
1

Yet another short introduction to engineering design∗

William Harwin, Rich Mahoney and Faustina Hwang

10/10/2021

If you are in a shipwreck and all the boats are gone, a piano top buoyant
enough to keep you afloat that comes along makes a fortuitous life
preserver. But this is not to say that the best way to design a life
preserver is in the form of a piano top. I think that we are clinging to a
great many piano tops in accepting yesterday’s fortuitous contrivings as
constituting the only means for solving a given problem.

R. Buckminster Fuller.

∗There are plenty of good books on Engineering design see12

1G. Pahl, W. Beitz, and K. Wallace (1988/1996). Engineering Design - A Systematic Approach.
Springer.

2Stuart Pugh (1990). Total Design. Good coverage of a general design process (recommended).
Addison Wesley. isbn: 020141639.
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What is engineering design?

- Creativity? - Art?
- Compromise? - Ideas?
- Communication? - Solutions?
- Aesthetics? - Business?

People

People centred design/inclusive design

• Easy to design for your needs
• Difficult to design for others

– More effort needed to understand the design criteria
– Better communication needed to understand the full problem
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Design flow

Figure 1: Product design or product teardown?
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Components of design
• Presenting ideas
• Defining what the problem is!
• Writing down what is needed
• Looking at what is out there.
• Brain storming what might work and what won’t
• Evaluating different ideas
• Detailing how things fit together
• Finding someone to manufacture the product.
• Building and evaluating a mock-up to see if it will look and feel right.

Each component may require dialogs with other designers, experts, ’sales force/customers’3

What might be the best way to design something - Where do we start?

3i.e. who wants the design and for what
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Design itteration and compromise
As a design process progresses the solution or product becomes more obvious.

This does not imply that there is a linear flow from concept to product!
As the designer or design group learns more and more about the problems and

solutions she/he/they may decide to go back earlier stages to make sure that the
eventual project will work! Likewise we may want to find a suitable manufacture in
early stages so he or she can help with some of the problems.
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Ideas: The product design
specification
This first stage is needed to clarify what is needed.
This may seem a trivial task but it is the most important stage of a design. We

may need to restate parts of the problem as we go through the design but if this first
phase will become a yard stick by which we measure success.

‘What is the best way to cut the grass’, is not a good way to state the problem.
‘What is the best way to keep the lawn in short’ is better since this does not assume
the answer is a lawn mower. Artificial turf, chemicals or a flock of sheep may all be
good ways to keep up appearances!

The purpose of the Product Specification stage is to define the requirements
for the final product. This provides a a clear foundation on which a product may
be designed. We need to outline what the product should do, but we also need to
identify whatever limitations we may for see. We need to determine attributes such
as a likely power source, what it should be made of, how heavy it can be and how
long it should last. All this information must eventually make its way onto a Product
Design Specification sheet (or PDS).

Suppose we needed to come up with a way to move around easily this could
result in a bicycle, an automobile, an aeroplane, a wheelchair, a skate board, or a
train. However on further consideration of the problem we may outline the need for
a machine that is
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• light weight
• works in doors and outside on sidewalks
• doesn’t fall over when you stop moving
• inexpensive

A wheel chair would be a possible solution.
Suppose we needed to come up with a way to record meetings, we could use

a phone voice recorder, pencil and paper, or a phone video/camera. However on
further consideration of the problem we may outline the need for a machine that is

• hand held
• records words and pictures
• erasable
• inexpensive
• easy to carry

A pencil and paper would be the ideal solution. If the pencils hadn’t been invented
the design group would go to the next step!
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Some design attibutes to consider
performance how fast
how slow how often
tolerances environment
temperature range pressure range
humidity noise level
life in service maintenance
cost size
weight aesthetics
materials, standards ergonomics
quality reliability, testing
safety, market, quantity liability patents
installation documentation
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Conceptual Design
This is the part of the design process where anything goes. Look at what similar

products do, are there any ideas we can copy from nature, see how do other people
solve the problem - why didn’t it work!,

