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2.1 INTRODUCTION

Engineering design encompasses both product engineering
and manufacturing engineering Doduct and manufacnu

ing engineering include a wide 1ange of activities, from the
creative description of the item 1o its production, To design
and produce a product efficiently the manufacturability of
the part must be built into the design from the beginning In
design for manufacturability (DFM) the manufactuiabil

ity of an item is considered from the very beginning ol the
project (DFM is covered in more detail in Chapter 3)
Quality of the product must be built into the part not
inspected out during the production process Service of the
part should be easy effective, and efficient. T'he materials
used during the production of the part should be recyclable
and remanufacturable. Product engineering and the manu

facturing engineering of a successful project integrates many
activities:

Product Engineering
Product description
Spedifications
Maodels
lest
Frototy pe
Fit and function
Fresentation
Analysis
Stress/strain
Fatigue/corrosion
Movement/kinematics
Poad— forces/dy namics
Heat—energy/
thermodynamics
Fayow and detail diawings
Redesign

Munufactining Fagineering
Production method
{ osts
Quantity
looling
Dies
Tools
Jigs and fixtures
Inspection gages
Rabot workeells
Material management and
movernent
Ordering
Froduction planning
Manpower 1equirernents
lesting
Inspection
Quality control
Distribution
Fackaging
Shipping
Storing/stacking
Fa ility managenent
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{a} Bicycle design

{b) Hear whes! of bicycle

FIGURE 21 Bicycle

The end result of the design activity is the most useful
andd economic product o1 system 1o achieve success, the
engineer/designer must consider multiple tactors and make
decisions hased on compromises Seldom is a design every
thing the engineer wanted when the project hegan A
suceessful design is ope that is functional and manulactur
able and that serves the needs of the customer. The product
must also come 1o market at the appropriate time A produd
too late 1o market is usually a failure  As competition
increases wotldwide, time to market becomes critical

Designs are functional when they satisly a need and ave
asvatlable 1o the customer (Fig 2 D) insome form o1 quantiny
that is cost effective to produce and use and is profitable for
the company Belore a design is accepted such as that ol a
motor v le engine (Fig 2.2) it must be tested and researched
th noughly After the development and testing of a product

FIGURE 2.2 Motorcycle Engine

or mechanical design, the design data are released to the
factory for production

2.2 THE DESIGN ENGINEER AND
DESIGNING

Designers use their education and experience to invent new
products, create new systems, or take existing products o1
systems and add innovations The design process involies
creativity and the ability 1o discover new solutions 1o
existing problems o1 1o invent new products to fll a need
Being a designer has less to do with natural walent than with
cultivating an eve for detail, accumulating knowledge from
education, and gathering experience from designing

Designing is an intellectual activity that has no hard and
fast rules Most good designers develop their expertise
through experience. The best designers keep their minds
open 1o new concepts and learn from co-workers, journals
magazines and past fallures They are well informed they
choose the best features from several approaches for theh
designs When they approach a new problem, they study
existing related designs to try and understand the rationale
hehind their ceation

Since the item being designed or invented olien does not
exist belore the process starts product design (Fig 2 )
demands mote creativity Product design involves the cre
ation of commercially profiable useful o1 desiiable jtems
and devices Mechanical design indudes a wide range of
industiial products (Fig 24 and tools used in manufactue
ing {jigs and fixtures dies molds) The systems designer is a
problem solver and innovator He or she combines existing
standard parts in a unique functonal manner 1o satsly a
need o1 industrial requirement

Iaing the design process the designer uses many
ditferent types of documents and consults a varlety of



{2} Mouseman {b) Mirosoops

designs
FIGURE 23 Product Design

right haret and left hand

FIGURE 24 Design of a Distributor Cap

specialists (Fig 25) Customers communicate their needs
through the contract and program office which in tum
teleases the job to the engineering team During the design

process the engineer has many responstbilities including

®  CGeometric arrangement of the components or design
configuration

# Fllects of motion, lorces shear, and environment

# Human capabilities limitations and requirements
(human factors)

& Manufacturing and production processes

# Material selection

fo understand a design situation (Fig 2 6) and bring the
problem to a successiul contlusion the engineer needs basic
creative instincts an inquisitive mind  and the ability 1o
cormmunicate verbally (in written formY and gaphically
Successful design engineer traits inclnde the following

# Intuition

# Good commuunication skills  wiiten nal graphic
# Open mind to problem schving

# Inquisitive mind

# Understanding ol lundamenial design principles
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INFLIT THROUGH ENGINEERING DO UMENTS
FOR DESIGN REQUIREMIENIS
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INPUT THROUGH CONSUL TATION WITH SPECIALIBT
FIGURE 25 Engineering Design Flow Diagram

B Abiliny to integrate andd halan ¢ several ideas and
solutions

Ability 1o do self evaluation

Comentration skills

Visualization skills

Ability to think and communicate in 3D
Mathematical skills

® 8 B o8 B

Cultivating successtul designer naits can be done In D
sketching 3D visualizati w techniques and the souting of
existing mes hank al ters and prodicts Developing creative
mental skills encowraging an investigative mind pracicing
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FIGURE 2.6 Electronics Alignment Assembly in a Clean
Room

FIGURE 27 Space Station Hlustration—Structure and
Solar Panels

written and nal desaiiptions of designs and specific orga
nizational skills are also essential

The space program (Fig 2 77 is an excellent example of
whete engineers had 10 create new designs for exploration in
entirely unique emvironmenis Space exploration required
engineers who were not captive to preconceived notions or a
Hmited vision ot who weie ahiaid to push the hontiers of
knowledge

2.3 SYSTEMS DESIGN

Systems design and engineering imvohie a vatiety of engi
neering disciplines that use standaid pans in an assembled
configuration to accomplish a task Systems design revolves
around the use of standardized parts that can be assembled
in unique ways to solve particular problems o1 meet special
ized needs. Each system is a combination of pans designed
to fit into a specialized envirorunent Many systems are
themselves combinations ol systems A building oy ex
ample is not just a stuctwal and architectal system the
typical building has a stuctwal system 1o support it a
plumbing and piping system to puevide water and remove
waste a gas system for heating an elecnionics system o
conmunications and secutity, an electrical sysiem for powes
and lighting, a heating distribution systemn, a mechanical
system for moving people and materials, and a venuilation
and air conditioning system for controlling the temperature
and air filtration of the structure. The larger the building, the
more complex the systems

Power generation systems, construction/structural sys
tems, mass transportation systems (public and military), and
electronic systems including computers, are all system
designs. The nuclear plant in Figure 2 8 is an example of a
combination of structural mechanical and electronic sys

FIGURE 2 8

Nuclear Plant Containment Area



FIGURE 2.9 Petrochemical Plant Model

tems  The petrochemical plant model shown in Figure 2 9 is
an example of a system for producing consumable energy
products A refinery is composed of electrical, heating and
ventilation, structural, mechanical, electronic instrumenta
tion, and piping systems—all integrated into a complex
facility.

2.4 PRODUCT AND INDUSTRIAL
DESIGN

broduct design is accomplished by an industiial designer
working in conjunction with the engineeting manulaciu

FIGURE 2 10 Oscilloscope
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Escalator Design

ing and marketing departments 1o develop and create a
useful and profitable product Froducts are mass produced
for consumer educational o1 industrial markets  Figuie
2 10 shows an example of an industtial product whose
functon is far more impornant than its visual appeal the
oscilloscope which is sold 1o indusuy military and educa
tional markets The escalator shown in Figwe 2 11 is an
example of a solid model design for the commercial market
The gas generator in Figure 2 12 s the kind of product that
has both individual conswmer and industrial markets Since
its design is functional and mechanical in natwre we could
say that it is more of an industrial product The pointing

device used for computer input [Fig 2 3aM is an example of
a conswmer product

FIGURE 2 12 10 kW Gas Generator Mockup
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2.5 PRODUCT DESIGN
PARAMETERS

All design decisions must be made after careful consider-
ation of the factors (design parameters) influencing the
product. Product design parameters (Fig. 2.13) determine
manufacturing and production methods and include the
following:

# Weight ® Symmetry
# Texture # Hepetition
B Material # Size

# Color # Balance

Each design parameter alfects the other parameters. For
instance, the weight of the product is influenced by its
matetial and size; the color will be influenced by the
material  the material inlluences the texture or surlace
quality Since the texture of a product may in some cases be
more important than other factors, the surface feel or texture
requirements, in return, affect the material choice The
weight and size of a product affect its ease of use

The shape of a product should be considered with regard
to its symmetry, proportion, repetition, and balance Geo-
metric proportions that are pleasing to the eye and appear
balanced can give a repetitive shape to the part. Automotive
design is a good illustration of this point. As shown in Figure
214, curves, lines, and contours all influence the balance
and symmetry of a product. Remember, the best-selling
product is not always the best product. An extremely
reliable completely functional, long-lasting product will not
necessarily sell if it is also poorly proportioned and unap-
pealing in color and shape. All of the listed factors are
interdependent. A good designer determines the proper mix,
hased on their relative importance to the project

<L e

FIGURE 2 13 Product Design Parameters

Satamation Daniin

FIGURE 2.14 Two Examples of Geometric Proportion in
Automotive Design

The forceps in Figure 2.15 are an example ol a small
product. Though normally considered a medical instrument,
this clamping device can be found in indusirial workplaces
and in the home This product must be strong, lightweight,
balanced, corrosion resistant, and come in a variety of sizes
and shapes. Since the main surgical requirement is that it be
sterilizable, its color is not important. The material itself
dictates most of its characteristics. Stainless steel satisfies the
design requirements.

FIGURE 2 15 Forceps



Design considerations require proper and timely decisions
by engineers. A careful and systematic overview of a prod
nets design considerations will lead to a successful final
product,

The calipers in Figure 2 16 are an example of a product
that was designed for a very specific function Calipers are
used by designers, engineers machinists, and others in
volved in the manufacturing process Calipers must be
accluate, lightweight, sturdy simple to use easy to handle
unbreakable within limits have an extremely long lile, and
not he affected by the environment Inaccurate, corrodible
o1 breakable calipers would not sell Obviously, the function
of this praduct is the foremost concern it must measiie
something accurately This Junctional consideration deter
mines the material cholce nommetals would be mappropii
ate since they would not allow o1 the accuracy required of
the finished product Appeatance is not a major consider
ation  The requirement for conosion resistance lhuits the
matetial hoices as will the stength considerations

Design considerations indlude the following

Function

€ onstraints

Materials

Appearance

Favirommental effect on product and product
on enpvironment

Product life

Reliability

Safety requirements

Standardization and interchangeability of components
Maintenance and service requitements

( osts

#® o2 B B ow

Function  The actual functions of a product must be

defined eatly in the design process Unnecessary functions
or extia featwes (sometimes called

bells and whistles )

FIGURE 2 16 Calipers
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should be eliminated 1 they do not substantially increase the
value n salability of the produce The designer must deter
mine whether the poduct could serve more than the
original functon described by the customer Could the
product be less complicated? Could it serve more than one
pLrpose?

the function of a product will always he its primarny
consideration 1 the product does not functi m propetly
then it is not marketable  The functon of a product will be
influenced by iis complexity A basic rule is 1o minimize the
complexity of a design The simpler a product the easier and
Jheaper it is 1o manufacture Strength requitements will be
influenced by the products tunction Reducing 1tational
stiess hending and other complex movements is the goal
The designer ¢ wisiders these factors when designing for
strength Interference hetween moving paits is also an aspect
of function  he hwadon of a produa deteymines the
movements and how many individual paits are requiied
Attempt to minimize the number of parts in a lesign

Constraints  Design o simpliciny, within the constrains
What are the constraints of the project? Are the size
weight and volume of the product adequate? Could they be
reduced o veate a better design The projected cost of the
product i also a constiaint A widget that performs 24
different functions but costs five times mote than the
constmer will pay s not a well designed poduct Size
weight and volume will be influenced by handling ship
ping and marketing considerations

The size st a product will also be influenced by who uses
the itemn A childs hand is smaller than an adults and in
most cases a wownan’s hand will be smalles than a mans Il
the item is gender determined (used by only one sex) then
matketing research defines many of the constrains

Materials  he material used tor the design is deteimined
by a multitucde of factors In tact mudh of the success of a
design might be determined by the material choice  The
following is a partial list of material properties that aie
vonsidered during the design process

Strength - A measure of a materials capacity to resist difler
ent types of forces

Flusticity  The stiflness of a material and its capadity 1o resist
deflection under load stress is telated 10 strain by the elastic
constant

Ductilig The ability of a metal 1o defonm hefore bactuing
Futicue When a material fails after many repeated load
vycles

Ruwing char wieristics The suitabiliny of a matenial to be
used as an element resting on another part amd in motion
Heardness and brittlotess The opposite of ductility a chaiac
teristic of a material O resist penetiation

Damping - The ability ot a material 10 dissipate energy
caused by vibnation
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the elfective range within which the
table

fmz;wefam PN

waterial properties will be

The ability of a material to absorh eneigy helore

5 5 i
HOHPHRREAS

fractuiing

the abiliny of a material o store
energy when delonming penmanently

ity of a material to withstand rubbing
adsy causing removal of material

sion [he ability of a material 1o resist deterioiation
s a reaction o envitonmental conditions

The possibility of pradudng a poisonous effect
matetial salety data sheets (MSDS) ate now required docu
mentation for products

,‘»Em sinability The relative ability ol a material to be ma

fhe ability of 2 material 10 be loiged
Fomabilin  The ability ol a matetial to be formed

bility  The ability of a material to be cast

Weldabilinn  The ease with which a material can be welded

Many times the function of the item detenmines the
material in other cases there is more leeway in the material
choice [he material that hest suits the design and manufac
nuing requirements is sometimes a compromise  Availabil
ity is also a factor in material selection An exotic material
may be the hest choice but il it is hard to procure another
material may be better for adequate production runs

Appearance  Appearance is one of the most impornany
considerations in consumer product design and usually the
least important for indusnial product design The look feel,
shape (symmetty modernness roundness sinoothness) and
eye appeal of a product have to be consideted early in the
design phase Sometimes tor the suwcesstul marketing of a
product the functon and other characteristics will be less
important than the appearance

The effect of the produet on the environ
ment is now more important than at any other thue in
history I Ez stiial history is full of examples of how profit
ek precedence wver protection of the emvironment In
st -nmm an environmential impact eport is mandatory

Faviromment

foor latge systemns design

The elfects of the environment m the product are also a
oncern for the designer as with the nador in Figuwe 2 17
The eltects of temperature vatiations duiing operation must
be considered in the design phase of a product Dust and
dirt must be excluded from many products to ensure propet
operation  Vibration also affects the operation and life of a
must he lhmited by dampening
The moistwe level in an oper
a concern for many products

product and  therefore
devices and other methods
ating environment will he

FIGURE 217 Case Tractor

excess moisture can cause corrosion Designing any product
starts with an understanding of when how by whom and
where the product is to he used

the oscilloscope (Fig 2 10) was designed to be carried
the electionics inside must he shielded properly by the
packaging Heat must be allowed to escape from the pm;k
age lherefore vents are provided in the sheet metal on the
sides of the package The ruggedness of the product will
obviously influence its reliability life and what eflects the
environment has on its Hperation

The space shuttle was designed 1o withstand heat that
reaches timumndb of degrees while it leaves and reenters the
atmosphere  The shuttle tiles had 1o be made of ceramics
that could handle this type of repeated envirommental
assault Most of the shutles components were designed (o
aperate in a dust free environment Therefore the manufac
turing and assembly stages ol production for its components
weie done in clean ooms

the space telescope in Figwe 2 18 must be cooled 1o
eliminate its own heat 1adiation which could interfere with

infrared Astronomical Satellite

FIGURE 218



inhrared receptiom [om the stas  The telescope and its
associate | measuting equipment were designed to be cooled
te 4 Foabove absolute zero Envionmental consideratims
are one of the moest demanding aspecis of this design

Product Tile  The operation life of a product is its time
of operation belore it fails The shell life of a product is the
period of e it can be in storage and still operate conealy
The designer can influence the lile oba product by choice of
material  features manufactuning wethods and assembly
methods Often it is the intention of the designer 1o have
the product wear vut at a given life length

Arcindustrial products lile may be longer and provide fon
easier replacement of worn patts The nactor in Figue 2 17
is an example of a product designed 1o be maintained wer a
leng period of use

The Viking lander (Fig 2 193 had 1o have an extiemely
long life in onder 1 operate effectively in a hostile envinen
ment Service  replacement  and maintenance were not
considered in this design because the lander could not be
reached 1o pertorm those functions The otiginal parts had
to have extiemely Jong operational lifetimes and had 1o
operate error {ree for an extended period while undergoing
extensive  environmental  attack  temperatuie  vaniation
dust and solar radiaion In cther words it had 10 he
extremely reliahle

Reliability  Ihe reliability of a product is influenced by its
number of moving paus s complexity and its sensitivity to
the emvironment Reliability is a product’s ability to unction
properly during each operation Reliability affecis both the
life and the cost of the product An wnreliable product will
not enjoy continued sales Bach product s designed 10 have
adequate reliability 1o last the average expected lile The
higher the quality ol the components in a product the
longer its lile and the higher its reliability However it is not
cost-effective 10 design something whose components are
more reliable than the item isell Parts designed lor the

FIGURE 2 19 Viking Lander
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military and for space exploration must have the highest
reliabiling

