit. The low cabin design will give interior
space for a sitting person, but not for a standing or a stooping person.
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Figure 23 A decision tree of yacht designs

With a long-keel design (top left of Figure 23), the extra depth in the hull means that a high
superstructure is not required, so the first decision shown is a choice between a high (and
therefore wide) floor, giving sitting room, and a low floor, giving standing room. The
compromise here is to accept sitting room as a price worth paying for a large floor area
that gives more freedom to arrange tables, beds, sinks, lockers and chairs in different
ways.
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A variable more significant in the high-floor design is the width of the cabin superstructure.
A wide cabin gives narrow side decks that inhibit working above deck but might give more
headroom inside the yacht. A design where a person can sit underneath a side deck gives
a very different use of space than a design where sitting is only possible under the cabin
roof.
A further branching of the tree is shown on the basis of a decision about the length of the
cockpit and how the room underneath the cockpit floor is used. Shown are two design
solutions that show sitting and lying room underneath. Clearly another solution is to have
no interior space under the cockpit floor, but to use it all for lockers accessible from the
outside. These might be used to store sails and rope.
From this decision tree it can be seen that the design choices about geometry are
connected and hierarchical. Also the choices can be made from their implications on the
performance of the yacht, without having to model the detail of the aerodynamic and
hydrodynamic principles which govern the yacht's performance.
The route taken through this maze of interlinked decisions can lead to yachts of very
different types and functionalities.

SAQ 10
How does the initial choice of fin-and-skeg or long-keel design for the hull influence the
provision of a superstructure for accommodation?

Answer
The long-keel design has more available space within the keel, so it is not necessary to
build as large a superstructure on the deck. For equal available space, a fin-and-skeg
design requires more superstructure to be built above the level of the deck.

In the next section, two different design solution spaces are going to be evaluated with the
help of some simple formulae.

4.3 Conceptual design for human powered flight: a
comparison of two design spaces
It is possible to become fixed in one particular design solution space and not realise the
potential of alternative approaches. Figure 24 shows Puffin, a human-powered aircraft
produced by a design team from Hawker Siddeley at Hatfield that was led by an
aerodynamicist. The team produced an aerodynamical solution by subordinating all
design decisions to the imperative of a clean airflow over the plane, with no bits sticking
out in the wind to cause undesirable drag. The aim of the design team was therefore to
extract as much lift as possible from the wings, by having the design as aerodynamically
perfect as possible (see Aerodynamics). The team even mounted the propeller at the
back, so that it would not create any turbulence in the airflow over the wings. The design
was made of wood; you can see the detail of the ribs that produce the wing shape and the
beam structure inside the wing.
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Figure 24 The Puffin human-powered aeroplane

Puffin was built to win the first Kremer prize for human-powered flight. The requirement for
winning this prize was to fly a figure-of-eight course around two pylons half a mile apart,
with a minimum height of 10 feet at start and finish, using human power alone. The whole
of the historical experience of the aircraft industry was available for the designers to draw
upon, and it was believed after Puffin's first flight – 1961 – that the prize would soon
be won.
Puffin flew well enough in a straight line but did not turn easily and was a nightmare to
repair after crashing.
However, a similar approach was taken by all the UK attempts to win this prize. Figure 26
shows the Jupiter, designed by Mr Chris Roper and flown by Flt. Lt. John Potter RAF
in 1972. The concept and the wingspan was similar. Jupiter flew a slightly further distance
in a straight line, (1171 yards), but was more difficult to turn than Puffin, and no easier to
repair.

Aerodynamics
An aircraft generates lift – the force which raises it from the ground – from the shape of
its wing. A wing shape is shown in Figure 25. This shape is known as an aerofoil.

Because of the shape of the wing, air flowing past it, as the aircraft moves forward, has
to travel further around the top of the wing than along the bottom. It flows faster along
the top edge of the wing. This faster flow reduces the pressure at the top, and the
pressure difference between the top and bottom of the wing generates the lift. There is
a high pressure at the base of the wing pushing against the lower pressure at the upper
surface.

Once the force from the lift is greater than the weight of the aircraft, the aircraft can
take off.
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Figure 25 An aerofoil

Figure 26 Jupiter human-powered aeroplane

So, what were the technical issues and why wasn't the design solution effective?
The continuous power available from a fit cyclist is no more than about 400 W, and losses
in the transmission and propeller efficiency reduce this to about 250 W. This is not much –
about enough to power a couple of powerful lightbulbs.
Aerodynamics tells us that the power, P, needed to fly a plane is:
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Aerodynamics Equation

where M is the total mass of the plane (and pilot) and S is the cross-sectional area of the
wing. C is a number within which is wrapped up the basic aerodynamics relating to flight.
To keep the power low this equation tells us to build a light plane with a large wing area:
two contradictory requirements. A larger wing will mean more weight.
Once the aerodynamic imperative is accepted, that is C is to be kept small, then the
structure that is required to keep a large wing strong enough and stiff enough has to fit
inside the wing's aerofoil section. The wing spar acts as a beam in bending. The shape
can't be varied much, so the main possibility for design choice lies in materials selection.
Steel can't be used because it is too dense; wood is a good, cheap, craft choice. As the
wing span of designs increased, exotic materials such as carbon fibre were also used.
The wing spans became so large that the wings touched the ground under their own
weight until the plane was moving and the wing began to generate lift.
The designs that concentrated on aerodynamics achieved the distance required to win the
prize but none of them turned corners at all well. The problem was that the planes flew
very close to the ground because climbing would require more power, and the lift from a
wing close to the ground is higher than that at altitude due to the 'ground effect' (an
enhancement to the aerodynamic lift caused by flying close to the ground). However,
flying close to the ground poses a problem for an aircraft with limited power. Normally a
plane banks (tilts to one side) in order to turn efficiently, but these long wings close to the
ground could not bank without driving the inner wing tip into the ground, and there was not
enough power available from the pilot to climb in order to gain airspace for manoeuvring.
Turning with the wing level is aerodynamically inefficient and the inner wing loses a lot of
lift because it is moving relatively slowly through the air.
It required an innovation to break out of this aerodynamic solution space which had not
achieved the desired result. This was provided by Paul MacCreadey's Gossamer Condor,
Figure 27.
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Figure 27 Gossamer Condor human powered aeroplane

We can view this design as occupying a structural, rather than aerodynamic, design
space because the design almost ignores the aerodynamic imperative of a low C. A
structure designed for minimum mass M looks totally different. This structural design
works more like a boat's mast than a beam, with wires in tension and a rod in
compression.
The resulting structure was stiff, strong and light and, at the low flying speeds of the plane,
the aerodynamic drag carried insufficient penalty to prevent this design winning the
Kremer prize of £50 000 in 1977 at an average flying speed of 13 mph.
There was a good deal of pragmatism in the design. The wingspan was 96 feet 'because
the aluminium tube came in 12 foot lengths from the local store' and Condor's mass was
32 kg (70 lb), which was half that of Puffin with its 93 ft wingspan. There were not a great
many formers used to keep the aerofoil shape true along the wing, so when the plane
crashed it could be patched up quickly.
According to Paul MacCready, the wing spar broke in flight on only two occasions. On one
occasion the damage was caused by turbulence from the wake of a nearby crop-spraying
aeroplane. Even with half its wing gone, the Condor flew surprisingly well and was able to
land gently. Thanks to the wire bracing, the wing did not fall apart at once.
However, the greatest advantage was that the tension wires, which were so structurally
important, could be used to twist the wing when the aircraft manoeuvred. The altered
angle of attack along the wing evened out the lift when one wingtip was moving through
the air much faster than the other wingtip. So, the plane turned level without too much loss
of efficiency. This technique was known in the First World War as wing warping, so the
Condor designer could not claim absolute originality, but it was certainly innovative in the
context of human-powered flight.

4 Conceptual design

54 of 125 http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/
design/design/content-section-0?utm_source=openlearnutm_campaign=olutm_medium=ebook

Friday 9 November 2018

http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook
http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook


Figure 28 Gossamer Albatross. The first human-powered aircraft to cross the English
Channel

A further prize of £100,000 was offered by the Man-Powered Flight subcommittee of the
Royal Aeronautical Society for the first human-powered flight across the English Channel
to France. MacCready returned in 1979 and landed that prize with Gossamer Albatross
(Figure 28). The aircraft was flown by a racing cyclist, who flew it across the 38 km in 169
minutes, despite an unexpected headwind.

Exercise 5
What was the average speed of Albatross in

1 kilometres per hour,
2 metres per second?

Answer
(a) In kilometres per hour, the average speed is:

Equation

(b) In metres per second, the average speed is:
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Equation

The second Gossamer design was a logical development of the first, with some different
materials and a few advertising posters.
Why was Condor so successful? Intuitively, one would think that the best solution would
be the one which is aerodynamically best, rather than the one which is most structurally
sound.
Using the equation I gave earlier, we can perform a rough calculation to compare the
designs of Puffin and Condor.
What we know is:

Puffin had a mass of 63.5 kg and a wing area of 36 m2.
Condor had a mass of 34 kg, a wing area of 75 m2 and a pilot mass of 61 kg.

First we notice the success of the structural design solution. Condor has twice the wing
area for half the mass. Admittedly the Condor wing is less efficient, but that may be a price
worth paying. Let's assume that the same pilot flies both machines (interestingly the
aerodynamic designs such as the Puffin were flown by experienced pilots, whereas
MacCready chose a racing cyclist). Thus the pilot will be assumed to have a mass of 61
kg in both cases.

Exercise 6
For each of Puffin and Condor, use the formula given above to calculate the power
required for them to fly. You will not know C in either case, so just produce a formula of
the form, for example

Equation

where x is the value of M 3/2/√ S for, in this case, Puffin.

Answer
For Puffin:
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Equation

First we need to calculate the value of x.

Equation

where
M=the total mass of the plane and the pilot in kg;
S=the cross-sectional area of the wing.
For Puffin:

Equation

Inserting these values into the formula for x gives:
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Equation

which can be rewritten as

Equation

Since
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Equation

For Condor:

Equation

Calculating x

Equation

Since

Equation

If the two planes are aerodynamic equals, then C will be the same for both. They are not,
but aerodynamic improvements at low flying speeds tend to be small percentages so
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there will not be an enormous difference. The answer from Exercise 6 shows that, if C is
similar for each plane, Puffin needs twice the power to fly than Condor. Improvements to
the aerodynamics could not generate the extra lift needed to overcome this barrier.

4.4 Conclusion: the importance of concept
In this section we have looked at how the generation of an initial concept can dominate
the design decisions which are made thereafter. The amount of space available in a boat
is dependent on the keel shape; the decision to try for aerodynamic perfection in an
aircraft may increase the power required to fly it.
The process of generating concepts is important for two reasons.
First, it helps to define the design space (that is, the 'problem space' and the 'solution
space') which may be returned to and re-examined via various iterations in the process.
All details are not defined; there is still room for variation, decision and choice. This
freedom identifies the design space. Of course this freedom is limited and concept design
has defined the limits of this freedom at subsequent stages in design.
Second, in any practical situation it is ultimately very important to get the concept 'right'.
Remember we are limited at future stages by the concept chosen. This is sometimes
encapsulated in a piece of design 'wisdom' that says 70–80 per cent of product costs are
determined at the concept stage. This is not to say that generating concepts costs a lot in
time and money, but that as the design progresses to manufacture and market there is
little that can be done to influence the costs incurred. Hence the importance of reducing
weak ideas early in the process.

SAQ 11

1 In Section 1 I discussed various types of model, such as scale drawings, three
dimensional models, and so on. How do such models assist in the definition of the
'design space'?

2 What type of models might be used in the conceptual design of sailing boat hulls?
(Think in terms both of the form of the hull and the overall performance of the
boat.)

Answer

1 Models assist the definition of the problem and they provide tangible ways of
communicating and testing possible solutions.