The purpose of the conceptual design stage is to use the design specification to
invent new device. As many new devices as possible are invented and discussed with
the design group but they should all be workable solutions to the guidelines of the
design specification. This is the point where you can champion your favourite idea, it
may not be the one that works but it encourages you and others in the design group
to generate even more new and creative ideas and inventions. The human interface
is a vital part of the design and particular emphasis should be placed on this. The
first prototypes for the new idea may emerge at this stage. At last something that
can actually be seen and played with!
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Design matrix
Several variations of a solution should result from the ideas generated by the

design team, and the group will consider each in turn several times until a solution
concept emerges. The solution concept is a more concrete description of the form and
structure of the device that meets the specifications of the design specification. Two
important points should be highlighted regarding the creative process of humans:

• The generation of innovative ideas is normally more successful when working
alone or when individual expression is not suppressed, such as in brainstorming.

• Evaluation of concepts is normally more successful when working in groups.
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SOLUTION VARIANTS

PRODUCT SPECIFICATIONS

FAST X X X
INEXPENSIVE X X
QUIET X X
LITTLE TRAINING REQUIRED X
ENVIRONMENT FRIENDLY X
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Detailed Design – First Embodiment
Once a concept has been established and shown to be the best There may be

multiple solutions and no clear best solution, after all there are many many different
designs of television set, automobiles... Better mousetraps may still be needed!

• Finding a manufacturer,
• Building a prototype,
• starting a company / find a manufacturer
• marketing

Table of Costs associated with design changes at each stage of the design Detail
Design. The purpose of the Detailed Design stage is to produce a complete description
of the product or device described by the Solution Concept. Although some of this
detail may already have been formulated as part of the Conceptual Design stage, in
the Detailed Design stage, the Solution Concept must be completely specified. A
detailed specification includes:

• a list of all components that make up the device,
• any drawings or instructions required to create a component,
• supplier information, product names, order numbers, etc. of components

that are being purchased.
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Prototype Construction .. at last something that works! it is desired that the
usefulness of a particular product or device be evaluated. In order to carry out such
an evaluation, a prototype of the device will be constructed and a suitable set of
trials will be performed. The results of these trials will be used to evaluate the
product and to determine if any re-design must be carried out or if the device is
suitable to be manufactured or published. At this stage, marketing approaches will
be determined by any manufacturers who have agreed to produce the prototype.
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Materials for design
The following materials charts are part of a materials selection process championed

by Michael Ashby4. Also see Ashby and Jones 20115. 

©  Granta Design, January 2010                5 

 

Chart 1:  Young's modulus,  E  and Density,  ρρρρ 

 This chart guides selection of materials for light, stiff, 
components.  The moduli of engineering materials span a 
range of 107;  the densities span a range of 3000.  The 
contours show the longitudinal wave speed in m/s; natural 
vibration frequencies are proportional to this quantity.  
The guide lines show the loci of points for which 

• E/ρ  =  C  (minimum weight design of stiff ties; 
minimum deflection in centrifugal loading, etc) 

• E1/2/ρ =   C  (minimum weight design of stiff beams, 
shafts and columns) 

• E1/3/ρ  =  C  (minimum weight design of stiff plates) 

 

The value of the constant  C  increases as the lines are 
displaced upwards and to the left; materials offering the 
greatest stiffness-to-weight ratio lie towards the upper left 
hand corner.  Other moduli are obtained approximately 
from  E  using 

• ν  = 1/3;   G = 3/8E;  EK ≈  (metals, ceramics, 

glasses and glassy polymers) 

• or 5.0≈ν ;  3/EG ≈ ;  E10K ≈  (elastomers, 

rubbery polymers) 

where  ν  is Poisson's ratio,  G  the shear modulus and  K  
the bulk modulus. 
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Chart 3:  Young's modulus,  E, against Strength, 

σσσσf 

 The chart for elastic design. The "strength" for metals 
is the 0.2% offset yield strength.  For polymers, it is the  
1% yield strength.  For ceramics and glasses, it is the 
compressive crushing strength; remember that this is 
roughly 15 times larger than the tensile (fracture) strength.  
For composites it is the tensile strength.  For elastomers it 
is the tear-strength.   The chart has numerous applications 
among them: the selection of materials for springs, elastic 
hinges, pivots and elastic bearings, and for yield-before-
buckling design. The contours show the failure strain, 

E/fσ .  The guide lines show three of these; they are the 

loci of points for which: 

(a) σf  /E      =  C (elastic hinges) 

(b) σf
2
 /E     =  C (springs, elastic energy 

storage per unit volume) 

(c) σf 
3/2

/E =  C (selection for elastic 

constants such as knife edges; elastic diaphragms, 
compression seals) 

 The value of the constant  C  increases as the lines are 
displaced downward and to the right. 