Safety  “alety involves the correct pertormance of a prod
uwt Some sensitive or dangerous products have fail sale
designs so as 10 prevery any injury o1 harm to the environ
ment Fail safe means that a product incorpotates leaties
for awtomatically counteracting the elfect of an anticipated
possible sowce of breakdown Products can be dangerous
when they do not perform contecly when they are operated
incortectly o when they are petforming Cnrectly but with
insufficient potection for the operator Fa h o these thiee
consideratons influences the design The st and last ate
the easiest 1o prevent Protective shields housings and
guards can be incorporated into the design The product can
be rigotously tested o1 sale operation and inc wporation of
any salety features

Standardization and Interchangeability By using stan
dard  off the shelt items the cost of the product can be
reduced Systems design s in reality the assembly of
standard components in unique configirations that ac om
plish a specific task  such as produding power 1 creating a
chemical Products also benefit frem the incorpmation ol
standard parts in their design The use of standard pants and
previously designed pans is an important factor in DEM
thereby saving time and cost

The ability of a unit 1o use similar parts o1 have difterent
omponents that can be substituted is called interchange
ability The product is designed so that different sizes of
fasteners n ther standard components can be used  [his
will reduce the production costs and eliminate possible
shortage problems and delays in production

Maintenance  Design for simplicity in disassembly and
maintenance Some if not most products ate now designed
as throwaways Design with recycding in mind whenever the
product is 1o be a tluowanay

Proclucts that requite repair service and maintenance ate
designed 1o be disassenbled at specific intervals of operation
o stages of wear therelre design for disassembly 1rovid
ing Jearance for tools and hands duting maintenance and
sepair is a consideration for many indusuial produas As an
example the valve in Figure 2 20 s designed 10 allow for the
e val of the handwheel stem bonnet and disk 1 replace
the composition ring  This service can he acoomplished
without cutting o1 disassembling the pipeline

Costs  The nwunber of parts produced could influence the
cost of a product In general the greater the quantiny
manufactured the lower the overall unit cost ol the product
IF you had to puchase each pau separately the average
aut mobile would cost about 100 times wore than it does
now as most of us have experien ed when we needed 2
tepair o our car Most consumer produets can be made
much more cheaply by produding large quansities Indusiny
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Handwhes!
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s

FIGURE 2 20 Composition Disk Globe Valve

fias realized that they must hold down costs and at the same
time increase quality The designer can be an imponant
facton in this equation Materials manufacturing methods
equipment and labor all affect the cost of a product

the design production and matketing costs of a product
must be estimated early in the design process 1o bring the
product to market and make a fain retinn on the investment
Designing in quality instead of inspeciing ont problerus will
ensire a greater profit and a better produa

He optimum proaduct is created when all factors are prop
etly analyzed and halanced Figure 2 21 shows the welwe
major influences that when properly considered, will yield a
superior product This process is called product optimiza
tion Hach of the twelve laciors aflects the success of the
product A gowd designer laciors in each to develop an
optimum product

he pipe msulation covers shown in Plgue 2 22 were
designed according 1o many ol these factors Durabiling
quality economy petformance simplicity, installation ease
interchangeability salery  and manulacnuabiliny were all

o -

o,
(‘% 6%?&&% BASE .

FIGURE 2 21

Product Design Optimization

considered in the design and production of the (overs
Although the insulation of a pipeline (Fig 2 23) that uses
covers does not requite the aesthetic considerations required
of consumer products it does demand proper industiial
considerations that will affect design and production

" i

FIGURE 2 22 Zestron Pipe Insulation Covers



FIGURE 2.23 Pipe Insulation

2.8 THE DESIGN TREE

The design tree (Fig 2 24) is useful in analyzing a particular
project  The design tiee can senve to illustiate the dedision
process during the aucial initial design o redesign phase of
a project Although the physical configwation materials
manufactuing methods  assernbly procedures and equip
ment costs may be aliered and halanced between selections
stages occun during the design ol a new product in which
equal funciion  quality and performance levels can be
obtained The goal is 1o mazimize the products advantages
while maintaining the critical specifications

The design tee starts with the tunk tproduct idea) The
two main branches are the matetial selection and the physical

FIGURE 2 24 The Design Tree
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configuration The leht limb in the illustiation depicts the
matetial choices and splits at metal and nonmetal Many
guestions must be answered at this junciae Hmetal is cho
sen what grades and 1y pes should be considered? I nonmetal
is considered the hest choice the same questions are asked
The physical shape of the product will be determined by
taking the tight branch and selecting its size shape and
featutes The branching process can continue to inddude pos
sihle modifications and enhancements  The design tree can
also help 1o see where a particular option or feature may
actually threaten the product’s integrity

2.9 DESIGN €XAMPLE

Engineers and designers are pushed to the very edge of
engineering design technology when designing visionary
vehiicles and experiments for the space program  Gravity
Probe B (Figs 2 2% and 2 26) an experiment first conceived
over 30 years ago s an example of how engineers futwists
and designers have sought to use new technology to search
for proof for Einstein’s theory of relativity Designers engi
neers, and scientists have nvented new technologies and
given many demonstiations of new devices 10 work toward
the faunch of Cravity Probe B

In 1959 —only two vears into the space age—three sdi
entists at Stanford University conceived the ilea of searching
for proot of Einstein’s theory of relativity in the only emvi
sorument possible for the experiment—space An adventure
some idea such as this s of cowse olten the starting point
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FIGURE 2 25 Overview of the Design of
Gravity Probe B

STANFORD RELATIVITY GYRO EXPERIMENT ; .

B i
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FIGURE 2 26 Electronic Test of Gravity Probe B to Be
Flown in the Open Chamber of the Space Shuttle

for many great engineering designs In the 1960s research fo
the project was funded but NASA clearly saw the success of
the project as improbable The designers had to invent four
near-perfect gyroscopes (o measuie a very tiny effect in space,
equivalent to looking for something the size of a human hair
from ten miles away However by 1989 the designers had
overcome so many obstacles that Cravity Probe B was widely
recognized as one of the most important fundlamenial physics
expetiments ever 1o be undertaken

Newton claimed that gravity is a force that is tansmitted
instantaneously——even over great distances Finstein disagreed
and worked owt his theoties of special relativity by which
nothing can travel taster than the speed of light Einstein pro
posed in 1916 that gravity is not a force hut a field that warps
space and time in his fowr dimensional universe (time being
the fowth dimension) Newton said that the planets othit the

sun because a gravitational force holds them in orhit Einstein
saic that each planet 1eally havels in a staight line but its path
is elliptical because it is moving in cunved space Of course
most modern theoties on the cosmos tely on Einsteins theo
ries Paits of Finsteins theories however remain largely un
tested Therefore not everyone is comsineed that Einstein was
completely tight No one has ever observed gravitational adia
tion for example

A phenomenon known as frame dragging is also pre
dicted by Finsteins theory of general relativity 1t is this eftect
that Gravity Probe B is designed to measwie (Fig 2 27) By
that theory a laige object such as Farth drags space time
with it as it spins The Stanford researchers idea was to line
up gyroscopes on a distant star and then see i Faihs
rotation would drag space and time around with it this
would alter the spin of the gyroscopes (gyros) I Newton is
ight the gyros will stay lined up on the siar forever il
Einstein is1ight the gytos spin should change slightly over
a period of time However the instiuments will have to
measuie a tiny angle of 42 milliare seconds a year o find the
effect If the Fanth is really dragging space around it as it
rotates the axis of the gyro will swivel at a rate of one full
turn in 25 million years

The design of the expetiment jtsell calls for fowr near
petfect gyros that can fundion in neat zeto gavity at
near zero temperatiues in a near perfect sacuum in near
zero magnetic fields The gyros will be near petfect spheres
of quaitz about the size of tennis balls (each spheie heing
round to a2 millionth of an inch) Vibnadons dwing the
experiment could tuin the experiment Fach sphete is coated
with a thin film of superconducting material allowing the
gyros 1o be suspended in a magnetic field lo make the
design challenge more complex the position would be fixed
on a star 300 000 light vears away! The small signal that will
be detected must be tansmitted by satellite entor free and
immune from owside eros of all sonts



FIGURE 2 27  Airlock and Dewar Stand Vacuum Testing
of Electronics for Gravity Probe B

The design ream eventually found a way to produce the
worlds roundest gyroscopes a drag free satellite a reliiger
ated capsule 1o hold helium in place and ool it for 1wo
years and a method for detecting the small change in spin
with superconductor technology Spedial dlean rooms were
designed just lor the project (Fig 2 28} as were special
woms for assembly and storage of the project In order for
the 1otor ball in the gyioscope 1o be a superconductive the
engineers have developed a dewar a large vacuwm bottle
like comtainer that will provide the near absoluie zero tem
petatures needed for the gyroscope New composite materi
als were employed for the assemblies Fach piece or
assembly that was developed had to he meticudously cleaned
(Fig 2 29) and tested in vacuum containers (Fig 2 30) and
coldd chambers (Fig 2 31) developed especially for the
project Electionic testing of some of the probe equipmen

FIGURE 228 Scale Model of a Precision Clean Room
Used to Assemble Probe Parts
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will be sent up in the space shutde in approximately 1996
{(Fig 2 32) The 3 ton payload drag hee satellite is scheduled
to be launched in 1999 on a Delta rocket The satellite has
been now renamed the Relativity Mission Cravity Frobe A in
june 1976 was a suborhital flight ol an atomic clock 1o test
the equivalence of gravitational and inential mass

FIGURE 2 29 Precision Cleaning of Flexible Bellows
Tubes for Electronic Controls

FIGURE 230 Airlock Chamber for Testing Electronics
and Composites
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FIGURE 2 31 Cold Chamber for Testing Probe Segments

As with all design components and test facilities began as
ideas that were fust sketched to communicate ideas (Fig
2 33) and to understand placement of components and
sizes Preliminary plans (Fig 2 34) and manufacturing as
sembly plans (Fig. 2.35) were developed before the compo
nents or facilities could be manufactured (Fig. 2.36) Foi
most components of Gravity Probe B and the associated test
facilities every idea was new and untried. Design iterations
were many. lest followed test New concepts and new
theories were developed Fach design concept pushed the
limits of known applications

Not all engineering and design is as sophisticated as those
imolved in Gravity Probe B. However all engineering and
design follows the same methodology and considerations

FIGURE 2.32 Scale Model of Electronic Testing of the
Probe to Be Sent Up in the Space Shuttle
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FIGURE 2 34 Plans for the Heat Shields of the Dewar
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True or False

I Product design is usually < smpleted without <onsidering

how to manufacture the product

Systerns engineering is relatively unimportan

Function is the most determining factor in design

Recyelability is not considered when the product is designed

to be a throwaway

5 Project cost and prolit margin ate two of the most important
factons in any design

& Reliability is the length of time a product will «
piopetly

7 Weight is never imporant when designing a product for the
industrial sector

8 Off the shell " refers 10 a med hanical item that is too large o
shell storage

S

perate

Fill in the Blanks

2 the can be used to dlustrate the
devision process duting design ot redesign

10 The shape of a product should be considered with regard 1o
its smmwﬁw and

11 Durability life quality economy, and simplicity are all factors
in prochuct
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FIGURE 2 36 Precision Cleaning Unit

12 the ) can be used 1o describe and
ictemzme the mazeml andl configuration requirements of a
design
13 Products that must he disassembled after specific hours of
operation must be .
14 The pmxiuu is m,,azul Mz:,n all factors are
propeily analyzed and balanced
1% Design parameters  include  weight  size
color ; andd

16 s an experiment
designed 1o help prove Einstein’ theoty of relativity

Answer the Following

17 Compare systems design with product design Desoribe both
and &xplam their differences

18 Name ten factors that influence design ar the onset of a
project

19 Describe the components involved in product engineeting

20 Describe the components involved in manufaciwing engl
neering

21 Desciibe concepts involved in the design nee

22 Describe the yole of constiains and function in the design
process

23 Explain in detail the concept of design for manufacnerability

24 Fxplain the purpose of the Gravity Trobe B experiment
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The design process is an organized interactive engineeting
activity that results in a well defined concept and a specific
plan to trn that concept into 1eality The design process is a
logical and planned sequence by which an individual or a
team can develop a solution o a spedific problem  lhe
stages in the design process described hete are not intended
to be rules or procedures that are appropriate for all design
situations consider them a guide to the design process

Though the end product is specified in the form of
drawings computer images sketches and engineering
specifications designing involves more than simply putting
a drawing together and having the pait made in the shop
Designing is an interactive process with planned steps and
checkpoints  Every design involves solving a panticular
problem, analyzing what is needed to do the job and
planning the series of steps and activities that will tansform
the concept into a conciete object Fach design involves
making choices in materials insttumentation manufactu
ing processes and fabiication personnel Finally every de
sign should have the input of a team each member of which
can offer advice assistance guidance constiuctive critiques
and support

With the advent of design for manufacturability
(DFM) the design process now incorporates procedures
and considerations formerly left only 10 manulactwing
[hroughout this chapter you will be introduced to a variety
ol DEM concepts and ideas that will show the design process
to be a fluid and dynamic way to integrate manufactusability
into the design With DFM manufacturing is considered at
the beginning of the design process Since as much as 70 %
ol the manufacturing cost of a part is fixed during design
DEM is an important concept For more information see
Design for Manufacturability by David M Anderson (( 1M
Press lalayette ¢ A)

Few people understand the complexity of a particular
product or the amount of effort required to bring a product
to matket Figure 3 1 presents an example of a complex




{a) Design of assembly using 3D wireframe modeling

{b} Bame assembly shown with AutoBhade
FIGURE 3.1 Design Via a Solid Modeler

assembly designed on a solid modeling system  lhe com
plexity of a typical system design such as a nuclear power
plant a petrochemical facility or an industial building s
more obvious. But even in these types of projects, the
general public does not fathom the complexity of and the
time devoted 1o the design process.

A typical consumer product, such as a household appli-
ance or a hand tool, can appear deceptively simple, In reality,
however, the design concerns engineering requirements, and
manufacturing procedures are extremely complicated and
time-consuming  Obviously all producis are the result of
many hours of intense work Product desaiiption and devel
opment include design drafting analysis and manufacturing
(Fig 32 1f the pait design is generated on a CAD system
(Fig 3 3) it can be used in all subsequent stages of the
design through manufaciwing sequence (Fig 3 4)

It is impossible 10 desciibe how to design every item It
has heen saidd that you cannot teach engineering design b
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FIGURE 32 Product Description and Development

FIGURE 3.3 Using CAD in the Design Process

FIGURE 3.4 Part Design Using CAD

a thorough presentation of design concepts leading to the
understanding of the conceprualization process involved in
design and mastery of the stages involved in the design
process will lay a solid foundation for anyone aspiting to
hecome a design engineer Specific design parameters for a
product or system are mastered on the job through the
accumulation of experience

The two main divisions of engineering design are systems
design and product design Although systems design is an
important field a majority of this text is devoted to product
and mechanical design techniques Lherefore this chapter is
primarily a detailed analysis of the design process as it
telates to product development and mechanical design
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3.2 OVERVIEW OF THE DESIGN
PROCESS

the design process begins when a customer expiesses a
need for a product Working with the customer you define
the project and formulate its requirements Figure 3 5 shows
the design analysis and manufacture of a commercial
praduct -a saw—on a CAD/CAM/CAE system (Intergraph)
Many steps are required to design and manufaciure a
complicated product such as the saw shown in the figure

{a} Intergraph engineering modeling system (EMS) enhances

mechanical design produstivity with solid modeling tools

{c) EMS forms make it easy 1o select parls
and add them 1o an assembly; a design
engineer can choose either top-down or
bottorm-up design

{b) EMS data management software
produces bills of material and
automatically generates single-level parls
lists for drawings

{d} EMS data management system
simplifies file management with component
check-in and check-out, file location
tracking, archiving, refrieval, and security

() Sharing data with engineering design
intergraph industrial design products
couple product stvling with engineering
processes

{o} EMSE data management software
provides a single product structure and
central controls that link development
tpams with a shared information resource

{h) The master mode! supplies
intergraphs s full suite of downslream
applications with complete data
eliminating transiation and re oreation

{1} Lsing Intergraph read only design files
ensure parts’ mating and enable designers
o share information while designing
different parts of an assembly

FIGURE 35 Design Example—a Saw

{g) With Intergraph s EMS  existing
drawings are electronically scarmed and
can be used for reference or modified for
New Lses

(i) For detalling In Intergraph the design
software includes dimensions and creates
section views, which are sutomatically
updated o incorporate model modifications



{ky Shaded models in EMS show the
relationship and relative motion of mating
pards and assemblies

{n} Intergraph finite slement analysis
software enables engineers 1o perform
structural anabysis of complex components

{og} Three-axis milling in roughing node
maximizes machining efficiency and pre
pares a part for finishing in EMB Animated
sirrnsdation helps verily machining processes

{1} Integrating design manufacturing and
quality oontrol Irtergraph Coordinale Mes
suring Machine (CMM) software acoesses
design Hes directly for measuring free form
arid geonetric features

{1y Machined assembly showing actual part
geometry and motion

{o} Based on user-defined variables, con-
straints, and goals, closed-loop design op
timization software evaluates design varia

tions to determine the best solution in EMS

{r} Redusing design-to manufacture
wrnaround time, flat-patiern development
software develops flat patterns for a
variety of 3D shapes in EMB

{u} Intergraph s lathe option creates
wirning, grooving and threading toolpaths
acoording o model geomelry

FIGURE 35 Design Example—a Saw-—Continued
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{rm} EMS plastics injection analysis software
analyzes the effects of time, temperatire
and pressure on the How of molten plastic