2 In the example of sailing boat hulls there are a number of models, in the form of
accepted types of hull design, which have proved themselves over many years.
The designer doesn't have to start with a blank sheet of paper. Where the
designer intends to use conventional materials then the problems are well known
and the designer can move on to models which assist the testing of ideas.
However, where new materials or processes are involved (such as the
introduction of steel or new polymers for hulls) then mathematical models may
need to be used to explore the material properties – especially if they have not
been used in hull construction before.
You would probably still find quite a bit of sketch modelling also going on.
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Computers are now used extensively to model variant designs based on the basic
principles presented in Figure 23. They can provide a capability for mathematical
modelling (e.g. buoyancy testing, material weight and efficiency in the water) as
well as providing images for visual evaluation and marketing.
Testing with scale models is rarely undertaken these days – they may be nice to
look at but they are just not accurate enough to provide the information required
for design. Sea-testing a prototype hull may also be considered part of the
modelling process.

In the following sections, I'm going to look at examples of how an initial concept can be
carried through to manufacture, via a prototype.

5 Concept to prototype

5.1 A process of focusing
In the last section I examined one part of the design process in detail: the generation of
concept. Towards the end of this stage, ideas for a design are given some detail.
However, they are still not far enough advanced to be made as a prototype, nor can they
undergo rigorous testing. They are still ideas. They will most likely take the form of two-
dimensional models such as sketches, renderings or outline plans but they may also be
manifest in three-dimensional rough models: usually scale models, but perhaps also full-
size models where feasible. In some situations the concept designs will be available as
digital models in a computer.
Many features, although not developed in detail, should work in principle. This 'in principle'
is a little misleading since it contains several aspects. One aspect is theory, which
indicates by rough calculations, possibilities, sizes, shapes and materials. Another aspect
is experience; something that has worked well before in similar circumstances should
work again.
As we saw in the last section, the process of generating concept is important. It helps to
define the design space. Once we get the problem space and the solution space
accurately mapped we are less likely to come up with a weak or unworkable design.
However, we should not be carried away with the importance of concept. Designs are
ultimately used. The concepts have to be turned into useful things. The generation of
concept has helped to focus on a particular type of design; perhaps the hull shape for a
boat. We now need to look at the ways that the details are completed so that we can
define exactly what our design is. It can then be manufactured and tested.

5.2 Down to the detail
A little later I will describe an example of a product undergoing this process of defining the
detail where you can follow the decisions that are made. First I will give some general
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examples to give a feel for the range of design activities used in transforming concept into
prototype.
First think of a jet engine used in a commercial aeroplane. There are three major
designers and manufacturers of these in the world: Rolls-Royce, General Electric, and
Pratt and Whitney. All three are trying to apply new science and engineering to making
engines that are more powerful, more efficient and quieter. Figures 29 and 30 show a jet
engine to give you some idea of the scale and complexity of this product.
A design team will have made decisions on materials, configuration of inlets, blades,
burners and exhaust, temperature of operation, size, and power output.

Figure 29 Cut-away of a Rolls-Royce Trent 600 engine
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Figure 30 Rolls-Royce Trent engine

Some of these will be determined by specific needs in the industry tied to the operating
conditions, types of aircraft, payload and range. At this stage there are many ideas
incorporated into a concept. For example, a particular material may be chosen but there
may still be uncertainties as to how it is to be manufactured in the shapes and surface
finishes required. To run the jet at a high combustion temperature may require cooling
channels in the blades. Maybe this has been done successfully before but perhaps not at
the temperature needed for a new jet. The loads on bearings for all flight conditions may
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not be known accurately, but based on experience and preliminary calculations the design
team will have defined a range of sizes and shapes.
There still is considerable design work to complete in defining (i) shapes and surfaces, (ii)
geometry and configuration of cooling channels so that they can be produced without
weakening the blades and (iii) specifying bearings (probably for detail design and
manufacture by a third party supplier). There are many possibilities for each of these
which need exploring. Models which use mathematics, computers and practical testing
are used to determine the performance of different possible details for the designs.
Think of a new car. A concept design for a new model will cover areas such as shape and
initial styling (see Figures 4 and 6), and engine configuration, suspension and
transmission. The types of these may be suggested, but not in any detail. There is still
major design effort needed to transform a body style into a pressed and welded bodyshell;
to specify the gears, bearings and shafts in the gearbox for the operational loads; to
specify engine components for performance, efficiency and cost.

Exercise 7
Suggest three reasons why defining the details of a design can take a long time and
considerable effort.

Answer
My suggestions are:

1 There are likely to be many choices for the details.
2 Constructing models (probably computer models) of the design and studying the

behaviour of the models is likely to be time consuming.
3 Testing and evaluating possible designs to find a best or a satisfactory solution is

laborious. Note that finding a best design is very difficult and time consuming in
complex problems. The costs in time and money of small improvements in
performance can be large when we are close to a good solution.

It is at this stage between concept and prototype that models of designs are widely used.
Designers need to predict the performance of possible designs without building a
complete prototype at large cost: a prototype of a vacuum cleaner may be economically
feasible, but a prototype of a jet engine is less so. The predictions will not always be
entirely accurate because as we have seen, models are always incomplete in some
respects. The models do not include all the factors which influence the design when in
use. However, they are a help and guide in progressing through this stage of design. The
models help designers to make choices among possibilities in the design space.
Sometimes this part of the process of design is seen as rather routine. The excitements of
looking at new concepts or the building and of testing of prototypes are real and tangible.
However, there is substantial scope for creativity. Just because the concept stage has
defined limits on possible designs does not mean that this part of design is boring and
mechanical. Making good decisions in developing detail depends on understanding the
close relationships among different parts and features of a design. Balance, compromise
and judgement are needed. This is equally creative as the grand schemes and broad
brush at the concept stage.
So in trying to define the details of a design we might try many possibilities. Some parts of
the design may be right and others wrong. As a result of putting right one part, another

5 Concept to prototype

64 of 125 http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/
design/design/content-section-0?utm_source=openlearnutm_campaign=olutm_medium=ebook

Friday 9 November 2018

http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook
http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook


part may go wrong. Designers try and learn from this exploration of design possibilities
and 'home in' on a good design.
In order to look at design possibilities at the concept-to-prototype stage of design, you
might like to look at a game, The detail design game. This is not real design of product (we
will examine a real product later) but it is an illustration of some of the ways of thinking that
designers use.

The detail design game
Suppose a design is to be made which consists of three modules, and within each
module there are several components. Each component is a simple rectangular unit.
Within modules, the components are connected end-to-side as shown in Figure 31.

Figure 31 The allowable connection: end of one component connects to the side of
another

Connections between components within modules can only be end-to-side. There
should be no accidental edge-to-edge connections between components in any other
way. For example, the connections between components shown in Figure 32 are not
allowed inside a module. We must make sure that these 'invalid' connections do not
accidentally arise whilst making valid connections.
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Figure 32 Invalid connections between components

Connections between modules, however, are made by connecting components inside
the modules side-to-side, as in Figure 33. There must be no accidental connections
between modules in any other way.

Figure 33 Connecting components between modules

Suppose that a conceptual design has determined that three modules are needed to
be connected in a row. There must be one component in the top left corner and one in
the bottom right (this might be for connecting this group of modules to another group).
Figure 34 shows this arrangement.
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Figure 34 Starting point from the conceptual design

We might start in module A as shown in Figure 35. This has three components inside
the module. Note that each module does not need to be entirely filled with components.
(You might ask at this stage whether there are any other ways to connect components
in Module A.)
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Figure 35 Three components in Module A

To connect Module B you need to add the first component in Module B along the long
edge of the third component in Module A, as in Figure 36.
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Figure 36 Adding Module B

The design problem is to connect components in each module and connect modules
according to the allowable connections. There are potentially many solutions.

SAQ 12

1 Try to find one solution to the game by sketching layouts of components on
Figure 34. The aim is not to find the best solution but to reflect on how you
obtained a solution.

2 Reflect on how you arrived at your solution. How did you go about solving the
problem?

Answer

1 There are many solutions!
2 Perhaps you might have used the following:

1 Look at failures and avoid similar layouts of connection.
2 Look ahead in your 'mind's eye' to connections in the next module.
3 Make a modification to a failure.

5.3 Design and innovation 2: the 'Res-Q-Rail'
stretcher
One of the difficulties with designing is that it is almost always complex. There are
contexts, which impose particular constraints on parts of the design and their connections.
To describe a design case study, especially for the core stage between concept and
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prototype, it is necessary to be quite clear about the context in which the design takes
place, the stage of definition the design has reached, and finally any requirements of the
users and clients which are relevant.
I will describe here a design for a device which is used to transport equipment and
casualties to and from the site of railway accidents. A particular difficulty with railways is
that they pass through remote areas, with no alternative means of overland access. Fire
and ambulance emergency services when called to the scene of an accident may only be
able to gain access to the track a mile or so away. These emergency services require a
lightweight, portable and compact trolley to take heavy breathing apparatus and cutting
equipment to the scene. Casualties on stretchers then need to be transported to waiting
ambulances.
This design started life as a requirement from the emergency services in Northumberland
where the railway line to Scotland is inaccessible for long distances. Figure 37 shows an
emergency rescue team carrying a stretcher alongside a track in a simulated training
accident. Note that six people are needed and progress is hazardous.

Figure 37 Carrying a stretcher beside a railway track in a simulated training accident. Four
people are needed to carry one stretcher plus two to attend to the casualty

The concept of the 'stretcher carrier', as it was called initially, had five modules. These are
shown in Figure 38. They consist of:

two cross pieces (front and back), with wheels, for stretchers to rest on;
two detachable side pieces joining the front and back;
a canvas sling between the two sides.

This modular construction allowed the stretcher carrier to be stored compactly,
transported to the site easily and assembled quickly.
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Figure 38 Stretcher carrier – concept

This concept was developed to a prototype in 1994 by designer Rob Davidson. It is
patented and in production. The annotated drawing in Figure 39 shows the detailed
features in the final design. The annotations explain the reasons for the features
introduced when developing the concept.

Figure 39 Stretcher carrier – the concept developed

A prototype was built according to the developed concept and tested. Figures 40 and 41
show tests of the final production stretcher carrier now called 'Res-Q-Rail'. Figure 40
shows tests carrying stretchers and Figure 41 shows tests carrying equipment and
people.
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Figure 40 The Res-Q-Rail in operation

Figure 41 The Res-Q-Rail in operation
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I wish to draw your attention to two things. First, the design of the front and back modules
uses an aluminium beam fabricated by bending thick sheet. This is strong and lightweight.
Second, the wheels are plastic for light weight and low friction. However, nylon, often a
good choice where lightness and low friction are needed, is not used. Nylon expands
when wet, which might cause the wheels to jam.
The first point – the use of folded aluminium sheet – represents a general design principle
of making strong things cheaply, from simple materials. The second point – concerning
the material for the wheels – illustrates a specific piece of technical knowledge. There are,
of course, a multitude of such guides and constraints on getting to the prototype in this
example.
Aluminium was the preferred material as it is both corrosion resistant and lightweight.
However, for the carrier, rather than a rigid, flat surface, a sling design is used. This is light
and flexible for packing, has a natural dip to hold equipment, and is easily assembled by
inserting the side tubes.
After a prototype had been developed, the design was further refined and put into
production. However, as with many designs this was not the end of product development.
In use, fortunately in training rather than at accidents, a number of new requirements
emerged. One was that it was important to keep the carrier stationary, and thus a brake
was requested by customers.
Brake concepts were examined by the designer, who decided on a lever design operating
by friction onto the track. The key requirement was to transform the vertical motion of a
lever (like a car handbrake) to the sides of the carrier and then onto the track. Remember
that the wheels are plastic for lightness and corrosion resistance so that it was not feasible
to brake onto the wheels as plastics may be easily deformed.
The overall concept of the brake is outlined in Figure 42. The up/down rotation of the
brake handle is transferred through a mechanism M to rods L1and L2. These rods act to
pull the brake pads P off the track by means of another mechanism N. The 'natural'
position of the brake handle is on. Positive action (pulling the brake handle up against a
spring) is required to pull the brake pads away from contact with the rails. Thus the brake
is conceived quite differently from a car handbrake which requires effort to apply the
brake. In this case the effort is needed to take off the brake.
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Figure 42 Outline concept for stretcher carrier brake. H is the handle. Pulling up H raises
brake pad P against a spring. Releasing H causes P to spring down against rail.
Mechanism M converts up/down motion of H to side-to-side movement of L1and L2into up/
(L1and L2are link rods). Mechanism N converts motion of links L1and L2down motion of
pad P