 

4Michael F. Ashby (2016). Materials Selection in Mechanical Design. Elsevier.
5M.F. Ashby and D.R.H. Jones (2011). Engineering Materials 1 : An Introduction to Properties,

Applications and Design. Elsevier Science & Technology. url: http://idpproxy.reading.ac.uk/
login?url=http://lib.myilibrary.com?id=405358.

http://idpproxy.reading.ac.uk/login?url=http://lib.myilibrary.com?id=405358
http://idpproxy.reading.ac.uk/login?url=http://lib.myilibrary.com?id=405358
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Chart 2:  Strength,  σσσσf,  against Density,  ρρρρ 

 This is the chart for designing light, strong 
structures.  The "strength" for metals is the 0.2% offset 
yield strength.  For polymers, it is the stress at which the 
stress-strain curve becomes markedly non-linear - 
typically, a strain of abut 1%.  For ceramics and glasses, it 
is the compressive crushing strength; remember that this is 
roughly 15 times larger than the tensile (fracture) strength.  
For composites it is the tensile strength.  For elastomers it 
is the tear-strength.  The chart guides selection of 
materials for light, strong, components.  The guide lines 
show the loci of points for which: 

(a) σf/ρ    =   C   (minimum weight design of strong 

ties; maximum rotational velocity of disks) 

(b) σf
2/3

/ρ  =  C   (minimum weight design of strong 

beams and shafts) 

(c) σf
1/2

/ρ  =  C   (minimum weight design of strong 

plates) 

The value of the constant  C  increases as the lines are 
displaced upwards and to the left.  Materials offering the 
greatest strength-to-weight ratio lie towards the upper left 
corner. 
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Sensors, actuators and energy storage
Actuators often make up a part of Engineering design and a similar process to

materials selection can be followed6.

6J.E. Huber, N.A. Fleck, and M.F. Ashby (1997). “The selection of mechanical actuators based
on performance indices”. In: Proceedings Royal Society: Mathematical, Physical and Engineering
Sciences 453.1965, pp. 2185–2205. url: http://www.journals.royalsoc.ac.uk/link.asp?id=

uxtdfxp2krd40ded.

http://www.journals.royalsoc.ac.uk/link.asp?id=uxtdfxp2krd40ded
http://www.journals.royalsoc.ac.uk/link.asp?id=uxtdfxp2krd40ded
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Tools for design
Good design requires three things, creativity, good research and good communi-

cations. To do this good tools should be used - if they exist!

Parametric CAD

Research tools

• Libraries and Library catalogues
• Internet
• Telephone directories,
• Manufacturers catalogues and literature
• Patent library
• University and local libraries.

Creativity tools

• The brain
• paper/logbook and pencil/pen/crayons
• Word processors
• Computer drawing packages
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Communication tools

• Skype/email/facebook/whatsapp
• Pencil and paper.
• Word processors and drawing packages
• CAD programs, detailed engineering drawings

and sketches.
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Example of a Product Design
Specifications

Consumer Innovation Laboratory Egg Breaker

Between 1993 and 1995 the Rehabilitation Robotics Laboratory at the Alfred I. duPont
Institute ran a consumer innovation design laboratory, to explore how individual
needs could better map to new products. The following is the design specification
from one of these projects.



20

Consumer Innovation Laboratory Product
Design Specification

Between 1993 and 1995 the Rehabilitation Robotics Laboratory at the Alfred I. duPont
Institute ran a consumer innovation design laboratory, to explore how individual
needs could better map to new products. The following is the design specification
from one of these projects.

12.2.1 Egg Breaker

Design to let a person with motor difficulties use fresh eggs in cooking by separating
the yolk and the egg white without fragments of the shell.