{p} Mechanical systems analysis software
in EMS helps study mechanism
performance including interference and
the way forces change during operation

{5} Directly linked with design data,
Intergraph manufacluring software
generates and verifies milling loolpaths

vy Shaded solid mode! in EMS shows
ietal of part design

{
¢
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{w) Using Intergraph s EMS shading of
sodick el makes part crestion and
yisualization sashe

Intergraph's EMES

{73 Machining operations are mads easisr
using one 30 design detabase

assembly

feod |indte slement modeling and plastics
injention molding analyais can aiso be
showr in EMS with lso lines

FIGURE 35 Design Example—a Saw—{Continued

The design process to complete such a product and bring it
to market involves a series of steps  Though in most cases
the design steps are unique to each product, there are
general steps and guidelines by which every project can
develop and produce a product

For simplicity, the design process has been separated into
eight individual stages (Fig. 36) This is not 1o be taken as a
set of hard-and fast steps or sules The actual design process
is more Hexible and s not as linear as described here Design
jor manufacturability vequires the eight stages 1o he consid
ered not sepatately but as an integrated whole in which
each stage s constantly being considered within every
other stage Many of the eight stages presented here ate
performed  simultaneously by the  design/manufacturing

() Complex componernts gre gagier 1o
visualize using g sheded solichmodel in

{an) Inspection gualty control and
packaging are simplified by using one 30
solic mode! design databasze for the entire

{dded) Product design is integrated in
Intsrgraph s EMS software

{vy ONC wolpaths are oreated in EMS 1©
spped the production of rough out molds
and components

{1y} Finie element modeling and plastios
injection molding analysis are part of the
EMS systemn Shaded contours show
Hlress or mmperaiure disttibutions

{en) Part designed vis EME shown in use

team The stages do not always How in a straight line from |
through 8 Sometimes there are different stages or more or
fewer stages Remember, these are theoretical divisions of
tasks Manufactwring always comes after the engineering and
analysis, but manufacturing decisions and capabilities are inte
grated into the preliminary design and engineering stage

The flow diagram of Figure 3 6 shows vaiious stages in
the design process The general flow is from top to bottom
as the arrows beneath each box indicate. The flow lines and
artows on the left and the right sides of the illustration fow
tom the bottom up On the left side for instance we see
that consulting the marketing and sales division influences
moblem identification (1) esaluation (3 and the design
chaice (5Y On the right side of the figire we see tha
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FIGURE 36 Stages in the Dessgn Process

manufactuing (7) affects almost every other stage in the
process  The test ol this chapter will 1ake each stage in
sequence and indicate the specific influencing factors and
tasks associated with it

3.3 PROBLEM IDENTIFICATION
OR RECOGNITION OF N€EDS

the design process starts with the identification of a
problem (Fig 37) an observed need or a potential new
idea for a product o1 system Problem identification o1
tecognition of need is the statting point of all design efforts
The identification or yecognition stage requites the designer
or design tearn 1o he thoroughly acquainted with the
problem o1 need You should attempt 1o answer the follow
ing at this stage of the project

Who needs it?

What is needed?
Where is it needed
When is it needed?
Why is it needed?

How many are needed?
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Problem identification

FIGURE 37 Stage 1 in the Design Process

History Background and Existing Information The
background of the project is presented to the design team
by a cotcerned party the company management an outside
client o1 a company imentor who has a new idea The
matketing department may be asked to do a survey on the
potential for a particular product For example suppose a
computer company that has a well received product line
servicing the private sector with personal computers wishes
to enter the engineering workstation market Surveys may be
needed 1o determine the total sales of computers in that
sector and create a forecast for the future The marketing and
research depariment will probably create a series of chaits
and graphs to present theit findings visually The Ompanys
management along with the design team then discusses the
patential for their firm 1o enter—and be successful in——this
market Figure 3 8(a) presents a graphical analysis of the
market forecast shown in Figure 3 8(h)

A number of questions can be asked at this stage of the
process

# What exists now?
# low was the problem faced in the past?
® s this a new problem?

The answers to these questions may be incomplete at this
stage; in fact they may create more (uestions

General Description of Needs and Possible Ideas for
Solutions  The general description ol and possible solu
tions to the problem flow from a series of meetings con
ducted with the design team let us say a company that has
heen manufacturing small residential plumbing valves and
medium sized industiial valves has an opportunity to hid on
a large job requiring pipeline sized valves (Fig 39) lhe
new product line will affect the manulactuing equipment
facility space manpower requitements shipping and stor
age ateas of the fium  lhe size of the valve alone may
necessitate a total retooling of the facility The job may also
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(&) Graph depicting workstation market data
Total workstation market 1985 1984

35

Total revenue n pillions

1965 1986 1987 19688 1989
Yeaor

Bl General sciertific
workstations

Mechanical CAD
workstations

| Other workstations

Technical stand alone
workatations

Visual simulation
workstations

FIGURE 38 Example of a Market Analysis

be a one time opportunity and have little continued sales
after the project is complete  The economics of the project is
of primary concern. How will it affect existing product lines?
Is it woith the risk? Will the company twn a profit for its
eflort? Will the company be able to sustain a continued
presence in this market after the project is complete?

i i i

FIGURE 39

h

48 in Gate Valve for TransAlaska Pipeline

{hy Market foresast data in graph form

Market forscast by workstation type 1984 1989

B¥%
7
B0
Bl
40
30
24

Parcernt of 1ola revenus

1964 1985 1086 1887 1985 1988
Calendar

CAGR 1984 1989

Personal compiter systems 56 3%
Haost dependent systems 22 4%
Stand alone systems 71 8%

influencing Factors  The design of a product or system
does not happen in a vacuwn All products and systems
have an ellect on the users of the product or system and
possibly on society in general The cost of a project deter
mines its leasibility All factors that may influence the total
cost and the economic feasibility of the design must be
considered belore the project is initated

Environmental constiaints and concerns may be impot
tant for many product designs Systems design is influenced
by the envitonmental constiaints and effects imposed on it
by the government and special interest groups  The design of
a power plant chemical lacility hydioeleciric plant bridge
housing complex o1 building to name a few is defined by
the acceptable effect it has on the envitonment An environ
mental impact report may be needed belore much of the
design effort is begun The valve of Figure 39 is on the
HansAlaska pipeline (Fig 3 10). Environmental impact 1e
poits were a major part of the design effort and were used 1o
convince the public that the pipeline was feasible and sate
The actual conditions under which the pipeline and valves
aperate stretched the limits of pipeline technology

The economics of a particndar solution must be unde
stood at an early part of this stage Can the product or
system make monesy? Is the existing budget adequate? Will
the project fvolve new markets or will the product be
teplacing an existing ne? When economics s concerned
input frow all other depariments is important Hhe market
ing and manuwlactining depariments have considerable input
that must be integrated into the toal economic analysis of
the project if it is to he successful

Project Requirements  Baslo parameters can be identified
at this stage All ideas and suggestions should be recorded as



FIGURE 3.10 Gate Valve Being Installed on the
TransAlaska Pipeline

notes and rough sketches The projects size shape colo
material and general configmation «an he discussed No
decisions should be made at this point Requirements dic

tated by a client or purchaser of the product o1 system must
be added to the list of known influencing factors and project
requirements 1 a profect must be a centain color o1 weight
this must be understood at the earliest stage of the process
I the product is to be produced efficiently design for
manufacturability must be integrated into the project from
the vuiset

/ ]

.
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Before the design process goes any huther creative possi
bilities for a solution 1o the design problem should puw
posely be investigated Knowing background information
aml the research on pertinent <ata helps the designer see
cleatly the range of possible answers to the design problem

This second stage (Fig 3 11 indludes 1esear hing eveny
available sowce of information abowt the project Fach of
the design elements listed in Stage 1 is now analyzed
thoroughly The influencing factors general patameters and
project requirements ate used 1o investigate possible solu
tons Fven at this stage, attemp should not be made 1o find
a complete final solution Data hom owside sowces is
integrated into the design process during this stage Former
sohitions to the same o1 a siuilar problem can be discussed
and expanded on now

Although the past experience and education of a designes
are extremely fmporiant for the suceess of a project proper
tesearch on all existing infonmation onthe subject is no less
iap tant Shiwee the esearch process helps build a profes
sional database that can be tapped tor other projects a new
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FIGURE 3 11

Stage 2 in the Design Process

ot inexperienced designer henefits from any existing infor
mation  Oddly enough it is not the lack of background
soutces but the overabundance of information that is a
problem  The design engineer must differentiate hetween
what is useful and important and what is unessential. The
following list provides some sources for acquiting informa-
tion on a design problem

Textbooks

Periodicals—technical magazines

Fibrary seaich

Engineering standards

Technical repotts

Published papers presented at conferences
Manufacturing specifications

Catalogs of parts

Patents

Handbooks

Previous designs in the company

€ o wotkers—other designers and engineers

Design Flements  1he elements of design must be iden
tified by the design engineer early in this stage of the project
The identification and classification of design elements helps
to clarily and divide impornant or vital elements from mino
ot nonvital concerns A creative choice for a design solution
must flow from a deep understanding of the design elements
telated 10 the project 1isting the design elements helps dear
up any misconceptions regarding the project The following
is a list of steps that will help identily the design elemeius

b Define the basic design problems 1elevant to the solution
2 Define the secondary design problems that ate not the
designer’s concern but that still need to be solved
3 ddentily perceived protlems that ate not jeally important
Ihis alleviates false concerns
!

t ldentify obstructions to the design ie  significant ob
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staces 1o the design solution that must be avoided o
dircumvented

5 Find and discuss all hidden difficulties These are obstiw
tons to the solution that are not dearly seen o under
stood

6 Scrutinize any hindrances to the design that are really not
importans enough to justify much time

Sketches and Tayouts of Basic Ideas  Although a few
rough skeiches may have been made dwing Stage 1 more
developed sketches auwd pictonial layouts (Fig 3 12) now an
help define any preliminary ideas better  All notes and
preliminary sketches should be kept on file Nothing created
at this stage should be destioyed  Sketches and layouts help
wefine the design They also define physical aspects of the
problem and help spin off Geative o1 new solutions  All
those concerned with the project should bring the notes and
sketches developed 1o this point 1o the next meeting where
a short brainstorming session may introduce cieative solu
tiens 1o the problem

Brainstorming A nainstorming session would be appro
priate at this time  Brainstorming is a group problem
solving technigue that elicits a spomtaneous contiibution of
ideas hom all members of the group No idea is rejecied a
this point and all members of the group are considered
equal  Ideas ate not explored in depth at this time All
suggestions are recorded 1o be used later to develop certain
ideas  The acceptance of the project or design choice is a
long way off at this stage of the project Creative solutions
are given as much merdl as practical or ohvious solutions

Many aspeais of the design background must be under
stoul before the ainstorming session so that it does naot
become a useless exercise Brainstorming may help fnd a
unique o1 unthought of set ol possibilities Muliiple prod
ucts o vatiations of one product o solution should be
thuroughly investigated belore the next stage

Review and Meodification  Alter the iainstorming ses
sion all notes sketches surveys marketing analysis and

research data should be reviewed Any ideas that show no
merit are filed at this point The basic thiust of the design
effort starts 1o take shape Many possible answers 1o the
problem are still considered but a basic or general idea of
the direction of the project will be sought so as not o linger
at this stage

The evaluation of possible solutions and their refinement
into an end product {(Fig 3.13) is done at Stage 3 Refine
ment of a design is more restrictive at this point More than
one solution is still pursued, but the basic parameters of the
project have been used to control the bieadth of the design
effort An analysis of the project includes graphical analysis
via descriptive geomenty statics and vector analysis Human
factors engineering is also an aspeqt of this analysis

Creative Choices and Alternative Size and Shape  Be
fore a formal proposal is formulated a number of possibili
ties for the project should be sketched and evaluated to
determine size and shape The basic parameters determined
hete help define the engineering and scientific analysis
needed and what must be undeistood hefore the final
decision on design choice is made

Ihe size and shape of the design will nanow the choice ol
materials Specific design requitements elements and pa
rameters ate now solidified into a complete description of
the problem and the thrust of a solution

Comparative Analysis of Design Possibilities 1o be
successiul the analysis of a problem must include both its
requirements and its limitations in order The restraints and
limitations of a design problem help define the boundaiies
of the solution Any analysis of the data gathered 1o this time
must include the possibility of a compromise solution 1o the

FIGURE 312 Pictorial Layout
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FIGURE 3 13 Stage 3 in the Design Process

problem From this analysis a decision must be made to
proveed with any graphical analysis that may be needed 1o
define the project hettes

{ raphieal Analysis of Possible %olutions  Fuginewring
analysis includes the use of graphics to define a number of
possible solutions and analyze them using descriptive geom
etry vector analysis layout diawings and 31 modeling with
a CAD systemn Flgwe 314 15 an example of the use ol
descriptive geomeny to find a clearance between a pipeline
ancd o fixed point in space Piping systems as in Flgure 3 15
e ope part of 2 complete plant The intederences between
pipelines and other systems (e g |, eleciiical hearing/cooling)
and the structuie wequire a deailed analysis Sketches and

/ Clearance
7o Aox rPoint view
/ AN
/

o | P o H

FIGURE 214 Descriptive Geometry Problem Solving for
the Shortest Distance Between a Pipe and a Fixed Point
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FIGURE 3 15 Shaded Image of Piping and Equipment

descriptive georetry drawings are created with fnstiumenis
ot on g computer  to seale A selestion of the best possible
sulutions s rendered b graphic analysis

Human Paginesring and Graphical Analysis  Produ
design includes consideratio n of human engineesing require
ments  Human engineeting insobes aualyzing bow people
are allected by perlomming specific tasks and the man
machine intertace The first concern is normally referred
as evgonornies and the second 28 bunmn facsors Buth are
fmponant o the stccessiul design of a prodit o1 g system

Ergonomtics is concerned primarily with the study of physi
olugical tesponses w physically demanding work environ
mental stress cansed by temperature noise and lighting
motor skills tor assembly  and visual moudioning tasks
Human facios is the modeling ol the human body ina work
welated setting Human faciors data is useful in the design of
a tactory workstation o order o prowvide a comlonable en
vironment and thereby incease work ouiput and decrease
jobs stress As an example thiee views of 4 man ar work are
shown iy Figute 3 16 The seating and standing heighis ol a
typical male the condortable reaching distane from both
positions and the maximu and minhmun working area are
debmed graphically Indusiiial design requbes the study o
be dy dimensions and movements Simple poduas such as
hand 1ools to complex systent products suchas aromobiles
requite extensive use of human factors and ergonomic studies
and recommendations

Phoman englnecting also considers a peisons hehavio
withie a work eny bronment The interaction of workers with
their wols equipment o w nkstation is the Txus of human
engineeting design  Stengh capabilities relative 10 the
eepipment and workplace design are also essential faoors i
a setncd and hancrional design Much of the buoan engl
neering design tesearch has Qe from the space progran
the space progiam spawned the fus intensive sty of
oman physiology of man o the healthy stare. Mamy of the
tasks associated with space tavel required intensive stady of
acverse eusironments 1o (reate apploptiate designs ko
evuipreny and living The restricibve work emvironnent of a
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FIGURE 3 16 Male Human
Factors Data

spaceship required designs ncorporating the findings of
tesearch on human factors and ergonomics

the human lactors dummy in Figee 317 was used 1o
design an ejection seat lor an aiiplane  The dummy anrired
i a pressurization suit is fited into an ejection seat for
engineeting tests Notice the foot dlamps arm guards and
stabilizing fins on the seat lhe seat was designed hy
engineers to have a stable supersonic ejection with maxi
mum projection for the pilot

The design of products and systems used and operated by
people incorporates human factors analysis as an important
part of the teseanh and analysis stage of the project Fypi
cally the operation of g svstem or product must incorporate
the Jolhwing objectives

I Minimize the possihility of injury caused by improper use
of the product o1 system Designs must incorporate salety
features that make nonmal usage enor hiee  Avolding
injury o others adjacent to the user of the produd is also
hnportant as is anticipating misuse of the produc

2 The design should be as elficient as possible 1imiting
user fatigue and stiess due to repetition is essential 1o
proper design

P osystems o products should be designed with physical
atiractiveness operational ease and enorlree operation
fvmined These factors onuibute 1o overall user satislac
tion and to the desite 10 puschase and mainain the unit

boThe product ot system shoubd be designed with a posi
thve ethicient and functional user interface FIGURE 3 17 Human Factors Dummy
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FIGURE 3 18 Model of a Crane

% Products and systems must he designed to prevent cata
strophic failure and must tail in a relatively sale maode at

14
Al knee
height

Seat clearance

Reach
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¢hapter 3

FIGURE 3 19 Model of a Pipe Laying Ship

the end of their usetul lite The end ol a product’s usetul
life must come with subtle and safe warings

the designing of controls for crane operation is an
exarnple of a system that requires the study and analysis ol
human engineering The cranes in Figures 3 18 and 3 19 are
opetated by a center-post joystick. The design of such a
control staits with the establishment of the physical move
ments 1equited by the operator and of the variations in a
typical operators body dimensions Figure 3 20 shows a set
of sketches that helped establish the maximum movements

FIGURE 3 20 Control Stick Movement Studies
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HEER S

7 Min at shoulder

Forward
position

{a} Sitting
FIGURE 321 Human Factors Study of a Cab Design
requited for proper operation Reach seat clearance stick
height lateral movement and arm height are graphically
described in this illusnation  The given dimensions are
rough estimates of the design requitements that were refined
in a later step

Desc riptive geometty methods wete used 10 solve graphi
cally tor potential interferences and 1o verily the degrees of
freedom of movement <[ the control stick I someone was
supposed 10 be able 1o diive the operator’s cab then the
human factors and ergonomic studies would indlude design
of a space emelope [Figs 321(a) and (] The <ab is
designed for optimal comlortable operation and salety
duwiing movement over 1ough surfaces The determination of
whether the operator was to stand o1 ¢ sit would also have
to he made at this stage f the design

Product Design and Human Facors  The medhanical
factors anthiop netric (human dirnensions) and anatomical
considerations (body and linh rotational and movement
characteristics) ergonomic factors and the work emviton

l 18 Min
H

? 4 Min
3 Min
at hand
79
Min

{b} Btanding

ment must also be considered in the design of consumer
products Hand tools require the study and wilization of
these principles The tools must be designed 1o be stiong
functional easy to cany, safe to operate easy to store
compact insulated hom electrical shock and slip resistant

The design of the long nose pliers in Figure 3 22 required

FIGURE 322 Needle Nose Pliers
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FIGURE 3 23 Design Studies of Pliers Handles

the designer to align the center of gravity with the grasping
hand so that the user does nat have to overcome totational
movement o torque of the tool The tool handle is oriented
so the user’s wiist remains in the most comiortable and
natwral position while applying force The sketches in Figue
3 23 show vatiations in designs for handle orientation The
handle must be long enough to accommodate the average
hand so that the user’s giip includes all fingers and provides
proper leverage during operation And yet the maximum
handle spread must not be so great that a small hand could
not fully open the tools jaws duting operation

Hidden Factors What possible factors may have been
averlooked in the design? Are there any aspects of the design
that are suspect? If these and other such pertinent questions
are not satisfactonily answered the design team should go
back to the beginning of the design process and 1eview each
step The design proposal cannot he accepted without the
consensus of the total team and all deparoments in the
company Solutions 1o any problems must be solved here
not later when they could prove costly

A variety of pertinent questions should be honestly and
openly discussed at this point in the project

What could go wrong?