We will look at one part of this design, namely the mechanism M for converting up/down
motion of the brake handle into side-to-side movements of links L1and L2. The spring
loading of the brake will be incorporated in the mechanism N. We will only be concerned
with the brake handle mechanism M.
The question now is how to realise the concept shown in Figure 42, particularly the
mechanism M. Figure 43 shows a sequence of developments for the mechanism M using
sketches made by the designer whilst in the process of designing. There are several
possible developments, including gears, that were considered by the designer, but we will
concentrate on just one of these. This was the preferred route adopted by the designer.
Six stages are shown down the left of Figure 43 as a sequence of sketches and drawings
made during the design. The first five stages are rough sketches made by the designer
and the last stage is a computer aided design model of the detailed design. On the right of
Figure 43 are two further sketches relating to the design sequence on the left. Note that
these are not enlargements, but further refinements of the design.
Notes are included in each stage indicating how the designer was thinking. Do not be
concerned if you cannot read them. These are notes transcribed directly from the
designer to show the design 'in progress'. As these are the designer's sketches and notes
there are many things that are not being explained. I use this series of sketches to reveal
something about the process used rather than for you to have to achieve a detailed
understanding of how the brake works. There are several engineering 'judgements' made
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about tolerances and deformations which are needed to make a design like this work. The
designer will only discover whether these are right when prototypes are tested.
Figure 43a shows the brake handle in two possible locations – either pointing forwards or
backwards. We may want someone to operate the brake from on the carrier (when
transferring equipment and people to the accident scene) or from a position off the carrier
(when transporting casualties away from the scene).

Figure 43 Stretcher carrier brake – concept to detail design. From the designer's sketches
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The handle is detachable so that it can be inserted into mechanism M in either the forward
or the backward position. The sketch shows a mechanism with two handles, that is with
one in the forward and one in the backward position. Remember that only one handle is
used at a time.
Look at Figure 43b, the second sketch in the sequence with its companion drawing and
annotations. A 'bell crank' is attached to the handle. This crank is pivoted on a fixed frame
which will be attached firmly to the front or back cross piece. The fixed frame will probably
be in a unit containing the mechanism. This will be attached to the cross members of the
stretcher carrier which run between the wheels. The end of the bell crank then moves
backwards or forwards in slots in a rotating 'peg crank'. The rotation then pulls the rods
which operate the brake on the track. We are not going to deal with how the brake is
brought down on the track. We have quite enough complexity just getting this bit of the
design sorted out. Note that the next sketch, Figure 43c, shows a cable operated solution
which was not developed further.
The sketch in Figure 43d is getting close to the final design. All the essential elements are
present. Look at the associated drawing. There is a frame for the mechanism which is to
be fixed to the stretcher carrier, probably on one of the cross members. There are also two
pivots on this frame, one for the brake handle and one for the crank. Compare the two
designs in Figures 43b and Figure 43d. They are very different.
The final design is not a sketch. It is an accurate computer-generated picture. At the time
of writing (autumn, 2000) this is a current 'live' design and a prototype has not been built
or tested. Many details still remain, such as a ratchet to keep the brake handle up, the
mechanism for raising the pad and spring loading the brake.
The sequence of possible developments of concept in Figure 43 follow a kind of design
logic. Changes and transformations of the design do not occur randomly. At each stage
the designer considers the current design, looks for opportunities to develop it, perhaps by
changing a shape, combining separate components into one, or adding a new feature to
meet user requirements. However, the designer is constrained. The design must be easily
manufactured and must be very robust (the design will be treated roughly by people in a
hurry in difficult conditions).
This is a typical design problem in the engineering industry. There is no space science
here. This is an example of designers being creative in meeting a need. It is not a
mundane problem. It needs creativity, thought, logic and intelligence to bring such a
product to market. We have examined an example which at the time of writing has not
been tested. This is intentional, in order for you to catch a glimpse of the middle of the
design process without the benefit of hindsight which tends to sanitise the design process
as a smooth and 'logical' progression from need to concept and prototype. In reality the
process is messy and creative as people try to come to terms with a problem and
possibilities for its solution. Designing is a complex process, there are guesses, blind
alleys, failures and successes. This characterises all stages of design.

SAQ 13
There are many design failures in the things we use every day. We notice these more
than the easy-to-use, naturally pleasurable products of good design.

1 Identify a simple product or part of a product you think is poorly designed.
2 Describe the poor design and give an initial suggestion or concept for

improvement. This is not an easy question. Just try and think through the steps. I
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want you to realise how difficult these questions are and recognise that designing
is hard! Do not worry if you cannot complete the answer.

Answer

1 (a) Perhaps uncomfortable seats in our car, awkward adjustment and securing of
the straps on a bicycle helmet, packaging that is difficult to open, difficult access
to buildings and many more.

2 (b) For the bicycle helmet the adjustment needs to be secure since the helmet
must stay in place. Further difficulty may arise from two loose ends requiring two-
handed operation. Perhaps fix one end of securing clip to helmet and incorporate
adjustment here?

What SAQ 13 should indicate to you is that problems and poor design do not always stand
out clearly. We all get accustomed to using designs which are far from ideal. We all adapt.
We have to think about possible solutions to realise the extent of design shortcomings. In
a curious sense design-minded people are evaluating all the time; they are continually
exploring what might be. Good designers see new (and possibly better) ways; poor
designers put up with old ways. So you could say that all design is innovation. I will come
back to this theme towards the end of the course.
The next stage of design takes a prototype, probably a rather rushed and incomplete
affair, and submits it to testing so that its performance can be evaluated. As a result
modifications are made and the final design delivered to market. This is the subject of the
next section, which describes a case study of taking a design to market.

6 Design and innovation 3: the Brompton
folding bicycle

6.1 Reprise: concept to prototype to production
Go to buy any functional product, and you will almost certainly be presented with a range
of different designs. Some of the differences will just be in the styling, but there may also
be real differences in function or quality, which may be reflected in the price. Different
design concepts lead to competing products with particular sets of advantages and
disadvantages. Moving from concept to production depends critically on the industrial and
social context. An idea for a new product, or a modification to an existing design, requires
both human effort and financial input if it is to come to fruition.
Part of the design process is the development of prototypes. A prototype is a 'test' version
of the product, and may have different functions depending on when it is constructed
during the design cycle. If the product is simply having a change to its styling, the
prototype will be important in establishing the 'look' which will be attractive to consumers.
If a new piece of technology is being used to improve a product, the job of the prototype
may be more technical: to ensure that the product's performance is up to scratch.
Prototype development may be one of the most costly and time-consuming stages of
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finalizing the design; it may involve extensive market research, or prolonged laboratory
and consumer testing.
If the design life cycle is shortened, to hasten the arrival of the new product in the
marketplace, the risk of failure goes up. More designs for a product arriving faster on the
shelves is good for consumers, who will revel in the choice, but not good for employers or
employees who are staking money and jobs on success!
As an example, James Dyson is on the record as saying that the design of his cyclone
vacuum cleaner came about after the making of 5000 prototypes.
The third case study I have chosen to continue the design story is an accessible example
that allows me to look at some engineering specifics: it is the design and successful
production of a folding bicycle. At the end of the study I shall consider the general lessons
and issues that arise from the study. However, remember that most designs fall by the
wayside, so its success makes it atypical.

6.2 Bicycle origami
Andrew Ritchie started designing a folding bicycle in 1975, stimulated by the Bickerton
folding bicycle design. The Bickerton (Figure 44) is made from aluminium, and is hinged at
the chainwheel bracket. (The chainwheel is the toothed wheel driven by the pedals.) This
means that the chain and chainwheel are on the outside when the bicycle is folded, and
the two wheels come together.
In essence, Ritchie was inspired by the thought that he could do better. His two major
criticisms were that the bicycle didn't fold well because the chainwheel, the muckiest part
of a bicycle, was prominent; and that he did not think that aluminium was the best material
for a folding bike:

Aluminium is too soft for a folding bicycle, it just doesn't stand up to the knocks,
the everyday wear and tear.

Ritchie (1999)

Figure 44 The Bickerton, a source of inspiration

The first criticism is easy to accept, but his view on aluminium is not at all obvious. After
all, many bicycles are made from aluminium, which is a light, corrosion-resistant material,
seemingly ideal for a portable bicycle. If it is good enough for top-of-the-range cars like the
Aston Martin V12 Vanquish, why not for a bicycle also? Remember that its corrosion
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resistance and low weight made it a good choice for the Res-Q-Rail. I shall return to this
issue later.
In an existing firm, say a bicycle company, an idea for a new product such as this would
include other people in critical roles. Perhaps market researchers, involving bicycle users,
to estimate the size of the potential market and the interaction between designers with
technical expertise in, say, production and structures. Cost would play a large part in the
discussions, as would risk and the effect of the project on existing products and
commitments.
An independent designer can often find it difficult to get a sympathetic hearing when they
take their ideas to established manufacturers. They face the 'not invented here'
syndrome, which suggests that companies put their faith in their own in-house ideas but
cannot see the potential in ideas from outside. Alternatively, they see potential legal and
economic problems in protecting and investing in a design which may have been shown to
competitors. This is a common enough story: the Dyson vacuum cleaner was hawked
around established vacuum cleaner companies who rejected the idea. Andrew Ritchie
was to experience the same rejection from bicycle manufacturers.
His basic idea, which remained constant through the development of prototypes, was to
hinge the bicycle to make the wheels come to the 'centre', one on each side of the
chainwheel. In this way the wheels would shroud the oily chain and chainwheel.
Such a 'kinematic' solution (referring to the way that the parts of the bicycle move relative
to each other) occupies a different design space from that of the Bickerton. It gives the
same functional solution – reducing the length of the bike down to something which is
more portable – but the way by which this is achieved is different. The concept of where
the bicycle is hinged, and how its parts are arranged when folded is different. Once that
concept is established a way of realizing it is required.
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Figure 45 Designer Andrew Ritchie with a folded Brompton bicycle

By way of introduction to the Brompton story, Figure 46 shows a recent production
Bromption being folded. The first stage is to swing the rear wheel underneath the frame –
see pictures a to d. As you can see, the wheel hinges in its own plane.
The next stage is to move the front wheel to a position alongside the rear wheel; pictures
(e) and (f). This is done by freeing a clamp on the frame crossbar, near where the
crossbar joins the headstock. (The headstock is the part of the frame to which the handle-
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bar pillar and the front wheel are attached.) Once the clamp is freed, the front of the frame
can be hinged sideways to bring the front wheel beside the rear wheel. This sideways
movement of the front end is a significant feature of the production model. As we shall
see, the first prototype Brompton used a different technique

Figure 46 Brompton bicycle being folded

Another clamp, just above the headstock (Figure 47), is freed, allowing the handle-bar
pillar to hinge down to sit alongside the front wheel; pictures g and h.
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Figure 47 Hinges and clamps

The final step is to unclamp the seat pillar and to slide the seat down; picture (i). This
action locks the bicycle into its folded arrangement.
In Figure 47a, the clamped crossbar hinge is visible behind the bundle of cables. This
hinge, when unclamped, allows the front wheel to be moved to a position alongside the
rear wheel, as in Figure 46 e and f.
Bicycles designed to be folded into a convenient shape have a long and honourable
history going back at least as far as 1885. Figure 48 is a collage of a few of the many
solutions to the problem. Common to all these designs (and the Bickerton in Figure 44) is
the problem of the protruding chainwheel, so Ritchie's concept looks to be a genuine
innovation.