Design No.: 1.0
Date of last revision: 6/9/94
Version: 1.3

Note D is a Demand on a product, and W is a Wish.

NO. (D/W) CATEGORY SPECIFICATION
1. W Performance Accommodates - any size egg
2. D Maintenance Cleaning - must be easy
3. W Performance Egg contents - It is desirable to

be able to drop contents into a mixing
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bowl or a frying pan.
4. D Performance Egg contents - should drop into a

small bowl for transfer for its end use.
5 D Performance Egg Yolk - must not be broken
6 W Performance Egg Yolk - must be able to

separate yolk from whites
7 D Cost Fifty Dollars - or less
8. D Aesthetics Fits - into the kitchen

environment.
9. W Performance Loading of egg - should be through a

side or front entrance to accommodate
individuals with limited and range of
motion or limits on precision of movement.

10. D Performance Modular Design - should accommodate
related modular devices
- yet to be defined

11. W Operation Modular Design - to allow the breaking
devise fit into a more complex system
that may be required for people with
severe disabilities

12. D Installation Mountable :
Under a cabinet or
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On the side of a cabinet

OR: Freestanding
13. D Environmental Environmentally Friendly - choice

of materials
14. W Operation Operational - by people with severe

disabilities is desirable
15. W Power Powered mechanically - (no batteries or

plugs)
16. D Safety Safe to use - All potentially harmful

mechanisms must be inaccessible
17. D Operation Operational - by a person living

independently and without assistance
18. D Performance Time - required to break the egg

once it is loaded in the device
should be less than one minute.

19. D Performance Empty Shell - must be completely
separated from contents without
any particles

20. D Performance Mess - resulting from the egg white or
yolk shall be eliminated to keep from
getting on the hands.
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21. D Performance Empty Shell - must be easily discarded
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Engineering Materials
Shape relating to strength. This is why buildings are made with I-beams and

aeroplanes are basically cylinders.

• Why is an I-beam strong?
• What is the difference between a force and a bending moment?
• what is shear stress?
• What relates stress to strain?
• Can you stand 5 cm above the ground using only a sheet of paper?
• How do things break?
• Failure of steel vs aliminium
• failure of plastics
• plastic vs elastic deformations
• Density, cost, strength, elasticity, failure modes.
• age related material changes
• cleaning and finishing of surfaces
• energy of surfaces.
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Reverse Engineering/Product
teardown

Holmes: ”Then there is the curious incident of the dog in the nighttime.”
Inspector Gregory: ”The dog did nothing in the night-time.” Holmes
”That was the curious incident.”

Reverse engineering requires the intellectual skills of a fictional detective. These
include gathering together facts, deducing information from the facts and inferring
what is not obvious. Reverse engineering begins with the product and works through
the design process in the opposite direction to arrive at a product definition statement
(PDS) but in doing so should uncover much about the design ideas that were used
to product a particular product. This technique produces information about the
product that relates to its manufacture, reliability, cost, functionality, etc. Reverse
engineering can be either as a systematic approach to studying the design process OR
as an initial step of the redesign process: Reasons for reverse engineering a product

1. The original manufacturer of a product no longer produces a product or no
longer exists and a customer is tied into that product.

2. The original design documentation has been lost or that documentation never
existed.

3. Clever and innovative aspects of an old product were never recorded in the
design documentation and a similar product is to be designed.
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4. Naff features of a predecessor product were never recorded in the design
documentation or only became apparent once the customers started using the
product. You feel these bad features should be designed out.

5. Long term use of the old product illustrates strengths and weaknesses of a
design. For example excessive wear might indicate where a product should be
improved

6. You wish to analyse the good and bad features of your competitors rival product.
Reverse engineering is very common in software engineering, and less common
in chip design, electronic design, mechanical designs and mechatronics.

Questions to be asked of a reverse engineering exercise

• How does it function, what are the weaknesses and strengths, how could it be
improved?

• Is it Non-destructive/destructive?
• How can cost be reduced and performance increase?
• What auxiliary sources of information are available e.g. Similar products/technical

specs?