Will the produet work?

Will it sell”

Will the company lose money?

Often at this junctute the business managers will determine
that although the product will sell the company cannot
with its cunrent assets produce the ftem A startup company
may then be formed with the design team becoming the
core of a new company  The impact of potential failure is
minimized while success produces a diversification of assets

Ihe analysis and evaluation (Fig 3 24) ol possible design
solutions is normally done thiough a thorough investigation
of the data that pertains to it The use of graphs charts and
cdiagrams can greatly improve this analysis and help in
communicating the data to others involved in the project
Data can be categorized inw thiee types survey data
gathered by the marketing department evaluating a designs
possible acceptance by the public design data gathered by
analyzing the performance characteristics of the test model
and comparison data used to balance two o1 more design

FIGURE 3 24

Stage 4 in the Design Process
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solutions against each other based on material manudacn
ability ot exclusive design features

Data presented gaphically can also help a designer
determine the adequacy of a design based on environmennal
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FIGURE 3 25 Spring Hanger Used in Pipe Support
Design
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conditions or the reaction of the materials to stresses created
duting operation As an example consider piping systems A
typical piping system is designed to aperate under spedific
temperatures A steam line o1 a chemical process line may
have a high operating temperatise  The designer must create
a piping system that not only tansfers the line contents from
one place t another hut also s tlexible enough to handle
expansion and contraction of the systemn dwring operation
Fipe supports must bandle the full weight ol the system and
at the same time allow for restiicted movement of the line
caused by thermal expansion o1 earthquakes

The pipe support shown in Figure 325 incorporates a
spring hanger in its design Spring hangers can adjust the
load of the pipe and allow for limited sale movement The
graph in E’i;ﬂ,um 326 was used in the ce&i@ga ol the pipe
support The thermal expansion of a pipe for a steam line at
vatious temperatures is graphed ‘m sepatate materials have
heen plotted  The expansion chatacteristics ot the pipeline
being designed are dezermme(% 50 as 10 meel the opetating

conditions
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FIGURE 3 27 Graph Layout for Publications

Analysis of Data  Marketing data is uselul in identifying
features and capabilities desited by the public Marketing
data will at times <rive the project design The petlormance
characteristics of a possible design solution are determined
by analyzing the data generated from hardwate testing The
use of graphs and chans is an integral part of this process

Craphs and Charts  houghow this text information
about the fundamentals of dialiing and design is displayed
in graphs charts and diagrams Most technical graphs are
plotted on preprinted grid paper All graphs must contain
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the following information axes o1 scale lines major divi
sions a biiel title designators on axes units one o1 mote
curves and captions or notes (Fig 3 27) Sometimes  in
addition to this information plotting symbols (data repre
sentation points) are required A graph should he able 10
stand alone  that is be easily undeistod without extensive
explanation Figwes 3 28 and 3 29 show some of the dos
and donts associated with creating a graph

The impottance of drawing dear  easily understond
graphs should not be overlooked Much of the information
needed 1o do a design is shown in graphical foim his
information jncludes characteristic performance cuves ol
devices stress input response cuives of devices and entire
systems  relationships of one quantity 1o another wave
forms thenmal expansion ol ftems and project schedules

Craphical data is sometimes represented by nonciicular
cutves as in Figure 329 CGaaph lines are plotted on a given
grid pattern on rectangular coordinate paper representing
two variables When a € ADY system is used for the graph
spline or smooth curves ate used o connect the data points
the horizontal coordinate on a graph is usually plotted as
the independent variable and the dependent vaiiable is
plotted vertically  The hotizomal o1 X axis is called the
abscissa and the veitical o1 Y axis the ordinate The origin
of the data may be located at one of a number of differeru
places on the giaph such as the lower lefl (e of the
graph with 0 0 asin Pigure 3 29 o1 the center as in Figure
330

Figure 3 31 shows lines and symbols on a graph Clea
accurate graphs and charts are essential for communicating

» COMPARISON OF SEME COMMERC A!ANE)iABi)ﬁNﬁ}m FER Y%t"f}?«:: Uisa a bz ntal rectangle
RUN CONDITIONS. hen feasit le
N FEED BATE REACTORPRESE
the title should apy ea K PAIS AR C?A{i F ’?F
as a caplion following 60 o % 5
he Hgure numiber 3 88 o 5 : ’
4 48 57 4 ; : e only pen grid pay e
8 6 e & ; : Loomuner dal ng line papers
#50 & & Yz 3 ’ ate unsatisfactiny
& 7 54 s 4 ’
he 8 & 924 4 P
%}
fo /
& Use tamy late » hansler
? i igitering syt s
&5 ;y‘ *
e
Sl
: 4
Sy gl soale ok e and =7 } , Unt it explar alory delails
Hiles sl e gl b owddes / NOTE TRIAL RUNS PRIOR they deta ranthe main
: / S TOREACIOR INSU emphasis of e Hushalin
6’ ATION ORMITTED
2] EE REPORT
- CLAVE | ROM | AB OF ERATION Where 1o
/y PLOT PLANT TES e
» A DDMMERCHAL FLANT RUNS brsyns 8 e
v : use o onve o data g i
1 a0 ' a0 $ labels (uall sy
: FEED CONVERSIDN, VOL %

FIGURE 3 28 Example of Poor Hlustration of Graph
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data in this stage of the design process At present almost all
graphs and chans are generated with the help of a computer
(Fig 332}
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Number of Solutions and Products Determined  lhe
process ol creating a new design always gives tise 1o mote
than one solution  Ohen the different solutions involve
trade offs hetween cost 1eliability and time Manulfactahil
ity concepts and procechues help ensure a design that is
functional cost elfective arcd timely 1l the design process
has given birth to mote than one solution or product then it
should be determined whether or not the projedt needs 1o he
sepatated into different proposals Fach possible solution
may produce a valid, marketable item A record of each
design possibility should be kept including all sketches
wiitten descriptions, and other data. It is appropriate to
investigate more than one solution at a time If a team is
working on a project, it may need to be divided into
subunits, with each subunit investigating different solutions
A variety of different designs should be created and devel
oped 10 a point where they are sufficiently defined They
should then be evaluated and compared during the next
stage of the project Duplication by competing teams should
be minimized by the shaiing of data and resouices

The model of a hovercraft in Figuie 3 33 is one of many
design solutions being investigated by a ship building
company. The surface effect ship, in Figure 3 34 is 2 more
detailed design alternative. The Coast Guard hovercraft
shown in Figure 335 is a full-scale test prototype The
design of simple products or complex systems (like the
hovercrall) requites a complete analysis of design alterna
tives and a compatison of performance capabilities before
production

Reports Generated on Solutions to All Proposals.  Tech
nical reports containing design data on each possible solu
tion must be generated at this point in the process. All
pertinent factors, both positive and negative, must be clearly
defined before the project is developed further. The design
ream does not want to enter the decision stage of the project

FIGURE 333 Model of a Hovercraft Produced by
Carving Art Foam
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FIGURE 3 34 Surface Effect Ship Model

il prepated o1 with incomplete findings Management will
not putsue a project that is pooly defined Fropeily pre
sented profects need complete graphic desciiptions and
well written repotts

Final Review of Product Choices  lhe design depan
ment must evaluate each of the possible solutions belote
submitting theiy findings and suggestions 10 the manage
ment dwing Stage 5 T'wo o1 more design solutions should
he prepared by the design team During a team meeting
each of the designs should be compared  The merits of each
design solution should be presented cleatly as should any
drawbacks 1o the design Fach of the leatures incorporated
into the design should be compated 1o those of othe
possible solutions A list should be prepared ranking the
relative imponance o each leature

Materials  manufacwing  and  tadlity  requivemerus
should be discussed at this meeting to halance each solu
tons effectiveness against others hased on cost and com
pany capabilities At this point select the best designs and
prepare for the next stage of the projet

FIGURE 3 35 Coast Guard Hovercraft Test Model
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3.7 DESIGN CHOICE AND
PRODUCT OR SYSTEM
DECISIONS

After all the data have been gathered on the design problem
and the remaining possible solutions have been clearly
defined, the fifth and last stage in the decision process is
addressed (Fig. 3.36). Management has the final say on
which project design solution to pursue. The designers,
engineers, and other company personnel involved in the
project present their findings and design choices to manage-
ment for a decision The choice depends on many variables
A ptoject may even be abandoned at this point o1 more than
one product o1 solution may be accepied

the development and design of supersonic airaaf re
quired extensive tesearch leading 1o new and unconvention
ally shaped wings 1o offser the effects of the abupt and
erratic changes in aibr flows encountered at the speed of
sound One of the solutions was the swept back wing shown
in Figure 3 37 heing prepated for experiments Resembling
the tip ol an arrow this wing is mote efficient because of the
sharp reduction in the drag ceated by the formation of
shock waves at and near the speed of sound Farlier designs
for wings were also modeled and tested in a wind tunnel 1o
determine their in flight charactetistics Each of these was
eventually incorporated into modern military and commer-
cial airaraft The sharp wing style was also tested in a
full size mockup shown in a wind tunnel experiment in
Figure 338 The eventual prototype aincialt shown in
Figure 3 39 was the worlds largest experimental ajrcralt
The B70 project was never produced because ol cost
materials research  government decisions  and improve
ments in the accwacy of K BMs which made the airoalt
ohsolete The development work was later wsed in the
design of the Concord supersonic tanspoit Lhe Stealth
bomber (Fig 3 40) involved technology and research devel

| Design choice and product |

FIGURE 3 36 Stage 5 in the Design Process

oped for previous airaralt but also incorporated special
high tech materials and design concepts to enable it 1o {ly
undetected by conventional rada

At present, a revival of interest in supersonic tanspott is
occurring  The years of research and development that
seemed for naught may eventually bring an efficient well
designed product 1o the market—a supersonic aircralt fo
commercial passengers

FIGURE 3.37 Model Being Prepared for Research and
Development of Air Flows and Wing

FIGURE 3.38 Aircraft Model Being Prepared for Wind
Tunnel Studies



FIGURE 339 World’s Largest Experimental Test Aircraft

Over the last twenty years new materials such as com
posites have been developed. A new generation of materials
will fly with the X 30 an experimental plane that will
pioneer hypersonic travel in the late 1990s o withstand the
environmental impact of tiavel at 17 000 mph (Mach 2 5)
and an orbit near that of the present day space shuttle
carbon composite matetials coated with ceramics will he
used

Sometimes a design concept exceeds the known capabili
ties of science and techinology In this case the development
of the design may have to wait for the technology to catch
up with the concept History has many examples of designs
that were developed before they could be effectively safely
and profitably brought 1o market The former Soviet Union’s
2000 mph transport and the French English Concorde jet

Chagen 3 THE DESIGN FROCESS 51
may have been premature eftorts considering design laws
and cost of operation

Design Decisions A complete technical report on each
solution must be submitted at this juncture by the design
group  the repoit consists of a design proposal and a
timetable for completion of the project All pertinent data
regarding the design solutions must accompany the pro
posal including cost analysis time studies capital require
ments {personnel equipment and facility} design layouts
and other materials that may help in the decision process

The management decision team which inchudes mem
bets from the design manulacturing and marketing depart
ments evaluates the merits of each solution submitted by
the design deparunent The evaluations of competing de
signs consider the following

Dlesign ¢ mmparison

s Capahility to satisty the original statement of the design
intent and project definition
Cost manufacnuability and reliability
Design requirements for precision (which will atfect cost)
operating efficiency/flexibility maintenance projections
and environmental impact
Material and manulacturing processes

= fiffect of configmation and complexity on manulacturing
Costs

After each of these is satisfactorily investigated the manage
ment team can decide on the design choice o1 choices The
design team then proceeds 1o the next stage optimizing the
selected design

Optimizing Solution The design team huther develops

and 1efines the selected design The selection of materials

FIGURE 340 Stealth Bomber on Computer Screen {left)
and in Flight (above)
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processes, andd other design requirements can be further re
fimed at this stage Fach feature and capability of the design
should be analyzed and evaluated  Any changes should be
made at this point so that during Stage 6 {development and
implementation} thete are no diastic changes in the design
that hinder its completion Any new desitable features o1
capahilities should he evaluated A list of concerns and <on
siderations should include the following

Disign Refmements

#  Should any new o1 desired features be added at this time?

% Should the effective life of the design be extended or
decreased?

#  Are thete any aspects of the design’s appearance that need
to be changed o1 defined better?

# Based on the design’ potential configniation and operat
ing conditions what materials should be considered
acceptable?

Is the design manufacturable?

# What ate the hasic cost parameters for the design?

Can the design be more flexible and interchangeable
without cost increases?

® What are the tolerance requirements?

Have the stress factors and alignment problems that may
he encountered been determined?

% Has the need for study models prototypes and test
maodels for motion stiess o1 other design studies been
established?

Agreement on Solution  After the choice of solutions is
determined it is important that all of the concerns ol each
department be addressed A consensus must be reached on
the acceptability of the solution There should be complete
agreement as to the direction and choice of managements
decision Reservations by one o1 more of the departments i
the company about the produdts leasibility are addressed
and eliminated at this time so as not to undermine the
design’s success. All basic features and design requirements

are now solidified into an accepted solution,

Assignment of Work. The project work schedule is de-
termined after the final design is chosen and the project
launch is given the go-shead by management Several
methods of project scheduling are used in industiy. One
method is the Project Evaluation and Review Technique
(PERT), for coordinating the many activities associated with
a successful design project. All departments must be coordi-
nated efficiently 1o move the project from design through
production smoothly and error hee

The success of the project depends on this coordination
At the project launch each department s given specific
work assignments and time requitements [he critical path
method ol scheduling project work assignments is used in
conjunction with PERT to control the project The critical
path method was used in the design and manufacturing of
the trackball input device to be discussed in Section 3 11
Design Project Example

3.8 DEVELOPMENT AND
IMPLEMENTATION OF
DESIGN

he development and implementation stage of the design
process includes the drawing, modeling testing, analysis,
and refinement of the design (Fig 341} The aciual docu-
mentation of the project can be done manually ot on a CAD
system.