6.3 Prototyping and improving
In Ritchie's first prototype design (P1) the rear wheel hinged forward in its own plane from
the lowest point of its triangular support structure, as in the production model in Figure 46.
However, unlike the production model, the front wheel of P1 also moved (almost) in its
own plane underneath the bicycle to sit alongside its partner; in this case some sideways
movement was needed to ensure that the front wheel sat next to the rear one, rather than
just bumping against it as it hinged. To achieve this the front wheel needed a complex,
skewed hinge to move it the few inches sideways so as to clear the rear wheel and
chainwheel.
As well as moving the two wheels to the centre, it was necessary to move the saddle,
together with its pillar, and the handlebars into the same space. The seat pillar telescoped
to get the saddle into the packing space, which had the advantage that saddle height
adjustment and packing were accomplished by the same mechanism. The telescoped
seat pillar slid down behind the hinged rear wheel, so locking it in place, an important
feature that has survived the transition from prototype to production.
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Figure 48 Packing bicycles

Ritchie was driven by a search for 'the ultimate in compactness' when designing and
building P1, which was a platform for various design ideas.
The chainwheel and the saddle competed for space in the folded package, so Ritchie tried
to move the chainwheel away from where the saddle needed to be, but

…it was too complicated, I gave up an inch when that idea was dropped.
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Ritchie (1999)

Prototype P1 used 18 inch wheels, then common on children's bicycles. The main tube of
the frame was lower than in the production model and the bicycle was not stiff enough
(see Stiffness and flexing). Bowden cables linked the front- and rear-wheel folding
mechanisms.
Ritchie is a regular bicycle commuter in London, so he tests designs and design changes
routinely and expertly. He was pleased with the realisation of the basic design concept in
the first prototype:

I had demonstrated that the design concept could result in a compact folding
bicycle.'

Ritchie (1999)

Ritchie uses the expression 'good luck rather than design' to describe unpredicted
advantages of his conceptual design solution.

Stiffness and flexing
Try thinking of an example such as a badly sagging bookshelf. The problem with the
shelf is that it was not stiff enough: it was deflecting too much under the load applied to
it. The stiffer an object is, the less deflection there is when a force is applied to it.

To some degree, the amount of deflection depends on the shape and size of the
objects carrying the load. Thus one solution to the problem of the sagging bookshelf is
to use a thicker shelf. Greater thickness gives more stiffness.

An alternative is to change to a material which is inherently stiffer. The material's
property related to stiffness is called the Young's modulus. Two components with
identical dimensions will show different stiffnesses if they are made from steel and
aluminium, say. The Young's modulus of steel is about three times that of aluminium,
so it will make a stiffer component. (A formal definition of Young's modulus will be given
shortly.)

SAQ 14
To make the frame of a bicycle light, hollow tubes are used. These are not as stiff as
solid tubes. Suggest two ways in which hollow tubes might be made stiffer.

Answer
Two ways of changing the stiffness would be:

1 Use a stiffer material.
2 Make the tube thicker. This could be done by making the wall of the tube thicker,

or by increasing the diameter of the tube. Both methods would increase the
stiffness.
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6.4 The second prototype (P2)
The major design difference between P1 and subsequent prototypes was the removal of
the complex skewed hinge required to move the front wheel in its own plane underneath
the bicycle to sit alongside the rear wheel. The front wheel now hinged orthogonal to the
plane of the bicycle (i.e. it moved sideways from the line of the frame, as happens in the
production model in Figure 46 e and f) using a purpose-designed hinge made from tubing.
The rear wheel continued to be folded underneath the frame, as in the production model
in Figure 46. The P2 saw the introduction of castors on the rear luggage rack, on which
the bicycle sat when the rear wheel was folded underneath. These too have survived, and
can be seen in Figure 46.
Unlike the production model, P2's handlebars hinged down, one each side of the
package. Also unlike the production model, the seat pillar of P2 consisted of more than
one tube which telescoped during folding.
Two more prototypes were built using sliding tubes to produce hinges, this time with 16-
inch wheels. Wheel size is a key issue for the designer of a folding bike. Smaller wheels
are easier to pack small, but the smaller the wheel the bigger the pothole feels! There is
also the 'make or buy' decision to consider. Mass production of bicycle wheels is a big
issue; it is much easier for a manufacturer to buy-in wheels produced by a large
manufacturer than to dedicate machinery and labour to the production of wheels just for
their own product.

Figure 49 A Brompton prototype. Note the frame hinge on the crossbar

Andrew Ritchie's intention was to sell the design. To further this ambition, he applied for
and obtained a patent in 1981. You will read more about patents in the next course, but for
now it is worth noting that his patent may have been difficult to defend, owing to the
number of previous designs of folding bicycle that were available. He certainly could not
have afforded to defend it if his design had been copied by a large manufacturer, but
nonetheless it is a formal statement of the design, a design representation, and a claim to
intellectual property.
In total Ritchie built four prototype machines, with a low main tube, between
1975 and 1979, to prove and develop his ideas. His next problem was to turn the design
into a product that you or I could buy.
Before pursuing the story I shall look in some detail at the structural design of the bicycle.
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6.5 The structural heart of the machine
A bicycle consists essentially of a horizontal beam, to which is attached the wheels and a
seat post. It is this beam which, structurally, is the most important part of the bicycle.
There are forces acting on this beam when a cyclist simply sits on the machine, and they
can be particularly large when the cyclist stands on the pedals going uphill, for example.
This beam must provide stiffness for the bicycle: a wobbly bicycle isn't much use because
the rider wants the downward force on a pedal to result in work that propels the bicycle
forward, not into twisting and bending of the structure. A wobbly frame would also feel
unstable to the rider. As has already been noted, the Brompton uses a low horizontal
beam. Many bicycles use a high beam, with diagonal posts to join this beam to the pedals
etc., in an 'A'-shape (see Figure 50). Ladies' bicycles use a double diagonal frame, to
reduce the difficulty in mounting the bicycle whilst wearing a skirt (Figure 51).
So what is required is a stiff structure that is as light as possible. These two requirements
conflict, as reducing weight means less material, which in turn will reduce stiffness.
However, it is possible to use the mass available efficiently or inefficiently. Also, we have
this business of choice of materials: aluminium, steel, or something more exotic. Figure 52
shows a carbon-fibre composite bicycle. This material has a good stiffness with a low
density (so low weight), and in addition the frame is designed to be particularly
aerodynamically efficient. A bicycle similar to this, the Lotus Sport bike, was ridden by
Chris Boardman when he shaved six seconds off the 4000 metres Individual Pursuit world
record at the Olympic Games in Barcelona in 1992.

Figure 50 Bicycle with 'A' frame

6 Design and innovation 3: the Brompton folding bicycle

86 of 125 http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/
design/design/content-section-0?utm_source=openlearnutm_campaign=olutm_medium=ebook

Friday 9 November 2018

http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook
http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook


Figure 51 A ladies' bicycle

A racing bicycle like that in Figure 52 is built regardless of cost and the suitability of the
design for mass production. In our earlier terminology, it occupies a different design space
from the folding bicycle, primarily because of the difference in function: to win races,
rather than be portable and affordable. Certainly such a bicycle has no requirement to be
foldable. The frame of the Lotus Sport pursuit bicycle used by Chris Boardman was
moulded from woven sheets of aligned carbon fibre, layered in a mould with epoxy resin,
which was then cured. It weighed 8.5 kg. Although the resulting composite has an
excellent stiffness-to-weight ratio, weight is relatively unimportant in a pursuit race
because only the first 125 m involve acceleration. The rest of the race takes place at a
more or less constant speed – as fast as possible. So, it is aerodynamic drag, which
accounts for 96 per cent of the total resistance to motion, that is the predominant design
parameter for a pursuit bicycle. About one-third of the total drag is due to the bicycle.
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Figure 52 Windcheetah monocoque racing bicycle with carbon-fibre frame. This bicycle
was designed by Mike Burrows

However, the main criterion for the Brompton is foldability, with weight coming an
important second; and aerodynamics are not important at all. A decent ordinary bicycle
weighs about 12 kg and is relatively easy to lift and lug about over short distances.
Wheels, gears and handlebars need to be mounted on the bicycle; they are available in
aluminium and are extraordinarily light because the designs are mature and optimised.
To make a judgement about materials and their use independently of the complexity of a
folding bicycle we need to investigate some basic concepts relating to stiffness. As noted
earlier, the main structural member of the bicycle is a deep beam onto which the fork,
handlebars, seat pillar and chainwheel are attached.

Activity 1 Investigating stiffness
Try to find two rulers of similar sizes and thicknesses made from different materials.
Wood and plastic will do fine; failing that, a plastic and a steel knife or fork, or
something similar. I shall assume you have a wooden and a plastic ruler to hand, that
they are the same length and have about the same cross-sectional dimensions. The
same dimensions are required because you are going to look at differences between
materials; if the dimensions change as well then it becomes more difficult to see why
any change is occurring.
Bend one of the rulers about both cross-sectional axes. You will find it very easy to
bend one way, but not the other. It is hardest when there is more material in the
direction along which you are applying the bending force (Figure 53). From this you
can observe that stiffness depends on geometry.
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Figure 53 Bending rulers

Exercise 8
How would the ruler behave if it had a square cross-section?

Answer
If the ruler had a square cross-section, it would have the same stiffness regardless of
which side was chosen to bend it: the distance would be the same in both cases.

SAQ 15
Now bend both rulers about the easy way. Which material is the stiffer?

Answer
You will find that the wooden ruler is stiffer than the plastic ruler. (If you are using a
metal ruler, you will find it is not very stiff, but you should notice that it is also much
thinner than a wooden or plastic ruler.) From this you can observe that stiffness
depends on materials and that wood is stiffer than plastic. You would also find that
wood is stiffer than plastic if you were sensitive enough to feel the deflection when
pulling the rulers apart. There is another general observation that can be made from
this experiment; it is that tension is much better resisted by a structural member than is
bending. Try breaking a matchstick by pulling it apart.

I can now show you these ideas formalised. Figure 54 shows the result of pulling on bars
made from different materials, each with the same cross-section. Testing of materials is
often performed by using tension forces rather than bending, as it makes for a simpler
experiment. Bending induces both tension and compression, which can be complex,
particularly as some materials show different behaviour under compression than tension.
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Figure 54 The stiffness of bars: polystyrene, aluminium and carbon fibre-reinforced
polymer (CFRP)

On the graph in Figure 54, the vertical axis is load and the horizontal axis is extension, so
the steeper the slope the stiffer the material: there is less deflection for a given load if the
material is stiffer. I have been exact in specifying the materials here because different
plastics have different stiffnesses, although all are low compared to metals and ceramics.
This is not really a very good experiment. Because the cross-sections are all the same in
this case, it is a valid way to compare materials. But the slope of a graph is not a measure
of the stiffness of the materials, rather it is a measure of the stiffness of a bar of that size
made from that particular material. A bar of twice the cross-section would be twice as stiff.
A designer can alter size as well as material to produce a required stiffness, but to make a
general comparison of materials I have to show you how to remove the effect of the cross-
section, and indeed the length of a particular bar.
First I shall deal with the cross-section. See Materials and stress.
My goal is to compare materials independently of their size or shape. Although a thicker
rope will bear a higher load than a thinner one of the same material, it will not bear a
higher stress before breaking. In fact thick and thin ropes, for example, if they are made of
the same material and in the same way, will break at the same stress. So here is one
geometry-free measure of a material. The maximum stress a material can withstand is the
same irrespective of the shape or size of the sample into which the material is shaped.
A bar stretches under load, and you have seen that differently sized bars made of the
same material will stretch by different amounts when subjected to the same load. Again,
we want a way of comparing stretches that does not depend on the shapes of the samples
we are using. Strain explains how this is done.

Materials and stress
Strength is an important mechanical property of any material. It is related to how much
force can be applied to the material before it fails. Failure generally means fracture: the
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material breaks into two or more pieces. There are other types of failure, though, such
as when a sample is seriously deformed even though it has not actually broken into
pieces. Another type of failure is when a sample is degraded so that it can no longer do
its job.