Intellectual property/Ethics

Imitation is the sincerest form of flattery.
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Products can be protected from copying by either copyright or patents. Patents
protect the idea(s) behind the functioning of a new item whereas copyright only
protects the look and shape, consequently a patent is a stronger protection against
copying. Often however a patent is no more than a warning sign to a competitor,
a claim to pin to a product to put off competition. If there is merit in the idea a
competitor will either a) negotiate a license to use the idea, b) claim that the idea is
not novel and is an obvious step to anyone practised in the field or c) will make a
subtle change and claim that this no longer comes under the patent.

• A famous chemical company used technique c) to defeat a patent on a manu-
facturing process.

• Bridge and building designs in civil engineering tend to be copied from past
successes so their is less chance of catastrophic failure.

• In Computer Programming, good source code is often a variation of other good
source code, e.g. numerical recipes, structure for linked lists.

Reverse engineering levels

Decide between destructive and nondestructive reverse engineering The general
principles can be applied both to the system in operation, or to the individual sub
systems.
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14.2.1 Factual stage

1. Determine organizational or customer needs
2. Preliminary analysis
3. Highlight possible difficulties in disassembly and reassembly
4. Plan product disassembly
5. List disassembly steps so reassembly is possible.
6. Identify any third party subsystem sources (e.g. electric motors, chips)
7. List subsystems and parts.
8. Identify individual subsystems and how they function
9. Identify material and manufacturing process

10. List of sensors
11. List of actuators

14.2.2 Deductive stage

1. Determine overall function and subsystem function
2. Develop black box model showing materials, energy and information flow into

and out of the product
3. Identify actual physical principles
4. Identify the physical principles (conservation of energy, etc) that apply to the

product
5. Identify how subsystems interact
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14.2.3 Inductive stage

1. Predict how the product might work
2. Estimate costs
3. Hypothesise manufacturing processes

14.2.4 New solution concepts

1. Identify component features that make it a success, e.g. light weight, strength,
manufacturing costs.

2. Use new information in new ways
3. Depending on the intent of the RE purpose, document how costs can be reduced,

functionality enhanced, the intellectual property used in other designs, the
good and bad features, produce a likely product definition statement.

The new PDS might also dentify areas where the product could be modified, either
in design or in manufacture, might identify any special purpose or labour intensive
machining required.

Note on costs

Estimating costs can be difficult. A complex part made in large numbers will be
relatively cheap (eg components in a disc drive, whereas a short run of 10 items will
require a lot of hand machining where the primary cost is that of a skilled machinist.
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Other costs that contribute to shelf price are the cost of assembly, packaging, technical
support costs, user and technical manuals.

Black box system analysis

Considers flow across a boundary set up around a system or subsystem,
Material

• Any matter that crosses the system boundary Information
• Might include information from sensors
• Energy is conserved so energy flow in + energy stored = energy flow out
• Power = dE/dt
• Primary energy ’lost’ is via heat, but might also be lost as EM fields.
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Intellectual Property

Patents

A Patent is a publication that gives full disclosure of the principles, Reverse
engineering should not be required if there is a published patentThomson 1999.

twoin cont: A right to prevent others, through a legal process, from making, using
or selling an invention you have claimed and that a government has agreed to give
to you. Right is given in return for disclosure of your invention and is for a limited
period where upon the invention is available for all to exploitDefinition

In Britain patents can be traced back to the 15th century, when the Crown
started making specific grants of privilege to manufacturers and traders. ie open
letters marked with the King’s Great Seal. The earliest known English patent was
granted in 1449 by Henry VI to John of Utynam for a method of making stained
glass, granting a 20-year monopoly.

• a monopoly to use an invention
• UK patents have max term of 20 years
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UK USA EU
To be patented an inven-
tion must be.

• new
• involve an inventive

step
• be capable of indus-

trial application
• not be ‘excluded’

To be patented an inven-
tion must be.

• Useful (section 101)
• New (section 102)
• Non obvious (section

103)

Useful implies any use at
all.
Must be a claim listed in
section 101

To be patented an inven-
tion must have

• I Invention
• II. Novelty
• III. Inventive step

New is defined from date
of filing (‘priority date’)
and should not be made
public before that date.