Physical models are used for design and testing (Fig
342). Actual full-scale prototypes, developed from design
drawings, are used to test for strength and design flaws. The
rotor mount test in Figure 3.43 focused on that portion of
the prototype design. Other models are used for testing
different aspects of the design

Developement and
implementation of desion

| Design diawings,
_ oilae _ Modeling

Pinal relinemend

FIGURE 3.41 Stage 6 in the Design Process

FIGURE 3.42 Test Being Prepared for the Scale Model of
a Helicopter



FIGURE 3.43 Rotor Test

the design and development of a project takes wany
forms while it weaves through a series of tvals and enors
testing and refinement The space shuttle statted as a design
wmepl and proposal Lhe pictotial iendering in Figure 3 #4

quite unlike the final vehicle The original designs were
izmn modeled  tested  and efined many times betore
design completion

Stage 6 in the design process is the heart of all design
effcits 1t is when most of the wotk is done and the project
brought o huition Al previous steps must have been
accomplished eflectively for this step 1 be successful 1f the
system o1 product was not pmpulx identified the research
was not conducted correctly alternative solutions wete not
developed and analyzed the analysis of all data was inad
equate and all departments involved inthe project wete not
incorpotated in the lirst five stages the development and
implementaton of the design might not come to successtul
conclusion The sixth stage stants with the creation of design
cdrawings either manually o1 with a CAD system
Design Layout and Working Diawings At thisstep in
the design process it is important for all preliminary work to
he complete and for the design to have been avcepted No
major changes in the design should be implemented at this
point The acceptance of the project by all pasties is essential

A majority ot this text is devoted 1o this stage ol the
design process Manual ot CAD generated tedhnical diaw
ings o1 muxlels are the primary means ol communicating
design and manulactwing information at this time Draw
ings ate also required bef we the constructi m ol physical
maodels test protype mock ups  presentation  process
system o1 product

Similar designs and previous w nk are uselul guides for
procduct mprovement design work  the designer must be
tamiliar with existing documents  There are many situations
whete the redesign of an existing item ot relitting ol an
existing systemn necessitates the use of older diawings that
have heen completed under previous standards Most design

work rately involves original design work hom concept 1o
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fhyts 3

FIGURE 3 44 Space Shuttle Design

production  but s instead a continual evolution of an
existing product Fach member of a design team works only
on a small portion of the total effont

Physical Models  Models are used thuoughowt the indus
try as scaled representations of systems design and o
refinement and testing of product designs A systems model
shows an installation  components strcnue  and instiu
mentation A maodel provides a better understanding of any
installation and can he used as a ol for design and
hecking Product models ae employed in many stages of
the design process 1o establish scale, appearance and fune
tion of a product Scale models of tractor vailer designs are
shown in Figuwe 3 45
The designer can request a maodel ar almost any siage of
the design process The type of models requested depends
on the product o1 system and the availability of modeling
facilities Qutside vendors are at times «alled on 10 com
plete a model Regardless of who does the modeling or
whete the designer will be an important part of its creation
Engineering systems maodels ate a design tool that can
eliminate wnnecessary problems  had c,k:,xg,n inefficient

FIGURE 3 45

Tractor Trailer Design Models



5‘% Pat e

ENGINFERING AND DESIGN

planning, and other expensive, time loss situations. They are
used] thioughout the petrochemical nuclear and conven-
tional power-generation industries They are also encoun-
tered in food and beverage processing pulp and paper
manufacture, pharmaceutical processing, and other fields of
systems design. Product design uses models throughout the
design process, including research and development.

When working with a three-dimensional model (Fig.
3 46) the designer can visualize the design sequences and
operations necessaty for the project  This may not be
possible when using a large assortment of drawings.

Models are most advantageous as a working tool, from
the beginning stages ol a project through the entire design
phase The beginning o1 preliminary models may look
nothing like the final design model Many intermediate
stages may be needed to provide the 3D mlormation for
solving problems that may be encoumered

A mock up model is a full size replica of a proposed
design used primarily t refine the appemance ol the
product its size configination <olor and atistic consider
ations  This type «f model is not ften involved in move
ment o operation design

Product models are found more often in mechanical
engineering hields (o help design various patis of machinery
o1 other mechanical devices such as components that must
be manufactured In some cases such models are built 1o a
scale larger than that of the project itsell

Prototype models are basically similar to product mod
els but are sometimes working simulations of the product
In the case of an airplane the company might build an

FIGURE 3 46 Working with a 3D Plant Model

.

FIGURE 3 47 Scale Model of Metals and Spray Painting
Facility

actual full scale prototype o gain knowledge of its aerody
namic characteristics and also to estimate public acceptance
and sales Some prototype models are mock ups of the
eventual product  Thiee dimensional prototypes ate some
times tequited in the design of mechanisms O test their
performarce and capabilities A prototype will olien be (ose
to the same configiration as the finished product Therefore
the protety pe model is used in the project design stage altes
mirh of the design data has already been determined and
the choice of designs made Prototypes are tested under
typical operating conditions of the proposed product

Presentation models such as the one in Figure 347 are
created to display a project building product or design 1o
the general public o1 for sales

CAD Modeling  Modeling with a 3D € AD sysiem allows
the designer to create multiple options for a design A CAD
model can be altered much easier than a layout on paper o1
a physical model The CAD model can be used in every
phase of the design decisic n process

Thiee dimensional modeling «apabiliies are grouped
into fow hasic categories 31 wirelrame models 3D suface
maodels hybiids of these first two types and solid m wdels

Wheframe Molels  As the name signifies a wirelrame model
is one in which the part geomenty is represented by intes
connedted edges (Fig 3 48) These edges may be lines aics
or splines Most CAD systems with 2D diafting <apabilities
can create 2D wirelrame maodels for 2D numerical connrol or
to generate drawings  Thiee dimeusional systeins however
provide better modeling capability than the 21) systems
Thiee dimensional wireframe models (Fig 3 193 have the
samie hasic elements as the 21Y model but add the 7
courdinates Visualization is mudh better with the 3D wire
frame model than with the 2D wirelrame model and it is

easier 1o use

wifte Models Thiee dimensional siulace wmodels ate con



FIGURE 3.48 Wireframe Model of a Car

stiucted by stretching a transparent membiane over the
wireframe model These membranes then become the taces
of the model  The faces may be simple suiaces such as
planes cylinders and spheres or more complex swifaces
such as ruled sutfaces extiusions 1otations of spline cuves
and sculpted swifaces

Phree dimensional sirlace models (Fig 3500 can repre
sent shapes that are difficult 1o constiuet with wirehames
for example styled sutfaces such as the outer skins of
automobhiles and funcdon sutfaces such as nubine blades
and gears

Mast 313 modeling sysiems on the market
are a combination of wireliame and sutface modeling The
acddition of the sufaces eliminates some of the deficiencies
of the wireframe model Speciically, the model can be

unambiguous and complete

PN N Y NS DN O
Fioimig Mool

Solid Models  The major requirement of a solid modeler is
that it be able 1o constiucy an unambiguous representation

FIGURE 3492 3D Wireframe Design Model of a

Hairdryer
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FIGURE 3.50 3D CAD Geometry Creation with Virtual
Gibbs Features

of parts or assemblies (Fig 351} Construdtive solid geom
etry (€ SC) boundary representation (b rep) and parametiic
modeling are the three popular methods for creating a solid
miodel

A solid design model (Fig 350} fonms the master
representation of a part instead of the engineering drawing
The main owput of a design office is a solid model of the
pait together with all the associated infotmation contained
on the engineering diawing. Engineering drawings ate a
secondary function when this system {5 used In particular
the diawings i required are generated o the model The
combination of a solid wodel and the necessary 1olerance
and associated technical data is called the produc model
Functions downstieam of the design office 1ake the product
maodel as thelr primary inpwt

Physical Models from a (AD Darabase.  Conceptual
models are an important part of the product design process

FIGURE 3.51

30 Real Time Cut Part Rendering with
Virtual Gibbs System
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Industrial "ii?‘&é}f;!’l&f’{*% arcl packaging engineers get a computer
representation of their z(i(:iz via CAIVCAM/CAE Sometimes,
however, seeing the part on a 2D highesolution graphic
scieen o1 even on the stereoscople mounitors that project a
30 view, is not enough The soft touch of the physical
model can bring a design 1o lile sometimes revealing
unanticipated pm} dems By quickly korming 3D conceptual
models from design ideas engineers can evaluate a design,
demonstrate its feasibility and sell the concept.

Building conceptual models, prototypes, and patterns for
castings are pecessary steps in product design— but expen-
sive and time consuming, often accounting for over half of
the design effort Rapid prototyping (RP) is cwrenly
changing the way products are designed and brought 1o
market. The ability 1o create plastic model paus (Fig 3 52)
in a matter of hows without tooli ing using the same CAD
database created while designing the part on the CAD
system is revolutionizing design  CADCAM/C AP soltwate

hemistry laser and optical scanning technologies have been
cotbined to lorm this unique process Rapid prototyping
which creates 3D plastic parts from CAD/CAM/CAF data in
a matter of houts is prdudng pars for the awomotive

agrospate  computer mulﬁmi constner and  eledtronic
components industries Applications of this edmology in

pp

cude conceptual designs prototypes testing models and
casting master patteins

Comentional model  making proves o be time
consuming and expensive  1ypically; a design engineer e
ates a 31 model on a mechanical CAD system o1 on a
dialting table  Then paper diawings are plotted and passed
to a model maker who interprets them to create a prototy pe
Baditie nal methods indude creating models rom wood
clay ot a block of solid material which is sculpted cut o
machined

Stereolithography one of the most common rapid pro
Oty ping methods inindustiy 1oday is used o make concep
mal models plastic prototypes solt woling for silicone and
sand molds and paterns for metal castings (Fig 352}
Maodels created with stereolithogiaphy help 10 vi:ﬁaztim
designs o verily engineering changes, and to check forn
fit and function

Stereolithography Process A 3D model database pro-
duced ona CAD format s sliced fro a stack of thin lavers
using the stereolithography software lhe layers are then
redrawn on the swilace of a var of liquid photopolymer by a
computer controlled ultraviolet laser projector Via a stereo-
lithograply apparatus (SLA) solid o1 suiface data (from a
CAD database} are sliced by soliware into very thin cross
sections A laser then generates a small intense spot of
wltraviolet (UV) light that is moved across the top of a vat of
liquid photopolymer by a computes controlled optical scan
ning system  ©The laser changes the liquid photopolymer toa
solid wherever it touches as it prints precisely each cross
section A vertical elevator system lowers the newly formed
laver while a recoating and leveling system establishes the
thickness

next layer’s Suceessive (ross sections each of

FIGURE 3 52 Parts Produced via Stereolithography

which adhetes 1o the one belw it are built e on top of
another to form the part hom the bott o up Altes the Jasi
layer is made the part is temoved from the ST A and given a
high intensity flood of UV light 1o complete the polymeriza
tion process The part can then be finished by sanding sand
blasting painting o1 dying

festing and Analysis  One of the primary tesponsihilities
of the designer is 10 create a design that will withstand the
stresses wiler which the product part or system is (o
function 1 the design is 1o he operated salely the proper
stiength becowes the designer’s major concern The size and
configwiation of a structural member the ability of the pant
1o withstand loads with i breaking delorming o1 hacw
ing the sale design of 1otating machinery 1the shielding of
radical temperatwes in operation of a system and the stress
produced by the application of exteinal stess duting opera
tion are all in the domain of the designer Alter the product
or system s designed it must undergo testing and analysis
Fab testing lor stength of materials and finite element analy
sis using a C Al system (Fig 3 53) are both used duoughout
industy to determine the adequacy of the design

HAXIMUY PRESBURE
5 18774 PBi

FIGURE 353 Wireframe Model of a Mold Part During
Analysis
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STEREOLITHOGRAPHY
IN THE DESIGN
PROCESS

Stereolithoprap by was invented 10 1984 was patented in 1986
and became commercially available in early 1988 1n 1980 only
one commercial product was available. Today more than a
dozen models are available from at least six manufacturers. In
that brief tine, siereolithogrphy has moved from being pric
marily a visnalization tool o a product by which several desm
iterations can be made and some lmited woling and prototype
piits (see Hpure) can be produced. For example, stereolithog-
raphy parts can be used in place of wax madels for patterns in
vestment casting,

Stereolithography can produce a solid object from a CAD
model Gurlace or solid) Gee hgure) quickly and elhiciently by
directing ultraviolet laser radiation onto a liguid photopolymer
The photopolymer hardens when exposed (o this laser beam,
Fach pass produces a hurd polymer down to a certain depth,
The plaorm on which the exposed polymier sis 18 lowered
alter each pass, sending the hardened polymer under the
surhace of the hiquid bath. The pan & bk up layer by layer
The designer can hold and examine a real object at any stage 1

Solid model of shaver,

Stereolithography prototype model,

Chaprz 3 THE DESIGN PR ESS

the desipn process, Changes in the CAD file can be quickly
translated nto a new solid object. The cost ol each prototype
(see loure) s sionilicantly Tower than when produced by more
tracivional methods, so that desien terations are quicker More
radical designs can be considered as well

1he lirst stereolithography svstenis produced parts that were
{ragile and brinle. Today the parts are stronger and tourher
nitial syatems had a pant accuracy thal was poor and could
exceed 0050 in. New resins and changes in the soltware have
reduced part error 1o 0010 10 o1 less. Most ervors are within
0.005 in Alter a pant 1 produced, it must be cleaned and
postcured. Liquid resin that clings to the part s wiped oll, and
the part is placed in a solvent cleaning svstem Posteuring hine
ishes the polvmerzaion process and increases the parts
strenpth. Stall parts are cured Inan howr or two, but large parts
Hay reguiie up (o 10 howrs. 1o become functional models,
prototypes may be polished, painted, or sprayv-metal coated

Many successlul commercial companies (see hpure) today
use rapid protatyping stereolithography svstems to evaluate 4
desion and reduce the time 1o market for commercial products,
For examiple, Motorola has built over 8000 models 1o date w
about one tenth the cost of conventional prototypes and saved
over 52 milbon. Delivery time lor a part at Motorola s only
1820 hours Awomatic gencration ol tooling s the next
challenge for stereolithography svatems.

Final part.

Shaving with the product,

57
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Finite Flement Method o design an optimal stucture
ot to determine the cause of failure after manufacture design
engineets commeonly employ computerized design and
analysis methods One such method which is supported by
the CAD system is the finite-element method (FEM,
sometimes finite-element analysis, FEA). The finite-element
method is an engineering tool that mathematically simulates
the behavior of a parr. Via FEM, the designer can determine
the amount and location of stress in a design, without
building a test prototype.

A typical finite element modeling program allows the
designer/engineer to cieate the model prepare it for analysis
and then graphically display the results As an integral pan
of a CAD system the FEM program takes full advantage of
all graphics and dynamics features It also uses part infor-
mation (since the part design information already exists)
thus reducing the likelihood of errors and speeding the
entire analysis cycle. Finite-element analysis staits with
finite element modeling

Finite elemem analysis is the second part of the finite
element method It is generally a mainframe computer
program that analyzes the information from the text file to
determine the amount and location of stiess Mass proper-
ties including weight, volume and center of gravity can
also he caleulated (Fig. 3 54)

Once the analysis is performed numerical results are
returned to the CAD system and the finite element analysis

FIGURE 3.54 Finite-Element Modeling and Analysis
Using a CAD System
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postprocessing phase begins This involves reviewing the
analysis results determining problem areas, and modifying
the design

Final Refinement of Design  The finalization of a design
will begin at this point in the design sequence After the
basic design decisions have established an acceptable proxd
uct and it has been drawn, modeled, and tested the final
design refinements are made Any alterations and refine
ments in this stage require many hours of manual diawing
changes or alteration of the design database on a (AD
system

When complete the final design is evaluated for potential
new technology innovation and patent possibiliies A
patent can be granted for a process o1 a unique invention o
discovery A patent is granted only to an individual not toa
company lhe patent law states ‘Any person who invents ot
discovers any new and useful process machine, manufac
ture composition of matter o1 any new or useful improve
ment thereto may obtain a patent A patent is established
with a written description of the invention or process
normally accompanied hy drawings

Patent drawings—on standard patent diawing sheets—
must be included as one portion of a patent application
Figure 359 shows a patent drawing Inking is required and
shading is normally used to show the invention realistically

The patent diawing will be the last diawing created for a
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FIGURE 3.55 Patent Drawing

design project. (Once a product is designed, other drawings
may be required for tooling and production.) A patent
drawing should be very general and present concepts only,
not specific size, shape, or material details, in order to
prevent theft of the idea. The patent secures to the inventor
exclusive production rights for up to fourteen years.

3.9 PRODUCTION,
~ MANUFACTURING,
AND PACKAGING

At this point in the design processes, Stage 7 (Fig. 3.56), the
design must be presented to all interested, involved, and
essential parties. The presentation will involve the designers,
engineers, and other company personnel. The configuration
of the design is presented in drawings, renderings, and
possibly a prototype or presentation model. All aspects of
the design are discussed at this meeting. The limitations,
restraints, and capabilities of the design, as well as the new
or improved features, problems in the product design pro-
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Broguction. manufaciuring,

FIGURE 3.56 Stage 7 in the Design Process

cess, and validation of all research, scientific, and engineer-
ing aspects of the project, must be available so questions can
be answered, decisions defended, and the appropriateness of
the developed design demonstrated. Graphs, charts, notes,
sketches, models (of rejected design alternatives), and design
calculations used to establish the solution may all be needed
at this meeting. The production department will require
much of thisinformation to establish manufacturing require-
ments and a production schedule.

Detail drawings of each aspect of the product, assemblies,
and any other graphic documentation are complete at this
stage. Remember, this is not the first time these parties have
been consulted about the design. There has been continuous
communication throughout the design process, and, al-
though this is the seventh step in a formal explanation of the
design process, the flow of information has been back and
forth between these steps throughout the process.