Strength is a materials property, like its Young's modulus. You cannot change the
strength of a material by cutting it into a different shape, for example. You might make it
easier to break, but this is not because of a change in the material.

You have already come across force. Whenever you stand on floorboards you are
applying a force to them. The loading in that case is relatively complex because of the
bending, so let's take a simpler example: a rope used to haul a load.

Given a choice between a thick grade of rope and a thinner grade made of the same
material and in the same way, which would you go for if you have to haul some heavy
loads?

I expect you would choose the thicker rope. The reason you might give would be that
the thicker rope 'looks stronger'. The actual measurable difference is that it can carry a
greater force before breaking. Why is this?

Clearly the size of the rope does have a critical bearing on whether or not it will break
when it is loaded. A smaller rope can't carry as much force. What we find is that the
area of rope which is carrying the force is what is important. Twice as much area of
material can carry twice as much force.

The force and the area together are used to define what is called the stress in the
material. The stress is found by dividing the force by the area. It is the stress which
controls whether a material will fail. The thick rope will fail at the same stress as the thin
rope, even though the force required to attain that stress is much higher in the first
case.

We use the Greek letter (pronounced 'sigma') to represent stress. F is the force and A
is the area over which the force is acting.

Mathematically, we write the definition of stress as:

Equation
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The unit of stress will be the units of force divided by the units of area, that is newtons
(N) divided by metres squared (m2). The unit is therefore newtons per metre squared,
N/m2or N m−2. (The unit of 1 N m−2is sometimes called the pascal, but we will not use
this terminology in this course.)

This brings us to a definition for strength. The strength of a material is the maximum
stress that the material can withstand before it fails. As stress varies depending on the
area, a smaller piece of material will fail under a smaller force. However, the stress to
cause failure should always be the same for a given material.

SAQ 16
Two ropes have diameters of 5 mm and 25 mm. What is the stress in each rope if the
force applied is 500 N?
Remember: the area which is important is that which the force is transmitted through,
which is the cross-sectional area of the rope. This is the circular area you see if you cut
a section across (at a right-angle to) the length of the rope and look end-on at the
revealed surface.

Answer
The area of a circle is πr 2, where r is the radius (equal to half the diameter) of the rope.
So for the 5 mm diameter rope the cross-sectional area is:

Equation

For the 25 mm diameter rope, the area is:

Equation

The cross-sectional area of the 25 mm diameter rope is 25 times larger than that of the
5 mm diameter rope. Although the diameter (and so the radius) is only five times
larger, because the area depends on the square of the radius, it is larger by 5 × 5=25
times.
The stress is given by:
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So for the 5 mm diameter rope, the stress is:

Equation

And for the 25 mm diameter rope, the stress is:

Equation

Because the area of the 25 mm diameter rope is 25 times that of the 5 mm diameter
rope, the stress is correspondingly 25 times smaller. Hence the larger rope can carry a
force 25 times greater than the smaller rope before the strength of the rope is
exceeded and the rope fails.

Strain
If we apply a tensile force to a material, it will extend in response. This extension is
called strain, and is usually barely perceptible, unless you are pulling something like a
rubber band.
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There is an analogy here with stress. Stress allows us to separate the materials
property – its intrinsic strength – from the effect of the size of the sample, which also
has a bearing on how big a load the sample can carry.

Differently sized samples of the same material will fail at different forces, even though
the material has an intrinsic strength that is common to all the components. Similarly,
strain allows us to quantify the material's response to loading, independently of the
size of the sample used.

Strain is defined as the extension of the sample divided by its original length.

Equation

or

Strain is represented by the Greek letter ε, called 'epsilon', and the length of the
sample by the letter l. The Δ symbol (more Greek: this is the capital letter 'delta') is a
shorthand way of saying 'the change in'. So Δ l means 'the change in l'. (Δ l is said by
running the names of the letters together: 'delta el'.) Strain is a measure of the
elongation of a material, with the change expressed relative to the original size of the
sample rather than in units of length.
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In practice, values of strain are usually quite small, and for this reason they are often
expressed as percentages. It's easier to say that 'the strain is 0.1 per cent' than 'the
strain is 0.001'. To calculate strain directly in percentage,

Equation

The greater the initial length of a sample, the more it will extend when subjected to a
stress. However, whatever the sample's initial length, for a given stress, the strain will
be the same. That is, a particular value of stress always results in the same strain, for a
given material. This is what makes stress a useful concept.

SAQ 17
Calculate the strains, both in absolute terms and as a percentage for the following two
examples:

1 A 10 centimetre bar which is extended by 1 centimetre.
2 A 100 centimetre bar which is extended by 1 centimetre.

Answer

1 For the 10 centimetre bar which is extended by 1 centimetre,

As a percentage:

2 For the 100 centimetre bar which is extended by 1 centimetre,

As a percentage:

Note that the elongation is the same in both cases, but the strain is different because
the bars were of different lengths.

Exercise 9
What are the units of strain?

Answer
Since strain is extension (a length, measured in metres) divided by the original length
(also a length, measured in metres), it has no units. The units cancel when one is
divided by the other.
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Exercise 10
Figure 55 shows three samples of different lengths, all of which are made from the
same material. All the samples have the same cross-sectional area (that is, a given
applied force will generate the same stress in each sample).

1 Which strip will extend most when the same force is applied to each sample?
2 Does the strain vary between the different samples?

Figure 55 Three samples used to measure strain

Answer

1 The longest strip will extend the most, because larger extensions are generated
in longer samples, for a given applied stress. Thus the shortest sample will extend
least.

2 The strain is the same in each strip, even though the extension is different. The
stress is the same in each sample, so this will produce the same strain, as the
same material is used for each.

We now have two measures, stress and strain, which allow us to compare materials
independently of the size and shape of any sample we use for testing.
Plotting a graph with stress on the vertical axis and strain on the horizontal axis
(Figure 56) produces a graph that is similar to Figure 54, but generic. That is, the
information in the graph is entirely characteristic of the materials; it is independent of the
size and shape of the sample used.
The slope of a material's stress–strain graph gives the stiffness of a material. This is
called its Young's modulus, and is represented by the letter E.
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Equation

Figure 56 The stiffnesses of three materials

So, for example, if we look at the line for CFRP, we can calculate its stiffness by taking the
slope of the graph.
The graph is a straight line, and starts at zero. At a stress of 40 MN m−2the strain is
0.015% for the CFRP.
The slope E is therefore given by:
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Equation

(Note the need to convert the strain from per cent to its absolute value.)
So the Young's modulus E of carbon fibre-reinforced polymer is around 270 GN m−2.

SAQ 18
Using the method just presented, calculate the Young's modulus of aluminium from
Figure 56.

Answer
From Figure 55, at a stress of 40 MNm−2the strain is around 0.06 per cent for the
aluminium. The slope E is therefore given by:

Equation

So the Young's modulus of aluminium is around 70 GN m−2.

These linear graphs show the behaviour of the materials at quite low stresses only. When
the stresses are high enough, particularly for metals, the lines shown in Figure 56 can
begin to curve (Figure 57). If this happens, then the material may be permanently
deformed. That is, when the load is removed, the material does not return to its original
shape or size. The material has not failed, in the sense that it has not fractured, but the
stress has changed its shape. This is what happens when you bend a paperclip.
The capacity of materials to deform permanently is what enables manufacturers to press
sheet metal to shape to create, for example, car body panels; but it can be a problem if a
structural member may be subject to high stresses in use.
Some types of material do not show the kind of behaviour shown in Figure 57. Ceramics,
for instance, break when the stress is high enough, without first becoming susceptible to
permanent deformation. Think about bending a piece of chalk.
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Figure 57 Stress–strain curve. If the material is stressed to point A, beyond the linear
elastic region, removing the stress takes it down the line parallel to the original linear
elastic region. Now when the material is unstressed it has a permanent deformation, or
strain, as shown by the brace on the strain axis.

In the portion of the stress–strain graph where the curve is linear, the material is said to be
operating in its linear region. When there are no permanent deformations the material is
said to be in its elastic region. If both apply, the material is said to be operating in its
linear–elastic region. This region is also sometimes referred to as Hookean, a term
derived from the name of Robert Hooke, the physicist who first noted this linearity in
elastic behaviour,
Not all materials have this useful, linear portion of the stress–strain curve. Rubber for
example is non-linear over the whole of its stress–strain curve. Fortunately a surprising
number of useful materials show an extensive linear region, which makes their behaviour
relatively easy to understand and model mathematically.
Structural materials are used at sufficiently low stresses to ensure that they suffer no
permanent deformations during use. It would be most disturbing if one's bicycle wasn't the
same shape after the ride to work. In general a material designed for stiffness will be
sufficiently strong not to fracture under normal use, although common experience leads
us to observe that metals can fracture after repeated use (see Metal fatigue).
A steel object loaded to two thirds of the stress which would cause it to deform
permanently during normal operation would be considered to be highly loaded. Such a
figure provides 'headroom' of one third before something undesirable happens to the
material, a safety factor of about 1.5. We are now encouraged to describe a safety factor
as a 'reserve factor on load', though you might still prefer to call it a safety factor.
A bicycle designer wants the frame to be stiff, so needs materials with a high Young's
modulus. The frame should also be light. We use density, σ, a material property, to give us
a way of comparing different materials, in terms of their mass for a fixed volume. Simply
comparing the Young's moduli and densities of different metals might not be very helpful
because it would be a comparison of properties in isolation. What we need is a method of
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comparison that takes into account both density and Young's modulus. We need a Merit
index.

Metal fatigue
Metal fatigue is an extremely common cause of material failure. Fatigue is a very subtle
process, the onset of which can go unnoticed until the fatigued component fails.
Fatigue can occur at stresses much below the strength of the material, so may cause
failure in a condition that was considered safe by a designer.

Fatigue occurs when the stress in a component oscillates with time. If the oscillations
are sufficiently great, they can lead to the initiation and growth of cracks within the
material. These cracks can grow until the component fails, often quite catastrophically.

The existence of fatigue has been recognised for over 100 years, but it is only in recent
decades that the process has been understood thoroughly to the point where it can be
designed against successfully. Failures such as the Markham colliery disaster in 1973,
the Hatfield rail crash in 2000, and the loss of three Comet airliners in the 1950s were
caused by fatigue. The lessons learnt in each case mean that designers are
progressively better equipped to prevent it occurring in future.

Merit index
A merit index is a combination of certain properties of a material that can be used to
inform a process of materials selection for a particular set of criteria. The properties
involved will depend on the application. For the bicycle frame discussed here, we are
looking for a merit index to find a frame with the best stiffness at lowest weight.

We might also be interested, for the frame, in cost and corrosion resistance, but a merit
index will only address one attribute at a time.

In the case of the bicycle, we want to have a high value of E, the Young's modulus, and
a low value of σ, the density. A simple way of producing a merit index is to divide E by
σ: this will give a number which becomes larger as E increases and also larger as σ
decreases.

You will not have to derive merit indices yourself in this course; you will be taught
examples of how to use them, though.

A ratio of E/σ produces a merit index for bars under tension. A high value of Young's
modulus and a low density gives a very high merit index (and, of course, the higher the
merit index the better). Doubling the Young's modulus whilst also doubling the density
would leave the merit index unaltered.

SAQ 19
Table 3 gives data for three metals: aluminium, steel and titanium. For each of these,
calculate the merit index of E/σ.

Table 3
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Aluminium Steel Titanium

Density σ/g m−3 2800 7900 4500

Young's modulus E/N
m−2

70 210 110

Answer
The bottom row of Table 4 gives the merit index for each material.

Table 4
Aluminium Steel Titanium

Density σ/kg m−3 2800 7900 4500

Young's modulus E/GN
m−2

70 210 110

Merit index (E÷σ)/MN m
kg−1

25 27 24

Note that the units for the merit index are rather peculiar. They are dependent on the
criterion which has been selected for the merit index.