New is defined from date
of invention
You have a year from the
invention date to file a
patent. Date of filing in
another country is taken
as the ’priority date’ for
filing in the USA

Novel. It is not currently
part of the ’state-of-the
art’.
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UK USA EU
Inventive — Not obvi-
ous to someone with good
knowledge and experience
of subject.

Non obvious Inventive step if, having
regard to the state of the
art it is not obvious to a
person skilled in the art.

Industrial applications —
obvious, Also should not
break any physical laws.
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UK USA EU
Excluded inventions -

a discovery
a scientific theory
an algorithm
an aesthetic creation e.g.

a play — use copy-
right

a new animal or plant va-
riety

a surgery or therapy
anything that encourages

immoral, offensive or
antisocial behaviour

Invention excludes
programs for comput-
ers, treatment of hu-
mans/animals by surgery
or therapy, biological
processes that produce
plant or animal varieties.
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UK USA EU
Costs(pounds 2017)

Preliminary examina-
tion and search ..
130+30

Substantive examination.
80 (online)

Renewal in 5th year .. 50
sliding scale until 20th

year .. 70-600

Statement of inventorship:
The prescribed period for
filing is sixteen months
from the declared prior-
ity date or, where there is
none, from the filing date.

Cost ( US$ 2004)

Basic filing fee ... 770
Each additional claim in

excess of 3 ... 86
Patent search fees 1000-

3000
Issue fee 1330
Publication fee 300
maintenance at 3.5 years

910
maintenance at 7.5 years

2090
Maintenance at 11.5

years... 3220
Filing fee ... 770

Costs (in euro, 2004)

Filing ... 125
Search fee .... 690
(international search ...

1550)
Per state fee .... (75 per

state, upto max of 7,
whereupon all states
covered)

Renewal in 3rd year ...
380

sliding scale used up to
Renewal in the 10th

and each subsequent
year ... 1020

Examination fee ... 1430
Fee for granting and pub-

lishing patent ... 715
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UK USA EU
http://www.patent.gov.

uk/

http://www.uspto.gov/ http://www.

european-patent-office.

org

Term 20 years Term 20 years from the
date on which the appli-
cation for the patent was
filed

Maximum term is 20 years
from filing date (lifetime
may be extended by maxi-
mum of 5 years under spe-
cial circumstances only)

“the right to exclude others from making, using, offering for sale, or selling” the
invention in the United States or “importing” the invention into the United States

Caveat: It is always worth getting legal advice from a good patent attorney or
patent agent. This can cost several thousand pounds.

Making money from a patent. You can

• Make the product yourself
• Subcontract the manufacturing and receive revenue from the sales
• Sell the patent rights
• License the patent in return for royalty payments.

PCT (patent cooperation treaty) cost in pounds

http://www.patent.gov.uk/ 
http://www.patent.gov.uk/ 
http://www.uspto.gov/ 
http://www.european-patent-office.org 
http://www.european-patent-office.org 
http://www.european-patent-office.org 


37

Transmission fee ... 75
Search fee ... 1638
International fee ... 1063
Further substantial fees on entry to national/regional phase

Patent law usually allows a patent to be used for experimentation, private and
non-commercial use, or use on a non commercial scale. Copying a patented idea
is encouraged, but any commercial exploitation must be with the permission (and
presumably financial gain) of the patent holderThomson 1999.

Other ways of protecting ideas

• Non disclosure agreements
• Trade secrets
• Trade marks (stamp of quality, brand identification etc.), A trademark is a

word, name, symbol or device which is used in trade with goods to indicate the
source of the goods and to distinguish them from the goods of others

• Copyright - literacy, musical and artistic work, including computer programs
and engineering drawings (lasts for 50 years following author’s death). Must
prove originality and it does not cover the idea. Copyright is a form of protection
provided to the authors of “original works of authorship” including literary,
dramatic, musical, artistic, and certain other intellectual works, both published
and unpublished. The 1976 Copyright Act generally gives the owner of copyright
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the exclusive right to reproduce the copyrighted work, to prepare derivative
works, to distribute copies or phonorecords of the copyrighted work, to perform
the copyrighted work publicly, or to display the copyrighted work publicly. The
copyright protects the form of expression rather than the subject matter of the
writing.

• Design registration covers the look and appearance (‘eye appeal’) — must be
new.
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