Manufacturing Considerations i Design. The design
of a particular part or product usually determines the
material and the manufacturing process. Failure to under-
stand the limits and possibilities of the material and the
manufacturing options will doom the project from the start.
Design for manufacturability is therefore essential to the
success of a product. The stress, vibration, environmental
operating conditions, tolerance requirements, and surface
finish are determined during previous stages in the design
process. Therefore, by the time the material selection and the
manufacturing methods are selected, they are almost defined
by default. The decisions by the designers at this stage are
merely refinements. An overview of possible materials and
processes to be used must include an understanding of the
capabilities and limitations of each one. The engineer must
be familiar with these capabilities and limitations in order to
select the proper material and the manufacturing method.
Of course, the selection of materials in Stage 5 determines
many of the methods used in manufacturing the part or



] Part One  ENGINEERING AND DESIGN

product. Comprehensive solid modeling packages incorpo-
rate many features to help the engineer understand and
model the manufacturing process. The steps shown in
Figure 3.57 illustrate how solid models can assist the
engineer design the CNC manufacturing sequence. The part
itself helps determine the material and, therefore, the manu-
facturing methods. Each of the following factors is critical to
the manufacturability of a particular material and must be
considered during this design stage:

& Size limitation & Required ultimate
g Configuration strength

& Thermal characteristics & Elasticity

@ Tolerance requirements & Surface texture—
2 Hardness roughness

= Weight limits e Precision

A variety of manufacturing processes is available. The
choice of a process is determined by the parts material and

whether or not the process will create an acceptable part.
Regardless of the process or the material, the designer
should design to maximize efficiency and cost-effectiveness.
The following processes are used in manufacturing and will
be covered in more detail in Chapter 14:

& Machining & Welding
drilling s Casting
boring e Forging
milling & Forming
planing Stamping
reaming & Extruding
broaching = Bending
turning

Assembly of the part is partially determined by material
selection. The estimated maximum number of parts and the
minimum run also affect selection of the process. Since a
simple part is easier to create and assemble, the parts

(a) 3D cut part rendering shows a preview of the part as it is
machined

(b) Red flags any noncutting surface of the tool that hits the
material

(c) Yellow highlights any number of individual operations for
maximum contrast and visibility

(d) Viewing the part as a rendered image at the computer makes it
easy to detect errors and reduce wasted machine time and scrap

FIGURE 3.57 Using Solid Modeling and CNC Machining to Produce a Part



complexity influences selection as well. Manufacturing as-
sembly processes include:

& Brazing Welding
2 Riveting Gluing
& Bolting

The following is a partial list of concerns and suggestions
for the designer. If these conditions are met, the chance of
designing a successful, manufacturable part is greatly in-
creased.

1. Design for standard machines and processes.

2. Design within the cost-effective limits of available and
effective manufacturing procedures.

3. Design to limit the number of manufacturing processes.

4. Design to permit efficient production in acceptable quan-
tities and within time requirements.

5. Design for the most cost-effective process that will deliver
a product meeting the design parameters.

6. Design for ease of assembly

Although the preceding discussion centers on the design-
er’s responsibilities and the design requirements, it should be
understood that the actual selection of manufacturing pro-
cesses should be made by the manufacturing engineer in
conjunction with the product designer.

Alternate Solutions to Manufacturing Methods. Auto-
mated manufacturing is the design of a product or part so that
it can be readily manufactured, fabricated, assembled,
handled, tested, quality controlled, packaged, stored, and
shipped using automated methods. Since much of today’s
manufacturing involves robot and automated assembly sys-
tems, the part itself should be designed to facilitate these
methods. A typical engineer has always been concerned with
materials and manufacturing methods, including fabrication
and assembly. Increased productivity requirements, brought
on by foreign competition and concern for profitability, have
made automated manufacturing methods essential to the
survival of a company. Ever-increasing overhead, labor, and
material costs have driven industry’s desire to automate. An
understanding of the new methods of robotic production
and automated manufacturing methods requires the knowl-
edge of their capabilities as well as their shortcomings.
Figure 3.58 shows the influences of automation on the
design process.

As a new concept, material, or process becomes known,
you can begin to compile a list that will help in the design
process of a particular project. Material considerations,
processes, automated technology, and other factors can be
listed to help create the optimum design. If design rules and
autofacturing tips are to be up to date and useful, they will
be in a constant state of flux. As data for a project becomes
known, you should incorporate it into the design rule list for
a project. Automated manufacturing design often includes
designing for simplicity. Remember, the more complex a
part, the more difficult it is to autofacture; a simple part will
require less manipulation by a robot. Thus, keeping the
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FIGURE 3.58 Design for Automated Manufacturing

robot’s movements short and efficient will decrease produc-
tion time. The design of the part will influence the robot’s
required movements [Fig. 3.59(a)].

Designing for elimination of obstructions is another
consideration [Fig. 3.59(b)]. Automated assembly and the
incorporation of robots in the manufacturing process re-
quires that obstructions be kept to a minimum so that the
robotic arm and end-effector can move freely during mate-
rial handling [Fig. 3.59(c)], part positioning [Fig. 3.59(d)],
and part removal.

Designing with automated manufacturing in mind takes
more initial design time, but you will be rewarded with a
more efficient, cost-effective, and better product. The follow-
ing checklist can maximize the results of your design effort.

i. Incorporate every design aid available to reduce manu-
facturing costs, without adversely influencing the prod-
uct’s essential features.

2. Understand the basic capabilities and limitations of your
in-house production and outside vendors’ capabilities
pertaining to the part’s manufacturing and materials.

3. Determine the manufacturing methods—whether manual
production, automated production, or a combination of
the two—early in the design process so as to maximize
the successful creation of the product.

4. Use a design review process that maximizes the effect of
any design rules created in the design process. Be willing
to review the results and redefine. Keep an open mind
about the material, the process, and the automated
manufacturing methods.

5. Keep up to date on new and developing automated
processes, machinery, time-and-production studies, ad-
vanced materials, and technology.

Time Studies on Product Production. Studies are re-
quired of all processes needed to produce a part. The rate of
production has a direct effect on the profitability of a
product. Time studies are conducted to optimize a prod-
uct’s manufacturing cycle. Material handling, production
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(a) The workcell can be designed for welding, assembly, machine
loading, and other manufacturing operations. The robot is
performing material-handling operations.

(b) During robot simulation, workcell cycle time is displayed on the
screen. Throughout the simulation, the software allows the operator
to check workcell design elements—interferences, motion of the
robot, end-effector, interaction of workcell components.

FIGURE 3.59 Robots

elapsed time (manufacturing and assembly), and part re-
moval (and transportation) are all in this study. Time
analysis affects the determination of manufacturing meth-
ods, assembly fastening choice, and, sometimes, the material
itself.

Materials Procurement, Handling, and Cost Analysis.
The availability of a material or standard part will influence
its selection as much as will design requirements. Material
procurement and handling are an essential part of the total
design effort. If the specified standard part is temporarily out
of stock or not available, a product can be delayed in the
manufacturing stage.

The designer must be aware of the material cost, as well
as its availability. The increased cost of substituting one
material for another at the manufacturing stage can com-
pletely destroy the products profitability. The introduction of
just-in-time manufacturing, where the traditional warehous-

MOTION
MENL

(c) Using the motion menu feature, workcell designers can analyze
and simulate robot motion. The screen view shows the
superimposed robot images.

(d) The robotic workcell was designed via simulation software. The
conveyor (left), indexing pallet (right), and robot (center) are
drawn with the robot library.

ing of large amounts of materials and standard parts is
limited by efficient management of the procurement of the
materials and parts and their arrival at the manufacturing
station exactly when needed in the assembly or production
process, requires extensive coordination of all departments.
The manufacturing facility must be able to procure, store,
and handle the material and standard parts if the production
run is to be trouble free.

Manpower and Facility Requirements. Often, a compa-
ny’s facility and workforce will determine when and where
the part or product should be made and assembled. The
design process includes decisions based on available space,
machinery, and trained personnel. One pressing problem in
many industries is the lack of an educated, trainable work-
force. The implementation of automated methods has been
influenced by this lack of high-quality personnel, as well as
by foreign competition. The use of robots in the manufac-



turing stage will also affect personnel, facility, and equip-
ment considerations.

Robots and Manufacturing. Robots (Fig. 3.59) are in-
creasingly used for efficient, safe, cost-effective manufactur-
ing processes, including material and finished-product han-
dling and storage, as well as the actual processes involved in
the production of the item. CAD robotics packages are a
computer-aided design and manufacturing (CAD/CAM) tool
for robotic simulation and robot workeell design. Much of
all robotics workeell design is simulated remotely on a CAD
system before it is used on the factory floor.

A robot workcell consists of the robot itself, robot
end-effectors (hands), part orienters, the part being operated
on, fixtures, and the surrounding equipment with which the
robot interacts. By means of a robot-simulator package,
automation engineers can consult libraries of robots and
equipment to design a workeell and simulate actual robot
motion within the cell. From the simulation, an engineer can
accurately determine the workeell cycle time and check for
interferences in the motion of the robot with other workcell
components.

Imdustrial Packaging. The field of packaging design in-
cludes design of boxes to hold consumer items such as
perfume, electronic products, food products, and general
household items. It also includes industrial packaging for
mechanical and electronic designs (sheet metal enclosures).
The artistic design of boxes for consumer items is considered
under Stage 8. Here, the discussion is confined to sheet
metal enclosures required for mechanical and electronic
systems.

A typical sheet metal design can be created, in 3D, on a
CAD system (Fig. 3.60). The 3D model sheet metal designs
can be automatically unfolded in a flat pattern development
(Fig. 3.61).

The enclosure for any mechanical or electronic system
considers the many factors that influence other areas of
design. Space requirements, safety, function, operation, ser-
vice, and environmental conditions are all determining
factors. Most of these requirements are known early in the
design process so as to provide sufficient leeway in the
packaging when this step is reached.

' 3.10 MARKETING, SRLES, AND
~ DISTRIBUTION

Marketing, sales, and distribution (Stage 8 in the design
process) are an essential aspect of the total design effort (Fig.
3.62). The product or system may never exist without a
thorough economic analysis. The cost of advertising, mar-
keting, packaging, shipping, and distribution greatly affects
the cost to bring the product to market. The input of the
sales and marketing department, the packaging department,
and the shipping and storage facility makes the important
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FIGURE 3.60
Packaging

Example of Sheet Metal Used in Industrial

FIGURE 3.61
Using 3D CAD

Sheet Metal Flat Pattern Development

connection to the real world of business and affects profit
margin. Many products that have been brought to market
without a proper understanding of the business aspects of
the design process are doomed to fail—even good products.

Advertising, Budgets, and Mark rectiorm. The
marketing department may participate in preliminary
project work. Marketing is responsible for an accurate
product survey before the product is designed. A poor
design decision with respect to customer needs would leave
the marketing department with the job of selling an unus-
able or undesirable product. Sometimes an advertising cam-
paign can create a need for a product in the minds of the
public or sell an inferior product. In general, marketing will
help determine many product function requirements before
the final design is accepted. Surveys that help determine the
need, size, color, shape, feel, and acceptable cost can be
completed well before the engineers and designers are
through with their work. The rough preliminary ideas of an
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FIGURE 3.62 Stage 8 in the Design Process

inventor/engineer/designer may be refined and altered by
the input of the marketing department.

Cost Estimating of Product. The cost analysis of the
product includes the expenses generated by the engineering,
design, manufacturing, sales, and shipping departments.
Each department must submit a detailed cost estimate for
the man-hours, materials, and overhead cost for each stage
of the design development process in which it is involved.
Design costs include modeling and drafting; sales costs
include advertising and marketing; packaging costs include
art design and box design. Since manufacturing cost in-
cludes personnel, equipment, facility, and material consider-
ations, it may be the largest single cost item of the product.

Product cost estimation affects many of the other depart-
ments’ decisions. The choice of materials, the choice of
manufacturing methods (such as fastening), the choice of
packaging materials and art design, and the level and extent
of sales and advertising are all influenced by the item’ cost
and profit margin. Cost estimating includes how long it
takes to generate an acceptable return and how many items
must be sold before the product is considered an economic
success.

Packaging Requirements. The design of a product does
not end with the product itself. Without proper presenta-
tion, the product may fail to achieve the required sales to be
successful. Packaging is almost as important as the product,
especially in the world of mass marketing and international
sales.

Packaging also includes new concepts of green-packaging
(environmental packaging)—using biodegradable packaging
and eliminating overpackaging. Too much packaging creates
unnecessary amounts of waste when the product is used.

A simple box may not be so simple. As a matter of fact, it
can be rather complex. Size must be considered, along with
shape, printed text, color, art, and competition from other

boxes. Most packaging for consumer products must be
designed for appearance as well as function.

Although packaging is normally part of Stage 7, most of
the design input about appearance comes from the advertis-
ing and marketing departments. The actual design of the
dies and patterns is the domain of the manufacturing group.
The marketing department, in conjunction with the packag-
ing designers assigned to the manufacturing department,
must agree on a box design that is functional, attractive, and
producible, within cost restraints.

Designing a box with a specific purpose can be even more
complex—TFrench fry boxes have unusual shapes and
curves; deodorant boxes use die cuts to display the product
inside; and medicine boxes are designed to be tamper
resistant. Technology is minimizing complications while
providing greater control, particularly over prototyping,
through CAD/CAM.

Software programs have been designed specifically for the
packaging industry. Software is available that offers a library
of parametric designs for creating standard box configura-
tions. The designer simply provides appropriate dimensions
to any box design (for example, the standard reverse tuck—a
common design with simple end flaps connected to the front
of one side of the box and the back of the other side to tuck
it closed), and the CAD program automatically draws the
required shape.

CAM programs can send instructions to devices such as a
plotter. This machine cuts out the box and makes creases at
the folds of the prototype, saving hours of tedious work.
Instructions can also be sent to a laser that cuts a plywood
die to hold the steel rules used to cut multiple boxes once
the final design is determined.

Once the individual box design is complete [Fig.
3.63(a)], copies are nested together [Fig. 3.63(b)], mirroring
and duplicating the images and interlocking them like
jigsaw puzzle pieces to produce as many boxes as possible
from a single sheet of cardboard. The software performs
automatic bridging, a technique in which gaps are left
during the process of cutting the plywood so that it doesn't
fall apart. The die manufacturer then inserts steel blades into
the plywood, bridging the gaps with blades so that the boxes
will fall out like shapes from a cookie cutter.

One potential for CAD/CAM packaging lies with large
food and pharmaceutical companies that want more direct
control over the prototyping phase for the hundreds of
packages fabricated for their products. By combining pack-
aging software with devices such as a PLANTAGRAM, in
which a shelf environment is recreated, designers can see
how the box will look against the competition. The decision
can then be finalized before the die is cast.

While the ability to connect CAD box design to CAM
machining has been available for some time, the concept of
integrating the process with packaging graphics is a new
idea that offers major advantages. The capability to prepare
the entire design [Fig. 3.63(c)], including the structure,
graphics, and machine codes, on a single computer not only
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(a) Die design using Ovation CAD/CAM

(b) Nested design layout

(c) Package graphics
FIGURE 3.63 Packaging Design Example
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speeds and simplifies the prototyping phase, it also elimi-
nates expensive mistakes.

Shipping and Distribution. Just-in-time (JIT) manufac-
turing is a process in which the component parts of a system
design arrive at the assembly line station at the time of
installation. This requires careful control of materials, equip-
ment, and fabrication processes and subassembly transpor-
tation to the site at the appropriate time. Field fabrication
of system parts also depends on the timely arrival of
appropriate materials. The planners of any project have most
of the responsibility for this stage of the project. The
designers and the procurement department must be in
constant communication at almost every stage to prevent
shortfalls or overstocking of supplies. It is the coordination
between all involved departments that makes a project meet
both time constraints and cost estimates.

Shipping and distribution of a product includes storing
and warehousing the product. Many times, a consumer
product’s timely arrival on the market greatly affects its sales.
If the greatest sales opportunity occurs in the three months
before Christmas, what would happen if the product showed
up on store shelves on December 28?

The shipping department must be aware of the products
size and weight and any other factors that would influence
the method of shipment. Is the product fragile? Is it bulky?
Will it be affected by heat or cold? Is it perishable? Does it
need any special considerations, such as refrigeration? If the
product is to be stored at the facility, will there be enough
warehouse space? Should the warehouse be automated to
handle the product with robotic systems? How many of the
product should be available at any one time? These are all
questions that must be asked early in the design process and
solved by the time this last stage is reached.

The quantity of items to be handled and stored is also an
important consideration. Design for stacking whenever pos-
sible. If the product is to be shipped to the general public,
contracting with outside shipping sources must also be
done. Other concerns at this stage include: Will the product
be shipped overseas? If so, are there any packaging, duty,
tariff, or handling factors that must be considered? As we
can see, designing for storing, stacking, and shipping goes
far beyond just how to move the product from the manu-
facturing and nackaging facility to the trucking dock.

Hlustrations for Presentation, Sales, Advertising, and
Catalogs. Pictorial illustrations are used in this stage of
the design process to present the product, system, or
concept to a nontechnical or purchasing audience. Render-
ings of products and concepts provide a realistic illustration
of the proposed item. Renderings and models help introduce
a product, concept, or system design to the general public or
an interested potential customer. Using the 3D CAD data-
base, an illustrator can now create a pictorial illustration
without redrawing the assembly or part.
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The device shown in Figure 3.64(a) is an example of a
well-designed consumer product created on a CAD system.
Logitech manufactures a variety of mouse devices for com-
puters. You may even have one of their products in your
school on your CAD system. Over the years the designers at
Logitech became aware of some of the shortcomings of the
traditional mouse. Since the ball is on the bottom of a typical
mouse, the user must move the device across a flat surface.
This meant that the mouse must always rest on a clean, flat
pad or other acceptable surface. The position of the mouse,
either on the right or the left of the computer, is dependent
on whether the user is right-handed or left-handed. If the
surface is not flat and clean, the mouse is susceptible to
skipping. The user always has to have the device lying flat.

The new device solved many of these problems. The ball
was moved to the top of the device to be rotated by the user’s
hand, not by contact between the ball and a flat surface. The
user was now free to hold the input device in her or his
hands. Of course, since it could be operated by either hand
without a flat area, the device did not have to be on the right
or left side of the computer. Logitech called this product
Trackman.