The answer to SAQ 19 shows that there isn't much to choose between them. Steel's merit
index is slightly better than aluminium's and the titanium's is slightly worse. We have to be
careful not to extend this analysis beyond its relevance. Remember that this is an analysis
of a bar in tension for stiffness. It says nothing about strength.

SAQ 20
Material is the maximum stress that the material can withstand before it fails. Use the
data in Table 5 to calculate a merit index for the strength-to-density ratio, σ f/σ, for the
three metals. I am using the symbol σ fto represent the stress which causes the
material to fail, that is, the material's strength.

Table 5
Aluminium Steel Titanium

Density σ/kg m−3 2800 7900 4500

Strength σ f/MN
m−2

350 700 300

Answer
The bottom row of Table 6 gives the merit index for strength.

Table 6
Aluminium Steel Titanium

Density σ/kg m−3 2800 7900 4500

Strength σf/MN m−2 350 700 300

Merit index (σf÷σ)/kN m
kg−1

125 89 67
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The titanium used for Table 5 is the simplest form of alloy. Titanium alloys can achieve
much higher values of strength but are difficult to manufacture. The steel used is one that
can easily be drawn into tubes, and the aluminium is a common alloy that is relatively
easy to weld.
The answer to SAQ 20 indicates that for strength-to-density aluminium shows some
advantage, and indeed both aluminium and steel bicycles are available in the shops. One
might, however, expect more aluminium bicycles to be available. The reasons that steel is
more common are complex, involving cost and ease of manufacture.
Returning to the Brompton, in this case the main structural member of the design is a thin-
walled tube acting as a beam – not simply being pulled in tension.
The derivation of merit indices for a beam is quite subtle. It turns out that the merit indices
used for a bar (as given above) are appropriate for a beam made from a thin-walled tube
only if the radius and weight of the tube are fixed. This clearly is not helpful; we want to
have scope for changing the tube radius if it will help. If the radius is allowed to vary, an
appropriate index for thin-walled tube of a given weight of material is E/σ3.

Exercise 11
Calculate the merit indices for stiffness of steel, aluminium and titanium based on this
new merit index, E/σ3.

Answer

Table 7
Aluminium Steel Titanium

Density ?/kg m−3 2800 7900 4500

Young's modulus E/N
m−2

70 210 110

Merit index (E÷? 3)/
m7kg−3

3.2 0.42 1.2

If the designer is not constrained by existing dimensions, aluminium starts to show a clear
advantage. Early designers with aluminium used the same diameter tube as was used for
steel bicycles for their aluminium bicycles so that clips and fittings from the existing market
could be used. They were not using the material to its best advantage; more modern
designs can be seen using very wide tube.
Merit indices, such as used here, are only part of the story. There are many factors to take
into account. Clearly for a designer such as Andrew Ritchie general considerations were
of little use. For example, he was designing a bicycle and didn't own a factory. His earliest
influence was the Bickerton, which he criticised for being easy to knock about. It is true
that because aluminium has a lower strength than steel, it dents more easily.
Furthermore, we might expect slenderness to be an advantage for a folding bicycle, and
steel is optimised for lower tube thicknesses than aluminium. Steel is ubiquitous for very
good reasons.
Finally, before we return to the Brompton story, it is worth thinking a little more closely
about the use of symbols, such as F,σ, E and so on, which have featured frequently in the
foregoing material. See What's in a symbol?.
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What's in a symbol?
When we use a symbol for a physical quantity, such as E for Young's modulus, what
does the symbol actually represent?

A symbol such as E represents something more than just a number. Because we are
using it as a shorthand for a property (Young's modulus), it must have a unit also. In the
case of Young's modulus, the unit is N m−2; so E must represent this unit also. This
means that when we assign a value to E, we do so by giving the symbol E both a
number and a unit. You can think of this value as being a number multiplied by the unit.
For example, the equation

Equation

is understood as meaning that E has a value of 9248 × (1 N m−2). Thus it would not be
correct to say that Young's modulus was represented by E N m−2, because that would
only make sense if E stood for a numerical term alone, such as 9248.

One consequence of this approach relates to the way calculations involving physical
quantities are laid out in formal working. Take a calculation involving stress, for
instance, which is defined as force divided by cross-sectional area over which the force
acts (i.e. σ= F/A). Suppose we have a force F of 5000 N acting over an area A of 0.005
m2. We can calculate the stress as follows.

Equation

Equation

Equation

There are two points to notice here. First, when numerical values are substituted for F
and A in line 2, the unit is included, because each of F and A represents the product of

6 Design and innovation 3: the Brompton folding bicycle

103
of 125

http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/
design/design/content-section-0?utm_source=openlearnutm_campaign=olutm_medium=ebook

Friday 9 November 2018

http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook
http://www.open.edu/openlearn/science-maths-technology/engineering-and-technology/design-and-innovation/design/design/content-section-0?utm_source=openlearn&amp;utm_campaign=ol&amp;utm_medium=ebook


a number and a unit. Second, the symbol σ is always equated either to other symbols,
as in line 1, or to a product of a number and a unit, as in lines 2 and 3. (Line 2 looks
more complicated, but boils down to the product of a number and a unit as the line 3
shows.) Note that in the above example, the correct unit for the answer emerges
naturally from the calculation and from the initial data.

The following is not acceptable in formal working.

Equation

Equation

Equation

Here the term in line 2a is just a numerical term with no unit, so it cannot be equated to
x; and in line 3a the unit appears from nowhere. This is rather sloppy, and difficult to
follow. It could also to lead to errors. For instance, if the force had originally been stated
as 5 kN, it would have been essential to remember to convert it to 5000 N for line 2a.
But if the unit is included, as earlier in line 2, it does not matter whether 5000 N or 5 kN
is used in the calculation. Either will give a correct answer. That is, line 2 could have
been written as:

Equation

Now the answer comes out as 103kN m−2, which is still correct.

Consider again the equation

Equation

If we divide both sides of this equation by 'N m−2', we get:
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Equation

The right-hand side of this equation is now legitimately just a number, with no unit. This
procedure of 'dividing by the unit' accounts for the style of labelling used for graph axes
and tables of data. See for example Figure 54 or Table 4. The divisions on a graph
axis, or the entries in a table, are regarded as pure numbers, so the labelling on the
graph shows a physical term divided by the appropriate unit.

Fortunately you do not need to memorise or understand the details of the theory
behind these conventions of notation. You can just think of the oblique slash as
introducing the unit.

6.6 The first production run

6.6.1 The factory opens
Let's return to the story of the development of the Brompton. Because Andrew Ritchie
could not sell his idea, he decided to set up his own factory to manufacture the bicycles.
He borrowed money from friends (the interest on the loans was a bicycle) to build 30
bicycles and 20 for sale.
After the increasing complications of the prototyping stage, manufacturing constraints
become a powerful influence on the designer:

Bending one top tube is difficult enough, bending fifty is really tiring.

Ritchie (1999)

The main tube was positioned higher and a simpler bought-in offset hinge replaced the
purpose-built tube hinges. This forged hinge, which was critical to the Brompton's
development, was from France. So, detailed design changes were made to the hingeing
system with some benefits to compactness resulting from positioning the hinge higher in
the frame.
The telescoping seat pillar was dropped, becoming a single tube, and the frame was
braced with a small diagonal cross-beam to give it extra stiffness.
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6.6.2 Batch production

After the first 50 I got a small-firm government loan to produce batches of 50
bicycles; 400 in a year and a half.

Ritchie (1999)

Designing and manufacturing low-cost tooling was a harder job for Ritchie than designing
the bicycle. There are many design routes to producing a lighter frame or a more easily
manufactured frame that are not available to a small batch manufacturer. He had to use
soft, mild steel for the main tube as he could not bend stronger alloy steel, and the main
tube had an aesthetically ugly kink from the bending process. Plastic parts were machined
from the solid and metal plate was drilled, cut and bent. The process is essentially scaled-
up craft production.
During this period Ritchie learned from customers, and from riding his own bicycle.
Indeed, sometimes detailed redesign was necessary in the light of problems and failures
brought to his attention by users. The business remained vulnerable, although there was
helpful press exposure (see Kew for a ride).

6.6.3 Mass production
In 1981 the French manufacturer of forged hinges discontinued production so Ritchie
stopped batch production and wrote a Business Plan. After a hiatus of five years, in 1986,
Ritchie eventually raised £90,000, half of the money he needed to go into mass
production, from a customer, friends and family, and went ahead anyway.
The drive to design for manufacturability continues apace. A tool was designed to curve
the main tube, so removing that kink. At the time of writing, 2000, a power press allows the
use of a higher specification of steel for the main frame member. The hinges were
machined from the solid until expensive forging tools could be bought in 1987. Ritchie is
working on removing the skill from the manufacture of hinges.

Kew for a ride
From The Standard, Wednesday 3 February 1982, p. 19.

At 8.00 a.m. today, as always, Andrew Ritchie arrived at work on his bike. Mr Ritchie
works at Kew. He has a workshop there and he built the bike he arrived on in the
workshop.

A most remarkable bike it is too. It takes a few seconds to fold it up into a neat package
less than 2 ft square which you can pick up and carry anywhere.

No other collapsible bike in the world, says Ritchie, collapses so totally and so easily.
And it is just as simple to un-collapse it into a bike again.

Ritchie, an old Harrovian who read engineering at Cambridge, is 35 and says he is
appalled by the amount of his life he has already given to this bike.

He had the idea at the beginning of 1976, but it wasn't until early last year that he was
able to move into the workshop at Kew and put the bike into production.

He had orders for 30 bikes, mostly from friends and friends of friends. These were
made and delivered by last March and, to his great relief, they brought in orders for 20
more.
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By the time these were made another 30 orders had come in and there was some
welcome help from HMG in the shape of a Small Firms Loan Guarantee.

So this particular small firm stays bravely afloat in these choppy seas, an example to
us all.

It currently has a workforce of two – Patrick Mulligan, brazier and Andrew Ritchie,
managing director and assembler – and this will increase as orders come in.

Meanwhile there are 56 Bromptons – that is what the bike is called – on the road now
and 24 more ready for delivery and I can report that Judge Abdela has been seen
arriving at the Old Bailey on one, that Lord Fraser of Tulley-Belton, the Scottish Law
Lord, rides one, and that Ritchie's bike, No 7 from the production line, got him from
South Kensington to Kew and back all through the blizzards.

It is, of course, an expensive way of making a bike, this, and each one costs £195 by
the time you have added VAT. But they are extremely slick little bikes, and with only 80
made so far, think of the rarity value.

A special pedal is used on one side of the bicycle. The pedal folds away, so that it does
not project from the folded bicycle. This adds £33 to the current (2001) price list
(Figure 58). The pedal on the other side does not fold, and nestles in a tangle of spokes
and tubes when the bicycle is folded.
The craft route to producing the pedal involves 64 operations. The company bought a
piercing and blanking tool for £3500 in 1991 to reduce these operations. All the earlier
prototypes and the first batch had a folding crank.

It was a clever eccentric mechanism that wore easily.

Ritchie (1999)
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Figure 58 The folding pedal

Figure 59 Assembly and testing of the Brompton

It takes 21 minutes to braze the rear frame. The company is investing in an automatic
brazing system for the main frame.

We spend 25 minutes inspecting the bicycle after production and listen to our
customer's problems carefully. We have a fatigue rig and keep a constant
watch on the details of supplied items. In the early days I sent a £3000 order
back to a supplier who did not use a radiused milling cutter.
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Ritchie (1999)

6.6.4 Testing
Ritchie cycles regularly, so still tests ideas and changes. During summer 2000 Ritchie was
assessing low rolling resistance tyres.

Gearing was always a problem. To most manufacturers the folding bike is a
bottom-of-the-range product. We wanted proper gearing using a bigger-than-
average chainwheel, so at various times we became involved in making gears,
for example a 13 tooth rear gear. And we had problems with broken teeth.
Things are better now. We use the 3 and 5 speed Sturmey Archer hub for
gears.

We have resisted the complication of Derailleur gears. All that extra
complication is against the philosophy of the design. Perhaps we could sell
another thousand bicycles. It's what the market wants. It's a luxury, but we do
not respond.

Ritchie (1999)

You can buy a Brompton bicycle, named after The Brompton Oratory, for about £500.
Andrew Ritchie won a Queen's award for export achievement in 1995. Not at all bad for a
company that, literally, started under the railway arches.

7 Conclusions

7.1 The context of design and innovation
In this final section I would like to lead you to consider several different ways of looking at
design. This is meant to introduce some of the issues and debates which have engaged
designers.
We have examined several examples of design. We have seen that design is a complex
activity. It has many stages and at each stage must take into account both opportunities
and constraints. Designers try to speculate as much as possible within the constraints of
time and cost as well as the requirements of customers and clients. The activity or
process of design is always treading a fine line between freedom and constraint. Getting
the balance right seems to yield useful and satisfactory designs.
There does not seem to be any recipe for achieving this balance. Design is complex with
many factors to take into account. There are models of the design process which can act
as useful guides to stages and outputs in this process. But they will not tell you how to
design a particular thing.
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7.2 Innovation
Design is rather like problem solving. We try to define the problem, perhaps in terms of a
client's requirements, then search possible solutions for a satisfactory outcome. However,
design itself is much more difficult to define. The design problem, although specified by
requirements, acquires new constraints as the design proceeds. New possibilities and
new needs are continually suggested as the design is developed from concept to detail
and onto market. The problem does not remain static.
A major resource for design is technology, and technology may include principles of
engineering and applied science, or more tangible products of science such as new
materials or electronic devices available for use in new designs. The resources are
specific to a particular problem. Any problem has its own context, which might consist of
market, customer requirements, or ways of working within a particular industry.
With technology and contexts we can classify several types of design. First, consider a
well established context, such as personal transport in some form of automobile to run
along roads. Problems of pollution require new means of propulsion. These might be
solved using new technology. This may not be completely new technology but rather
technology new to the context. So a fuel cell developed for space applications may be
applied to cars.
Second, consider a well established context and the development of technology already
used in that context. An example of this might be developing more efficient internal
combustion engines for cars.
Third, a new context arises from social and cultural trends or scientific discovery. For
example, the new context of popular long-distance air travel. This new context has led to
the design of new aircraft with some new technologies. However, for the most part it is a
question of using well established technologies.
Fourth, a new context might combine with new technology. Examples might be the
development of radar or nuclear weapons during the Second World War. More benign
examples include the new responses to home energy use following the rising costs of
fossil fuels, or the use of autonomous vehicles to explore the sea bed or maintain offshore
oil and gas production facilities.
These four classes may be arranged as a table (Table 8). Names are given to each of the
classes. Innovation can be viewed as including something new in technology or in the
context to which it is applied. Inventions are not always closely attached to context.
However, these inventions are applied science rather than design if no specific product
emerges. When a new technology is matched to a new problem or context a design
invention can emerge.

Table 8
Old
technology

New
technology

New context innovation innovation

Old context routine design invention

We should be rather generous in our interpretation of 'technology'. It will include new
ideas or principles on which designs can be based. These new technologies do not
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always deliver new products easily. Turning out a product that works is usually fraught
with difficulties.
The world of large structures provides good examples. Some of the cathedrals we see
today are the survivors of designs produced by secret guilds of masons seven hundred
years ago. Flying buttresses (Figure 60) were a design innovation that looked beautiful
and allowed tall walls with large windows to be built.

Figure 60 Flying buttresses

The function of the flying buttresses, and the decorated finials on the top of the verticals, is
to keep the internal forces inside the stone so that all elements are in compression, or
pushing against one another. Stone is very good at resisting compression but very poor at
resisting tension forces. The simple arch also makes use of this property of stone to span
spaces in bridges and vaults. There were other ways of achieving the same artistic effect
of tall walls and large windows. Iron reinforcing bars were placed in the walls to resist
sideways forces. In some mediaeval cathedrals you can see both methods used, literally
side by side. On the outside, public, wall of the church there are buttresses and plenty of
ostentation but on the interior, private, side there are fewer, less ostentatious buttresses
and more iron reinforcing within the walls. It is informative to note that parts of cathedrals
did fall down. This contributed valuable knowledge to subsequent designers. It gives us a
valuable message as well. Designers learn a lot from failures.
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The first large suspension bridges in China, several hundred years ago, were using the
same principles as the bridges built by Telford and Brunel in the 1800s. These later
engineers were rapidly pushing to the limits the available materials and the scientific
understanding of their day. There was a great deal of uncertainty in their designs,
although they had the benefit of some scientific analysis and could build simple theoretical
models of how structures might behave. Brunel, for example, applied elements of
numerical modelling to the business of building bridges.
Section 1.9 defined design as the process of converting generalised ideas into specific
plans. So designing is a process, possibly shared processes, by which we change things
in the world. This is what Brunel was doing when he created the new form of a chain-link,
large span, suspension bridge across the River Avon at Clifton in Bristol (Figure 61).

Figure 61 Brunel's Clifton suspension bridge, painted by Samuel R. W. S. Jackson (1794–
1868)

Telford and Brunel were in competition to build the Clifton suspension bridge. Telford's
design used two towers built up from the river's bed (Figure 62). Brunel commented
sarcastically that he had not thought of building towers from the sand of the river bed
when there were good rock buttresses to build on.
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Figure 62 Telford's design for the Clifton bridge

Telford's design was more cautious than Brunel's, so the towers had to be closer together
because the span was more limited. The cost of Telford's towers was much greater, but
the structural uncertainty in his design was less. Put another way, it had a higher safety
factor. Nowadays the analysis of a suspension bridge is routine; the relationships between
the cost of towers and the tensile strength (that is, strength under tension or pulling) of the
main wire ropes are well understood. The properties of the relevant materials are known
in great detail.
However, there is still uncertainty. The Millennium suspension footbridge over the Thames
was found to behave in erratic ways when opened to large numbers of pedestrians in
June 2000. The swaying bridge was alarming to use and was closed for repairs within
days.
Interestingly, Brunel was a financial disaster for people prepared to invest in his designs.
The Clifton suspension bridge was not finished in his lifetime because of a shortage of
money. Design is not necessarily profitable; it is a risky and uncertain business.

7.3 Uncertainty
We have noticed during the course that designing takes place under various degrees of
uncertainty. This is another way to classify design. From the early stages to a concept are
full of uncertainty, whereas later stages can be more routine. However, in all design
projects it is not known how a design will perform until it is completed, tested and then
used. Each design project is a response to a new situation. It would not be design
otherwise. So designers face uncertainty in all they do. They try and reduce
uncertainty by:

1 using models to predict how designs will behave;
2 using experience gained from the performance of previous designs for similar

problems.
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As experience (of success and failure) increases and predictive models become more
accurate, the inherent uncertainty in design decreases. A well-established technology
which is matched to a well-established context has little uncertainty. In these
circumstances designers have the task of creating variations and modifications on the
basic design.
Once a design space is well-understood, the production of variant designs becomes a
mature business, where ingenuity goes into making the processes as efficient as
possible. Managing design becomes more important than the fundamental activities of
innovation and design.
In the building industry the creation of a new McDonald‗s restaurant uses the same well-
established rules all over the world. Similarly, some types of automotive and electronics
factories have become almost standard items. The machines and assembly lines can be
established from a greenfield site in two years. These types of design are standard and
routine. Design uncertainties are low but other uncertainties of markets and competition
remain.
However, large international companies retain a mix of innovative products and variant
designs. They spread their risk across many products, recognising that they have to
innovate to survive. Today's innovative products are the basis of tomorrow's variant
designs. A little later we will see that televisions are an example of variant design, yet their
manufacturers are also creating new products such as camcorders, digital cameras and
portable DVD players.

SAQ 21
Looking back over the examples of design that we have considered in the course,
identify sources of uncertainty in design projects.

Answer
Depending on which example you took, you may have come up with any of the
following points:

1 There are many possible developments of the initial concept.
2 The requirements may be vague; the specification may be poor.
3 The time and effort to bring the product to market is not known accurately.
4 Final market demand for the product is uncertain.

Innovation has been identified as a critical component in business success. However,
innovation involves uncertainty and risk. The imperatives for companies to move away
from the routine to new contexts and new technologies are now very strong. However, the
tendencies of many designers are to reduce uncertainty. They tend to be more like Telford
than Brunel in the case of the Clifton suspension bridge. As we have discovered,
designers cannot escape uncertainty but that does not stop them trying to minimise it
where possible. To maintain a balance between staying within the bounds of known and
well understood designs and exploring new possibilities companies try to create a Culture
of innovation.
In discussing technology, innovation and uncertainty we have concentrated on the
functional or engineering performance of designs. However, there are other important
features of any design, such as style. This is how a design appears to a customer. Style
can be a major factor in the commercial success of the design.
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Culture of innovation
The following is by Tim Brown (European Director of Ideo, a product development
company), and was published in the Financial Times, 17 November 1997.

Innovation requires, above all else, a willingness to embrace chaos. It means giving
free rein to people who are opinionated, wilful and delight in challenging the rules. It
demands a loose management structure that does not isolate people in departments or
on the rungs of a ladder. It needs flexible work spaces that encourage a cross-
fertilisation of ideas. And it requires risk-taking.

Yet if innovation has become an over-used buzzword, it is only because we all
recognise innovation as a competitive weapon, a necessary component for future
success.

In the world of product development, where clients originally turned to external
consultants to provide additional capacity, speed or a particular technical expertise, we
now see them looking for guidance on how to innovate. They are looking for a process.

The response has to be that innovation is not something prescriptive. You can't
legislate for it. Rather, it is something organic, something that grows and is nurtured,
usually from the bottom of the organisation up. Experience shows us that innovative
cultures usually begin with a tangible project the success of which gives birth to
another and another. Such projects or definable goals are also the elements which
keep the fun and freedom from degenerating into non-productive anarchy. Moreover, if
you want the combined workforce behind you, but take away their desks, their titles
and their personal power bases, you must give them something in return. Job
satisfaction is a great motivator.

In a culture of innovation, enlightened trial and error beats careful planning, and risk
becomes an essential part of the process. Rapid prototyping means that you can
evaluate a concept before you have invested too much in it. It also gives the
participants the stimulation of seeing their ideas put into practice and sustains their
enthusiasm when more concrete rewards are less evident.