The critical-path method of scheduling is documented
in Figure 3.64(b). Here, a computer program was used to
keep track of the critical and noncritical tasks in the design
sequence. The major headings are:

g Product management & Publications

& Mechanical design & Product engineering

& Software development & Test engineering

B Software quality & Materials
assurance (QA) & Manufacturing

Each of the major headings is subdivided into specific
tasks. The duration of each task is estimated and noted as its
Duration Time. The Resource of each task was the specific

(a) Trackman roller ball mouse
FIGURE 3.64 Trackman Mouse

Heading
Task Resource Dur
TRACKMAN. P} 148
PRODUCT MGMT 51
Rel Wond Madel 4
Ret Pratotype 0
Rel saleskorecst 0
Rel itishipinto b
MECHANICAL DSGN  141)
Rel Case Diawing ()
Ret PWAPartslist 0
SubmiPo Bartwork 6]
Rel PCB Layouit b
Tooling 63
Tooling Suppert 69
Josef 69
Rec ¢ aselsAric 9
Ret Proto 1o Pkg 0
Bebug Paits T
Josef Tvy
Make 60 PCB%s 13
Rei: PWA Componts 0§
Rec 6 PWA% g
Build DYT1T Ubits Tw
Rel DVIT Units b}
Run VI Test 2w
Joset 2w
Run L2 Test Twi
joset T
Texture Tool Tw
Make PVT units 3
Evahiate PV 20
Mt MR Units 1w
SOFTWARE DEVELOP 34
Rel Prefim Spec 0
Rel Finial Spec it}
Driver 56
Trackball Dover Tw
Joe W
Control Panel 4w
Bang uy
Duat Mode-Duover 2w
jue 2w
WORD Fix 16
Mark 16
AR Drver Tw
Mark 1w
Ret for Alpha 0
Alpha Test 8
Ret for Bets 0
Beta Fvaluation A
Ref for Fial i}
SOFTWARE QA 54
Alpha Phase 12
Rec A-Materials 4
Rec Alpha Manual 9
Rei:Mouse tnits €
Rec:Alpha SW o)
Run Alpha test 8
Luis : 8
Manual Fdbacklue 0
Beta Phase 30
Rec B-Matetials 7
Reu Beta SW. 4
Rer. Beta Manuals

Schd
Start

03-27.89

050189
050189
05-26:84

0601 89
07-14.89

032789
5:17-89
6:-21-88

06-13:89+

067689

$93:27:89-

(432789
03-27-89
07:0¥7-89
071389
073189
07-10-89
06 27.89

(}7-14-89-

B7:27-89
(07:2889
084)3-84
080489
B8-04-89
08:18-89
081889
82589
0930189
092289
10:06-89
05:411-89
950589
§7:14-89
350189

0350189+

35.01-89

05-01-89-

05183
361589
061589
06:19-89
06-18:89
071489
971489
07:14-89
] 489
(37:25.89
D808 89
09:13:-88
070789
370789
G707-89
B7072:89
071489
071489
071489
071489
(17:17.89
1)7:25.89
372589
072589
OF-27-89

Schd
Finish
1-24:89
071489
650189
05-26:89
06-01-89
071489
101289
05:17-89
16-21-89
061389
062689
070789
B7-07-89
07:07-89
070789
07:13-89
571489
07:-14:89
07:17-89
07:14-89
72789
0843-89
08:433.89
08:17-89
H&-17-89
08:24-89
(182489
383189
090689
100589
193.12.89
091389
050589
07-14-89
0721189
050589
050589
06-29-89
06 29.89
7:06-89
D7-06-89
07-14.89
07-14-83
0720589
0720089
071489
072584
OF-25:89
090689
09 13:89
U9:22.89
7.25:89
07:34-89
07:47-89
(71489
B 1489
07:25-89
072589
O7:17-84
090689
080389
07-25-89
07:27:89

Status

In Prixg.
Comp i
Camp it
oAl
Seheduled
h Prog.
Comp At
Campaonit
Comp /it
Comp it
Compr/li
Comp/ont.
ntical
Comp /et
Compitnit
I Prog.

i Prog 20t
Scheduled

Uritieat
Scheditted

Schedited
Sehedtiled
Seha ont
Scha Aot
In Prixg.
Compt
Scheduled
In-Prog.
CompLm
i ritical
Compint
Uritical
Comp ./
Critieal
th Prog

Scheduled

Scheduled
Sehedulerd
Schedied
Scheduled
Suhedtiled
W Prog.

Iy Prag.

i Prog.
Compatn
Scheduled
Seheduted
Schedded

Scheduled
Scheduted
Schedufed
Seheduled
Seheduled

(b) Critical-path schedule for Trackman roller ball mouse
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| Heading ‘ Schd Schd Heading Schd Schd
| Task Resource Dur  Stant Finish Status Task Resource Dur  Start Finish Status
Reca Beta HW 0] 08-03-89 080383 Scheduled Tray 66 05-26-89 08-30:83  In Prog.
Run Beta Test 23 0804:89  0906-89  Scheduled RecTrckbaliProto 0 05:26-89 05:26-83  Comp Xt
Litis 23 080489 090689 Make Proto 2w 352689 06-14:8%  Comp it
Mait Materials 3 080483 080889 Scheduled Eronngs
Angie 3 08-04:83 08:N8.89 Build Teohng dw 071789 0811-89  Scheduled
Beta Evahiation 4w 0809-89 090689  Scheduled Rec: Hard 0 081189 081189  Scheduled
Final Phase 70091389 092289 Siheduled Samples
Rec Final SW i 099:13-89  09:13-89  Schedoled Approve Samples two B814:83 081889 Scheduled
Run Finat Tests tw 09:14:89 092083 Scheduled Finalize Diwgs 3 082183 082389  Schedufed
Rel Master Disks i8] 09:20-89  (9:22-89  Scheduled Manutacture Tiay bw 082489 0830389  Scheduled
Write SWQA Repit 2 09-21:89 092289 Scheduled Carton 62 06:09-83  09D7BY  WnProg
PUBLICATIONS 103 05-05-83 10-03-89 In Prog. Lietine Packaging 2w 06-09-8% 0 06-1583  Comp Al
Rec Prelm Spec 8} 05-05-89 050583 Comp/Crit Rei: Hand Sample 0 07-13-89 . Comprirt
Rec Final $pec 0 07-14-89 071489 Scheduled Samiple Approved 0 07-1489  07:-14-89  Schedifed
Getting Started 77 05:17-89 (9:06-89  In Prog. i Draw 1 07-14-88 071489 Scheduled
Alpha Phase 49 051789 07278 InPog | PackageSper
Wiite Alpha T 05:-17-89 §7:07-89 - Comp./Crit. Make Die Vinyl 3 073789 471989 Schedled
Beiby (3. Tw 05:17-89 0703789 Cntical Rel Die Vioyl Q 07-19:89 07-12:89  Scheduled
Release Alpha g 070789 0747-89  Comp /it Rec 1st Articles 0 08-11:89  URB 1188 Seheduled
AlphateedhackDue 0 G7:17-89< D1-17-89  Scheduled Approve 1stAcl 3 08-14-89  08:16:89  Scheduled
Correct Alpha 8 071888  07:27-89  Scheduled Artwork 20 07:31%:89 081689  Schedhled
Rl (3. 8 (7-18:89  07.27:89 Rec be Viny! 5] 07-19:83 071989 Scheduled
Beta Phase 28 072789 09406:89  Scheduled Design Artwiork 20 07-20-89 081689 Scheduled
Release Beta 0 07:27-89  07:27-8%  Scheduled Beth 21 (4720089 08-16-89
Beta FeedbackDue O 080389 084383  Scheduled Rel Filing 0 081689 081689  Stheduled
i orret Beta 2w 080489 08:17-89  Scheduled Die 0 BF27-89 080889 Scheduled
Bob & 2w 080489 08-17-89 PURCHASING
Beta lest 4w 080989 090689  Scheduled Select Vendor tw 07:27.89 080289  Schedufed
Final Phase 7 081789 18-28:89  Scheduled arof B. w07 27-89 08:4)2-89
Rel Final Doc 6} 081789  08-17-83  Scheduled Make Die W UBD88S  UB09.89  Scheduled
final Review 2z 08-18-89 (82189  Suheduled Carat B tw 08:03-8% 080989
Correct Final Tw 08-22-89 08-28-89  Scheduled Mt Carton 3w 081789 0940789  Scheduled
Bob G Tw 08-22-89 (08-28 89 ECO 41} 08-17-89 10-1289  Scheduled
Biuetine #1 Tw 083989 090589  Scheduled Process PWA EC0 2 081883 082189 Sehd Ant
Blueline #2 Tw 09:06-8%  09:12:89  Scheduted Approve PWA FC O 1 082289 082289 Schistm
Pt Manuals 3w 109-13:89 10-03-89  Scheduled Process Pkg ECOQ 2 081789 (8-18-89  Scheduled
PRODUCT ENG'G 114 05:2-89 10:12-89  In Prag Approve Pkg ECO 1 082189 082183 Scheduled
Rec. PUB Artwork 0 (7-14-89 071489 Scheduled Pricess SW SO 2 }9-25-89 $9-26-89  Scheduled
Rec TeackMantjont 1§ 08-04-89  0804-89 Scheduled Apprave SW ECO 1 092789 (192789  Scheduled
Rec Master Disks 8} (39:20-89  19:20-89  Scheduled Provess Finalfo (s 2 10- 3-89 101189 Sitheduled
Rec SWOA Report Q 09-22-8% 19-22-89  Scheduted Approve FinalbCO 1 10-12-89 10-12:85  Seheduled
Rer: HWTestRepris (6] 100989 100983 Scheduled TEST ENGINEERING 99 05-18-89 19:09-89  InFrog.
Rec Blueline #2 ) 09:312:89  09:317-89  Scheduled Case Evaluation 5 08-17-89 082489 Schedled
BOM 78 06:21-89 10:12:83  In Prog. Rec Plastics 0 081783 081789  Scheduled
Rec PreParishist 1 36-21-89 06-21-89 Comp/nt ; bval Plastics w o 08-18-89 82489 Scheduled
Prepaie Pre BOM 2 (36:22-89 067389 Comp/im PCB Evaluation 2 0R782 Q11982 Scheduled
fssuie Prelim BOM i3 0B 2889 052889  Compdirit Kec PUR £} 07:17:89 071789 Scheduled
ECO Finat BOM & 10:-12:88 10-12:82  Scheduled Fvaluate PCB 2 71889 37-19-89  Scheduled
HWQA Testing 7 08-04-83  08-14-89  Scheduled Product Testers 73 051883 083189 Py
Run HWIQA Test tw 080489 08-10-89  Schedided Develop Plan 7 0518:89-  07:14:89 I Prog
Vrite HWQA Repit 2 08-11-89 08:-14:8%  Srheduled Bus BON Test 35 07-14-89 083189 Scheduled
Safety Tests 42 1804 10-03-89  Scheduled Rec PCR Layout 0071489 071489 Scheduled
FiE Yest 2 08U4-88 080789  Scheduled tayoud & Besign 4w 071483 081083 Scheduled
Rec FCC Appioval 0 08:07-89  0807-83 Siheduled Build Fixture 3w (8-11-89 083189 Scheduled
UL Test : 6w DRU489 091583 Scheduled s Test Rearly 0 083183 083189 schediled
Rec Ul Approval 0} 09:15-89  09:15:8%  Scheduled Serial BON Test 35 07-14-83 083189 Scheduledt
Rei FCC Letter 0 10-03-89 100389 Schedded Rer PEB Layout & G7-14-89 071489 Scheduled
Packaging 89 05-02-89 020789 In Prog. tayout & Design 4w 07-14-89  (0810-89  Schedled
Rec Wourd Model i (50289 050289 Comp/iirit : Bintd Fixture 3w 081183 0B3L89 Scheduled
: Rec Drawings: Mi> - 0 051889 05:18:8%  CompdUnt Serigl TestReady @ 083184 0&3LRE  Scheduled
F

(b) Critical-path schedule for Trackman roller ball mouse—Continues

FIGURE 3.64 Trackman Mouse—Continues
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Heading Schd Schd
Task Resotirce Dur Start Finish Status
Final Test 35 07-14-89  108-31-89  Scheduled
Rec tase Dirawing 0 07-14.89  07.14:89  Scheduled
Layout & Design 4w 07:14.86 081089  Scheduled
Busifd Fixture 3w 081189 083189  Scheduled
FinalJestReady 6 D831.8% 083189 Scheduled
PVT--Trackball 12 09-22-89 10:09-89  Scheduled
PV Build Two 392289 92889  Scheduled
PVT Bvaluation 1w 09:29.89 10-05-89  Scheduded
ahve PWS Appiovt 0 O 100589 100589 Scheduled
Wiite PVT Repoit 2 10-06-89  10-09:89  Scheduled
MATERIALS 59 . 07:-1489  10-05-89 Scheduled
Ret MPS( 07:14-89 07-14-89 - Scheduled
Rel PWA Sthedide o 07:30:89 - 07.20-89  Scheduled
Rel SW PupeSched 0 07:27-89 072789 Scheduled
SW Duplication 5 N9-27-89 10-04-89  Schedufed
Ree SW ECE Apnd Q 9-27-89 09:27-89 Scheduled
Duplicate Disks two 09:28-89 10:04:89  Scheduled
PWA Builds 31 08-22-.89  10-05-89  Scheduled
PWA PreProd 2] 08-22-89 592189 - Schd /ot
PWA ECO Appraval 0 082289 08:22:8%  Schd /Crit
PCB Artweork =Mite - 0 08:22-89 08:22:89  Schd At
Make 300Barebrds 2w 0823-88  09-06-89  Schd/Crit
Q12 Barehoards 2 09-07-89 09-08:-89  Schd /Crit
kit 300 PWAS 1 09:-11:89 091189 Schd/int
Make PWAs 6 09:12-89 09:19-89  Schit/Cnt.
QC PWAS 2 t9:20-89 09:21-89  Schd /ot
PWA MassProd 31 08-22-89 105-89  Scheduled
PWA ECO Approval 0 082289  08-22-89  Scheduled
Make Bareboards2 . 4w Q8:23-8%  09:-20:89  Scheduled
Rec Bareboards 2 0 0920089 092089  Schediled
Q€. Bareboards 2 09:21-89 09-22-89  Schedided
kit PWAS 2 1 092589 092589 Scheduoled
Make PWAs 2 6 119-26-89 10:03-89  Scheduled
G PWAS 2 2 10404-83 10-05-89  Scheduled
intl. Shipping 40 U714-89 0 090889 . Schediled
Rec tfshipinte 0 071483 071489 Siheduled
Prepare Applicin 2w 0721489 072789 Scheduled
Licertse Approval bw 072889 090889 Schedufed
Rev Approval 0 09:08-89  19-08:89  Scheduled
. MANUFACTURING 47 18-18-89 10-24-83  Schd Aot
Ref AssemblyPlan h 08-18:89-: 08-18:89 Scheduled
Preproduction 24 8.31-89 10-05:8%  Scheduled
Rec Tast Eruip 0 083189  0831:89 Scheduled
Rev (ases g 09-(08-89 09-08-89  Scheduled
Rec PWAS #1 i 032388 09:21-89  SchdAlm
Ru Prelroductn 2w 19:22:-89 100589 Sehd /Crit
PrePrdnctn fiane 0 T0-05-89 10-05-89  Scheduled
Mass-Production 33 030789 10:-24-89 Schd /ot
Finat ECO Approval =0 10:12:89 10:-12-8% - Scheduled
Rec Packagiig 0. 090783 090789  Scheduled
Ret SW Disketftes 0 10-04-82 10-04-89  Scheduled
Rec PWA'S #2 0 10-05-89 14589 Scheduled
Ret Final Manual 9] 10:03-89 10:03:89  Scheduled
Rer: ¢ ases 0 13:12:84 10:12-89  Schd Ayt
Run MassProductn tw - 10:16:89 10-20-89  Schd/orit
tnspedt FinalPky 2 10-23-89 102489 - Schd Aont
MassProductnDane - 0 113:24.-89 10:-24-89  Schd Ao
PRODUCT AVAIL: 51 10:24-89 10-24-89 Schd /it
L

(b) Critical-path schedule for Trackman roller ball mouse—Continued

FIGURE 3.64 Trackman Mouse—Continued

(c) Trackball subassembly

FIGURE 3.64 Trackman Mouse—
Continued

employee assigned to oversee and complete the task by the
scheduled date. The Scheduled Start and Scheduled Finish
dates were also noted on this list. Last, the Status was
tracked for each task. In Progress, Scheduled, and Completed
notations are shown, as well as whether or not this was a
critical task. For the product to be on the market before
Christmas, all tasks had to be completed by 10-24-89. The
critical-path method of scheduling project tasks throughout
the design-through-manufacturing process is used in many
companies.

Figure 3.64(c) is an enlargement of the subassembly
skeleton (part 4). Figure 3.64(d) shows the assembly of
Trackman. Figure 3.64(e) is the detail of the Tball skeleton,
which is part of the subassembly (part 4). Figure 3.64(f) is
the detail of the top enclosure (part 1). Figure 3.64(g) is the
detail of the bottom enclosure (part 2), and Figure 3.64(h) is
the detail of the button plate. Trackman was designed
completely on an AutoCAD system and is an excellent
example of the critical-path method of scheduling project
activities and using CAD in the design process.