Early prototyping and testing also allow you to fail and if you are not failing often, then
you are probably not risking enough. So, having said you cannot legislate for
innovation, here are some common themes which give some ideas on how to get
started:

l Treat life as an experiment – constantly explore new ideas through projects.
l Innovation is a team sport – be smart about creating and sustaining hot groups of

energetic, opinionated people.
l Risk a little, gain a lot – fail quickly and often by user testing and prototyping

ideas.
l Identify goals – build multi-disciplinary teams then give them a common aim to

create products or services grown of collaboration not compromise.
l Observe the consumer, don't ask him what he wants – find ways to get under the

skin of the end-user to identify new needs, opportunities and possibilities.
l Allow serendipity to play its part.
l Space is the last frontier – provide environments.
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7.4 Style
The term 'industrial design' is often used to denote those design activities mainly
concerned with the appearance and aesthetics of a product. In contrast the term
'engineering design' is often used narrowly to indicate those design activities which deliver
the physical performance of the product. Thus the engineering design of a Sony Walkman
is about the mechanisms of tape or CD movement and the electronics to decode and play
the music. The industrial design is about the appearance of the box, the ease of loading
and unloading and the layout of controls. Both are critical to the successful product.
Recalling the plastic kettle, the style of the jug kettle was a major factor in its success.
However, the technical problems of plastic materials and manufacture in jug form are also
considerable. Their solution was needed for a successful product.
In some cases the technical issues of engineering design can be separated from the style
issues of industrial design. This is particularly the case with mature products where
functional development is limited by the technology. The functional parts of these products
can be clothed in a new aesthetic.
Take for example, a television set based on the standard cathode-ray tube technology. (A
cathode-ray tube, or CRT, is the part of a conventional television set which creates the
pictures. The television screen forms one end of the cathode-ray tube.) The technology of
standard television sets is well-established. Further, the manufacturing processes, such
as populating printed circuit boards (that is placing the components on the board and
soldering the electrical connections) is remarkably well-established and standard
throughout the world and across competitors.
The housing of a televison set is a large, plastic injection moulding that can be changed in
shape, subject to considerable limitations imposed by the shape of the tube. Figure 63
shows an interesting extreme of a style from the 1970s being used to house a television
set made in 2000 and using the technology of 2000.
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Figure 63 Television style from 1970s sold in 2000

Typically a company such as Sony will cater for changing tastes in style across its markets
by engaging in industrial design separately from engineering design, or by seeking
expertise on appropriate style through design consultancies in different markets and
countries.
The judgements that designers and consumers make about the balance of style and
function are subjective. That is, people make their own judgements which can differ widely
from individual to individual. For example, a general-purpose bicycle is designed to be
quite stylish. The technology is standard, and style is the main differentiating factor
between different manufacturers.
In contrast, a mountain bike may be predominantly functional. However, I don't think many
people would disagree that a mountain bike is designed to be stylish. Many of the features
are not only functional. You could argue that the mountain bike is full of style with a
corresponding high cost. A mountain bike might feature chromium plating, disc braking,
roller bearings, and advanced suspension. Not all mountain bikes have these features
and their functionality is debatable. The bicycle would work perfectly well with lower
specification parts, so it could be argued that these features are really part of the style
associated with this type of product.
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Designed products can be seen and thought about in many ways. They are invested with
'life' and meaning by people who use them. This extra meaning, for example in the fashion
status of functional products (such as catering equipment now popular in domestic
kitchens), is one of the key elements in a successful product. Designed objects acquire
many layers of meaning. The process often starts with designers themselves and is
continued by advertising. This interpretation is what people do well. In fact it is one of the
important activities in designing where new possibilities for developing partially completed
designs emerge. The design evolves and adapts as the designer sees and thinks in
different ways.

7.5 Examples of context: televisions, aircraft and
soap powder
Designs are not just differentiated by what they do and how they do it, or what they look
like, but also by the wider social and economic contexts in which they are created and
used. To illustrate this, let us return to the design of television sets.
Traditional television manufacture is a global industry, and a cluster of companies,
including Sony and their suppliers, are located in South Wales at the time of
writing (2000). This cluster was the result of considerable inward investment several years
ago and is now under threat from new flat-screen technology (see Gas plasmas and
electron guns).
The South Wales companies concentrate on the production of a traditional product and
incremental modifications, such as replacing analogue electronics with digital electronics
and changing the aspect ratio (width-to-height proportion) of the screens. The
manufacturing plant is terrifyingly efficient. Sony maintains its niche by manufacturing and
distributing at minimum cost. To do this it needs to control its supply chain and both
influence and respond to its customers. The production of the CRT is costly, requiring
expensive, dedicated machinery. To maintain a dominant position, Sony outsources the
very large plastic injection mouldings for the cases of televisions. These injection
moulding companies are in the region because of the concentration of inward-investing
global companies such as Sony.

Gas plasmas and electron guns
Flat-screen televisions use a completely different technology from the conventional
cathode-ray tube sets which have been around, relatively unchanged excepting the
advent of colour, since the 1940s.

In cathode-ray tube televisions, the image is made by firing a beam of electrons
(emitted by a cathode, hence the name) at the screen, which is coated with a phosphor
layer that glows when it is hit by the beam. The beam scans across the screen in lines,
with the intensity varying constantly to build up the picture. The beam is scanned 25
times a second, so the image appears constant. The reason that CRT-based
televisions are quite deep is that there must be room for the beam to be pulled up and
down (by electromagnets) to the top and bottom of the screen after leaving the
cathode.
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Since the late 1990s flat screens have become available (and I am not talking here
about 'flatter tubes', which are still just CRTs). These flat screens are based on tiny
glowing plasma cells. The screen is made up of many hundreds of thousands of these
cells. The television can be made as flat as the associated electronics will allow, hence
televisions with these screens are much thinner than those using CRTs. They are
probably suitable for hanging directly onto a wall.

Interestingly these moulding companies work differently from traditional injection
moulders, called 'trade moulders' in the UK. These trade moulders were established by
engineers with tool making abilities. They were supported by the plastics expertise of
large chemical companies such as ICI. Their particular expertise lies in designing tools
that can be filled with molten plastic, efficiently creating mouldings which are
dimensionally stable across hundreds of thousands of repetitions. A product designer can
go to these companies with a shape and rely on them to produce it to a specification.
Sony, however, separate tool design from the moulding process, so maintaining a more
detailed control over its suppliers. The moulding companies are all within a day's delivery
of the assembly plant. The context of the design of the television case is thus one which
allows Sony to maintain full control over its production, including all suppliers. Sony wants
to reduce its uncertainties and risks in a market which is highly competitive.

Exercise 12
How are designs and designing in Sony responding to competitive pressures?

Answer
There are several points which you could have picked out:

1 Variant designs are produced in high volumes, so maximizing use of available
capacity.

2 New cases are produced by suppliers in a highly controlled way so that 84
production plans and schedules are not disrupted. This is critical for high-volume
production.

3 There is a mixture of variant and innovative designs.
4 Existing televisions are regularly re-styled to ensure that they remain popular in

the market.

Sony represents a context for design which is driven by a mature competitive market, and
which is configured to let Sony have better control over its production than do the
competitors.
Other contexts for design are the ways an industry is structured, its markets or even
politics. Let us look at the aircraft industry which includes airframe designers such as
Boeing or Airbus and engine designers such as Rolls-Royce or General Electric.
In the aircraft industry the life of a design and its variants is of the order of 40 or 50 years.
Rolls-Royce maintains a full range of jet engines, some used in aircraft built in the 1960s.
There are a number of key technologies, business relationships and supplier industries
who come together to make an aircraft: electrical and hydraulic systems, structures,
materials, aerodynamics and engines. Figure 64 shows the dominating design
requirements at different points in the airframe.
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Figure 64 Dominating design requirements for an airframe

As discussed in Section 6.5, fatigue is a very important concept in designing for the
operating life of a product. The extent to which fatigue will occur in a particular design
depends on how the product is used – the operating conditions. Unfortunately, detailed
understanding of the long term effects of this fatigue is difficult to predict without extensive
testing. A lot of the knowledge gained about fatigue is empirical. It is case-by-case and
material-by-material. Patterns do emerge but experience shows that they must be
interpreted with caution. For the long-lifetime products such as aircraft the ability to predict
the effects of operating conditions and régimes is critical. I emphasise this because a lot of
our perceptions of good design hinges on quality and more particularly reliability.
Designers need to consider not only the static function of a product but how it is used – the
typical operating cycle.
How are the design activities of airframe companies dependent on context? Consider
materials development in the context of a company like Airbus. The industry, generally, is
a user of advanced aluminium alloys because they are strong for their weight. This is
clearly of importance for aircraft. Associated with each alloy is a large body of knowledge
on performance from tests and in-service data. To develop and use a new alloy is a
significant commitment.
Airbus is interested in new alloys such as aluminium–lithium alloy for use in airframes.
Lithium is a light element (it has a low density), so if an aluminium–lithum alloy can be
developed with comparable properties to existing alloys, then it will reduce the weight of
the airframe. The consequent effect to the airline in reduced operating costs or increasing
payload could be a major commercial benefit. However, Airbus does not develop alloys.
They are developed and promoted by alloy producers, so the product-design company
works closely with the metal-design company, who also work with Airbus's competitors.
The context of design becomes more and more intricate.
To add to this complexity, if a competitor such as Boeing is working on such an alloy then
Airbus cannot afford not to parallel the work, even if they know that the prospects of
success are remote. The penalty of failure is failure of the company. Designers in the
different companies watch each other, not in the sense of industrial espionage, but in the
open forums where companies that simultaneously compete and collaborate meet. The
same principle applies to aeroengine companies. A new alloy that will operate at higher
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temperatures makes a more efficient engine, so if General Electric is working on a new
class of material then Rolls-Royce also has to work on this class.
Unfortunately the ways that these complex sets of interrelationships behave changes
from business to business. So what may be true of the aircraft industry cannot be
generalised to the computer industry, or to telecommunications or software, for example.
Furthermore the complexity of the interrelationships in a particular industry are
determined not only by the technical issues, such as those discussed above, but also by
broader economic issues.
In order to provide a contrast, compare the aerospace context with the design of
packaging for household foodstuffs and cleaning products. Unilever and Procter &
Gamble compete fiercely in a global market for soap powder. They try out new packaging
in test markets and watch each other's test markets carefully.
In the 1990s plastic flexible bags of soap powder (the usual pack having been a
cardboard box that stood upright on the sink) were introduced to one of the test markets.
These sold well in the first month and maintained sales for a second month. So both
companies became involved in a race to offer flexible packs world wide. As soap powder
is sold in large quantities world wide, this required a considerable design effort to equip
factories with the new tooling for the new packaging. The advantage to be gained in the
market critically depended on the schedule for introduction of new designs of tooling to
produce the machines to make the new packages. Although complex packaging requires
a longer lead time in the setting up of a production line, the time scale involved is
nevertheless a matter of weeks and months, rather than years. Thus 'design' operates
quite differently in the world of soap powder from the world of airframes. Designers of
soap powder can try out possibilities in markets, but aircraft designers only get one shot.

7.6 End note
To end on a lighter note I would like to touch on a famous design case study from the
history of navigation. Clocks in the 1700s only worked accurately if their mechanisms
were kept still on the mantelpiece. But clocks were needed to tell the time at sea for the
determination of longitude. Valuable prizes were offered and eventually a satisfactory
design was created by John Harrison.
The new design certainly met a need. But the design did not behave in new ways – it still
counted the seconds mechanically. There were numerous innovations in the internal clock
mechanism to achieve the accuracy that was required. The new design behaved just as a
clock should behave but in new conditions. The matching of design and operating
conditions was the key to successful design. The design of the marine chronometer
allowed the mechanisms of the clock to work independently of the disturbances of a
voyage at sea. Clever design of the clock mechanism decoupled the internal function from
external context.
Design is complex and there are many ways to handle this complexity. Design problems
are commonly broken down into stages of increasing detail and definition. There are many
activities in the process of design, and these are used in different mixes and with different
emphases according to context. The various ways that designers approach complex
problems where there are no clear or even rational answers, under conditions of extreme
uncertainty makes design an exciting area of study. Design lies at the heart of engineering
practice – it makes things which are useful, beautiful and, perhaps more often than it
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should, unsatisfactory. But that is what happens when we engage with complexity –
surprise and disappointment, success and failure.

SAQ 22
From the examples and case studies described in this course pick out what you think
are informative examples of:

1 innovation
2 uncertainty
3 style
4 context.

Make sure that you have a good reason for each choice!

Answer

1 Plastic kettle – new technology (materials) in existing context.
2 Bridges (e.g. the Millennium bridge) where conditions of use or operating

conditions are not known completely in advance, leading to failure.
3 Sony televisions – same technology and function but different look. Folding

bicycle has style but this is very much a product of close attention to function.
4 Stretcher carrier has 'a particular closely defined' context producing a functional

design. Elaborate context of soap powder packaging where design has numerous
contexts of market, competition and different production requirements.

This concludes our look at the process of design. In the rest of the course we'll look at
many of the constraints on engineering within which designers have to work, and you will
see illustrations of many different products and applications. The examples will be used to
illustrate particular engineering principles, but in all cases try to think of them in terms of
the overall design: context, function, style and innovation.

Conclusion
This free course provided an introduction to studying Design. It took you through a series
of exercises designed to develop your approach to study and learning at a distance, and
helped to improve your confidence as an independent learner.

Conclusion
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