69

Chapter 3 THE DESIGN PROCESS

TORLTET 0 LA TELToh BAL [AGARN Graa80s W
3000 409 5 OW HOUDT) 20 ALRIOLS G 5! AAYEA S

€3CE~60 QAN fST WL

S | b1

00—-200¥0@

BTN,

d-l

TIVEXOVHL ‘ANGHISSY .,

HO11907 &

ALD

1334 NOdWNd

i 3
i z
3 d-L YR'd 00~0£002Z £
1 NOLITEXS ASSV-ENS 00-100090 ¥
4 L4VHS M3A0ON3 ‘AIBAZESY 00200010 S
4 AICOONT ‘NSYN 00—-111000 L]
€ 14VHS/M ONRIYZE TIVE ‘ATSHESSY 00~£00010 L
' g TV 00~£10050 ]
3 -Vl “BEV 00~¥1¥0¥5 8
3 QAS—£6~0d ‘ IMBYD ‘ATHESSY 10~££1008 o
4 QY3H SOiTERd 8/€ X ¥3—% A3N0S 00~500000 n
v

o

FIGURE 3.64 Trackman Mouse—Continues

(d) Trackball assembly
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FIGURE 3.64 Trackman Mouse—Continued

(e) Detail of skeleton, Trackball
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FIGURE 3.64 Trackman Mouse—Continues

(f) Top enclosure of Trackball
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FIGURE 3.64 Trackman Mouse—Continued
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FIGURE 3.64 Trackman Mouse—Continued

(h) Button plate for Trackball
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3,12 DESIGN PROCESS
SUMMARY

The design process summary is included here as a guide and
is hardly definitive. Table 3.1 gives a product design check-
list. Use it as a guide only, because not all parts apply to all
designs. It is recommended that any projects completed
from this text use the checklist as a guide during the design
process.

Design Process Summary
1. Identification: Defining the design objective
a. Make a list of known facts and existing information.
b. Ask the following questions: What? Why? Where?
Whom? How? When?
2. Conceptualization: Brainstorming, creative solutions
a. How many ways can it be solved?
b. Thought starters, make a list of values.

4.

c. Similarities, environmental requirements
d. Checklist, brainstorming, material options
e. Is there a simpler way?

. Evaluation: Application, functional requirements, synthesis

a. What makes the design good—economy, simplicity,
reliability, durability, usefulness, attractiveness, manu-
facturability, easy to promote in sales, easy to service?

b. What are the alternatives to the design?

Decision: Design optimization

a. What materials should be used?

b. Should the parts be interchangeable?

¢. Should we use standard parts?

d. Is it an economical manufacturing process?

e. How easy is it to operate?

. Development: Implementation of design

a. Create working drawings and details.
b. Model the part—CAD, physical, types, number of
models.

TABLE 3.1 Product Design Checklist
J A Customer Reqmrements

a. [Joes the product meel customer requitements?
b Does it deliver the required performance?
¢ Does it satisty emergency conditions?

L1 Funciionality
I3
|

agteed on !
e Is there a vonsensis between custamers and designers?
2. Safety Provisions

l b Was the produst analyzed tor hazands?

¢ Are there interfocks and safety devices?

d Does it meet applicable DOE and ME safely standards?
I e Are complete safety instriictions provided?

h. Was the product subjected to overstress tests?
i Has Hazards Uontrol reviewed the design?

k. Are there cther stored-energy sources?

b 1 it simple 1o operate?
. Are the continls operable and understandable?

e I it easily maintained?

f. Will spare paris be available?

g Can product be misused?

11 Are operating of maintenance manuals needed?

created?
4 Cost and Schedile Reguirements
& What Is the basic cost 1o tesign-and produce the product?
b, What will the cost be over the tatal fite of the product?
¢. What will spare parts cost?
i What are the major cost ftepis and diivers?
! e. Uould cost savings be realized with alternate designs?
"' . Avecosts reasonable and realistic?

i lead-term items?

. Are warning, hazaid, and severity signs propetly identified?
| g Have all possibile radiation, toxicity, o corrosivity problems been considered?

3. Uperation and Maintenance Provisions Requesterd by Customer
a Fioes the product come with clear and concise nstiuctions?

i Have the impuortant functions of the overall systent and subsystems been

a. Were provisions made tor both intended use and foreseeable misuse?

I ;o Ave there any high-voltage, high-pressure, or high-explosive sources?

d. Daes the product acconimadate ditfering physical characteristics of operators?

i Are controls fuolpioot, so 8 hazardous condition cannot be inadvertently

3. Has a detaled schedule been detenmined for the design release ot far long

Comment Yes No
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¢. Check the design. ¢. Packaging design

é. Testing and analysis—modeling, debugging e. Material handling and product handling

e. Improve and redesign for aesthetic or functional re- 7. Marketing: Sales and distribution

finements. a. Staff training

6. Production: Manufacturing, packaging, handling the b. Servicing the product

product c. Low maintenance costs, customer acceptance

a. Facility needs d. Sales strategy on how to present

b. Personnel requirements e. Product and main features

¢. Materials and processes for manufacturing £ Distribution of the product: Who? How?
TABLE 3.1 Product Design Checklist—Continued

A Customer Requirements Continies . Sommemt | Yes | No

5. Potential Environmental Eftects on Product Perforniance and Reliability
a_ Could the product be affected by any ot the following extremes at the
customer’s place af business:
i Voltage surges?
i Setvice water hardness?
Hi. Pressire?
. Temperatite?
v. External vilbwation?
vi. External shock?
vii. Ambient temperature?
vit. Humidity?
¥ Magnetic or electiical fields?
x. Ambient sonnd?
xi. Weather?
b Will aperation be affected if the product is cantaminated by farelgn matetials
isand, grit, o, fint, dirt, etc)?
. Wil i be affected by carrasive ambients (salt, humid air, sea water, acids,
cooling fhiids, etc)?
~ Can radio interference affect operation?
 Can radistion atfect the product?
Can supplementary products (detergents, bleaches, oils, grease, solvents,
labricants, etc) affect the product?
g. How would an earthquake atfect the product?
6 Potential Product Effect on Customer's Personnel and Environment
L a Does the product have a pleasant appearance? Is it compatible with its
: surtoumdings?
[ b sitnoisy?
¢ Does it give off objectionable odors?
o Will it affect the temperatire of the area it 1s used in? Will it atfect other
equipment?
e Does it vibrate?
f Does it produse objectionable light?
) g. Does it emit radiation?
. Does the exhaust give off noxious fumes?
i Will waste materials require special dispasal? Have provisions been made tor
thetr handling, storage, and shipping?
7. Reliability and Pertormance Provisians
i a s the estimated reliability adequate?
b. Was the reliahility estimating method valid?
¢ Could performance deteriotate with wear or enviranimental change?
d. Ate the controls stable?
’ e. What were the design provisions for ninmizing likely failures?
. Have the methods of calibration and determining the performance been
veritiend?
g Have emergency shutdown provision been provided for?
h Have provisions been made for power o water supply failures?
i, Are there provisions for periodic inspection and in-sevice nondestructive
evahiation?

Continued
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TABLE 3.1 Product Design Checklist—Continued

[

f

B. Good Design Practices =~ =~

1. Parts Beeakduwn
a. Zan several parts be combined into one?
b. an vost savings be realized by breaking a complex part into smaller, simpler,
or less costly components?
¢ s the Bilt of Maternals structure fogical?
d. Will the Bill of Materials suit the needs of manutactuting personnel?
e Is the drawing numbering system logical?
2. Safely Pravtices
a. Does the product conform to the Design Safety Standards Manual?
h. isif free of sharp edges, burrs, or corners?
¢ Ate the safety tactors reasonable end defensible?
d. Is a Satety Note needed? Has it been prepared according to the DS5?
e Is an Operational Safety Procedire needed?
£ Has a failure modes and effects analysis been performed?
g Was a fault-tree analysis performed?
h. Were all likely hazards identified and efiminated?
. Assembly and Installation
a. (anany part be assembled incorrectly?
b, Is1he assembly sequence simple and lagieal?
¢ Is there space tor touling access, insertinn, et ?
d Can hikely repais be diagnosed wathout disassembly?
e. Are special ool needed for assembly and instaltation?
. Are common fasteners used?
g. Will carrosion be readily apparent? If not, can the design be changed to ensure
visibility?
h. Will the method of inspection really validate the correciness of the assembly or
installation work ?
b Are written assembly or installation procedures requiired?
4 Parts and Components
a. Does the design make use of proven standardized parts (fasteners, washers,
clips, connectors, snap rings, etc)
b. Are the raw materials specified in standard sizes, types, or fonns (e g, standard
plate or sheet metal thicknesses, rod sizes, composition)?
¢. Are standard patts of raw materials readily available in the shop where the
design will be tabrivated?
d. Were the components proven by use in an eatlier, related design?
5. Design Selection
a. Was the design scope properly defined?
b. Were the selection criteria propetly balanced and valid?
¢ Did the criteria respect customer requirements?
d. Were alternate designs, concepts, ur processes identified and documented?
6 Measurements and Controt
a. What needs to be measured, recorded, montored, or alanmed? Why?
. What alternate sensors can be considered?
_ What functions are to be controlled? Why? How?
What provisions were made for instrumentation recalibration?
. How should data be recorded?
Have requirtements for resolution, repetition, and accacy of measurements
been determined?
g. What should be attomated? Why? How?
h. How and when should mstruments or controls be tested?
- How can yau tell when controls are warking properly?
7. Nondestructive Evaluation
a. Are nondestructive evaluation inspections required?
b1, Are appropriate technigues and equipnient available?
¢ W not, can the design be moditied?
d. # not, can pew NBDE equipiment or technigues be developed?

(o5;

W

=mo -

1. Hasan engmeermg ana!ysrs been per’mrmed o mves‘(lgare
a. The use of alternate, less expensive materials?
b Redesigning to reduce initial costs?
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TABLE 3.1 Product Design Checklist—Continued
’ C. Minimizing Costs-—Continued

R e O

€ Ihemst of maintenance, repalrs, OF operation?

2. How reliable is the ost estiniate?

3 Is a service warranty provided by the manutacturer?
a, Is the manufaciurer’s reputation for senvice good?
b How guickly will service be provided?

4. Have manufactunng and production casts been optimized:
a. To utilize existing pwe:ws equipment, and facilities?
b To minimize tooling casts?

To make the most use of standard parts?

E d To utilize more efficient new processes, equipment, ard tacilities?

L e To minimize inspection and testing?

5 Can an alternate compurent be procired with a substantially better wartanty?

1. Are the maximum SHES:F within liits through the full range of travel, load,
voltage, et . ?

2. Are the satety factors used reasonable?

3 s the design as simple as possible?

4 Were failure modes of criticat elements analyzed?

5. Did e make optimum use of standard, proven components and subasseimblies?

6. Was the seliability data of simitlar devices considered?

7. Were design integrty tests successtully completed (ife, satety. simulated stress
environments, etc?
8. Are drawings clear and unambiguous?

P9 Isthe equiptent avalable when needed?

C 10, Were steps taker to minimize etec::iroiy‘sis, COMTOSION, dirt, et ¥

. Does the desaqn use existing equipinent fur fabrication, hmshmg assembiy,

imspection. cafibration, 1esting, packaging, ety 7

ot are new processes, equipment, and taclities move effactive?

. Does the design avord hazardous operations?

. Are tool and piece costs optintized?

- Buoes the design use existing atceptable tooling where possible?

- Does it permit maximum standasdhzation?

.~ Are the tolerances and surface tinishes specified consistent with ac (G;;table
provesses arnd equipment?

. Does fhe design correct ar avaid known manutac Tunng problems?

. Are the aperations requiting special skills, new equipment, or special attemmn
minimized?

10 Are crilical dimensions of parameters to ke contioffed during proc urerment and

manufactuting cleatly identified?

11 Do the materials specified conform to standarnds?

L 12 Ave specifications ("ipar ly and completely described on drawings?

13 Could inspection be accomplished easier and cheaper by ¢ hangmgi he design?

i \.W the product be ransprted with standard packaging?
2 Is additional special packing material required ?
3. Will the package wathstand applicable transpoitation tests for
a. Shock?
i b Vibration?
‘ ¢ Temperatiure extremes?
i o Hunudity extiemes?
e Handling equipment?
£ Sand and dust?
4. Have you considered the available transpont and storage equipment?
5. Has the shape and size of packaged product heen optinized for rait andd truck
transportation?

Continued
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TABLE 3.1 Product Design Checklist—Continued
F Shtppmg and Smrage Reqmrementhontmued

6. Are (Iear msuucllons for handling and litting provided on the r)utsnie 01 me
package?

7. How will used packaging material be disposed of?

8. How wilt moveable parts be seared during rran&ipm?

G. Maintenance and Serwceab;lity

1 Arethere any pu rential safety hazalds dunng installation, repaﬁ dssa<sembty oF
matnitenaiie?

2. Is special test or sewvice eqiipment needed? 1f su, have pravisions been imade
to procure it?

3. Can the product be satisfactorily instalied quickly?

4. Are items tequiring freguent maintenance easily accessible?

5. Are new or honstandard items minimized?

6. Are seivicing instructions dlear? Are they adequate? Are they the result of a
faull-tree analysis or failure mode and effects analysis?

7. How will performance be veritied after repair?

8. Are periodic nondestiuctive mspec.ﬂcns required ?

1 Does the product comply wit h appi T icable laws and agemy ;eqnuemems such as
a tocal mdinances?
b State o federal laws?
¢ Envitonmental Protection Agency laws and guidelines?
¢ Department of Energy (DOE) guidelines?
e. Department of Transportation (DOT) rules for shipping?
1 Others? '
2. Does the product comply with applicable agency standands or guidelines such as:
a. Underwriter s Laboratory (UL)?
). Americar Gas Association?
 Military specifications?
- Environmental Protection Agency (EPA)?
. Qccupational Safety and Health Act(OSHAY?
Cansumer Praduct Safety Act?
Amernican National Standards Institute (ANSH?
. Ametican Soctety of Mechanical Engineers (ASME)?
1. National Elestronics Manufacturers Association (NFMA)?
1 Institute of Heetrical and Electionics Engineers (EEE)?
k American Welding Society ?
I DOE or others?
3. Are permits reguiredd for installation or operation, e g, for venting gas or
hazardous material?

I TR m o

1. Patient and Classification Requwements

1 Has asearch been condiscted 1o leasn of recent related patents?

2 For patent protection, have any inventions been promptly disclosed?

3. Is any portion of the design, analysis, or docimentation classified? Has an
authorized classifier reviewed the preliminary and final designs?

4. Have steps been {aken to safeguard the classified information? Are all personnel
witking on classitied portions aware of 1he rules regarding the handing,
dissemination, and disposat of dlassified mformation?

1. Are um1xc>15 and dispkays well orgamzeri :

2 Are controls conveniently located for efficient aperation?

3. Canmonitoring o diagnostic devices be easily and accurately read?

4. Are instructions cleat, fegible, and comprete?

5 Can all operations be performed safely without danger to the user or the product?

6. Have the physiolngical and psychological characteristics (age, education, size,
sirength, or handicap) of the user been considered?

7. Can maintenance be performed easily?

8 Have the human factors of similar devices been analyzed?

Continued



TABLE 3.1

Product Design Checklist

79

Chapter 3 THE DESIGN PROCESS

1. Furictionality

a Does the product meet customer requirements?
1. Does it deliver the required performance?
¢ Droes it satisty emergency conditions?

i Have the impartant functions of the overall system and subsystems been

agreed on?
e Is thete a consensus between customers and desighers?

2. Satety Provisions
. Were provisions made for both intended use and foreseeable misuse?

T

- Was the product analyzed tor hazards?

. Aie there nterlacks and safety devices?

_ Does it meet applicable DOE and ME safety standards?
Are complete safety instructions provided?

- Was the product subjected to overstress fests?
Has Hazards Control reviewed the design?

ks paiasiibored (o o i Bl o Wi g

. Are there ather stored-energy sources?

3 Opexamm and Maintenance Prowisions Requested by Custonier
a. Does the product come with clear and concise instructions?

b Is it simple 10 operate?
. Are the contiols operable and understandable?

d Does the product accommadate differing physical characteristics of operatois?

e s it easly maintained?
£ Will spare parts be available?

A. Customer Requirements

Are waining, hazard, and severity signs propetly identified?
. Have all possible radiation, toxicity, of cotrosivity problems been considered?

Are there any high-voltage, high-presstire, or high-explosive sources?

tomment | No

QUER

True or False

1.

The design process is a series of eight rules that should be
followed exactly.

. All designs developed by a company’s design team eventually

get manufactured or produced.

. Human engineering is the study of people and how they

engineer/design projects in industry.

. Human factors play an important role in all product design.
. It is not important to have a brainstorming session during

product design.

. Ergonomics considers how humans interact with their work

environment.

. Automation is never considered during design of the manu-

facturing process.

. In DFM, manufacturing is considered right from the start of

the design sequence.

Fill in the Blanks

9.

10.

11.

12.

design uses standard components arranged in a
unique configuration.
is the first stage of the design

process.

design and design are the two
main divisions of design projects.
The effects of motion, heat,

are some of a designer’s concerns.

, and environment

13.

14.

15.

16.

Machinability, castability, and
environment are all factors in the selection of
the material for a product.
Stereolithography is one of the most common
methods used in industry today.
Human factors is the modeling of the
in a work-related setting.

- - manufacturing is a
process in which the component parts of a system design

arrive at the assembly line station at the time of installation.

Answer the Following

17.
18.
19.

20.
21.
22.
23.
24.

Describe the use of models in the design process.

How are graphs and charts used in the design process?
What is human engineering, and how do human factors and
ergonomics influence design?

What is DFM, and how does it affect the design ptrocess?
List six sources of information available to the designer.
What is critical-path scheduling?

Name and describe each of the stages of the design process.
What is stereolithography? How is it used in the desigl
process?
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