The Xerox Corparation's document systems
have multiple systems using hundreds of parts.
The design teams number in the dozens.

and a project takes years.

The Microsoft Corporation's software products
have dozens of feature elements, design teams
number in the dozen of members. and a project
takes months,

The Raychem Corporation's products have
dozens of constitutive raw materials, rescarch and
development teams number in the dorens of
members, and 4 project can take decades.

The Ford Motor Company's cars and truck have
20 systemns, 166 subsystems, numerous sub-
subsystems and thousands of components, There
are hundreds of orchestrated design teams that
number in the hundreds and a vehicle project takes

Sars.




PropucT Desiay

he design of new products is the key battieground that all compa-

nies must master to remain in business—to compete at a basic
level. Product designers are the front-line troops who lead and exe-
cute the battle. Product design is a set of activities that involves more
than engineering. It is fraught with risks and opportunities, and it
requires effective judgment aver technology, the market, and time.
Studying some recent business decisions gives insight 1o these ideas:

¥ To avoid losing market share in the 1990s, cornmercial airplane
manufacturers offered contracts to deliver aircraft at prices that
were below the current development and production cost { Wall
Street Journal, 24 April 1995). The companies were betting that
they could remain profitable through improvement of their prod-
ucts and development processes.

B In 1985, John Akers, CEO of IBM, was considering eliminating
IBM’s research laboratory, a popular decision for American CEOs
at the time. Instead, the lab director proposed a vision of working
to develop a T Gbit per square inch storage medium, a vision sup-
posedly proven physically impossible. The lab restructured
around this vision and, by 1989, had developed breakthrough
technology in thin-film inductive heads. The lab stayed focused
on developing ever-increasing storage media, and, into the next
decade, 1BM maintained a 6-12-month technology lead over its
competitors {Tristram 1998),

¥ Inthe 19905, Dell Computer Corporation developed the end-to-
end use of digital networks to run their corporation. With informa-
tion-system intensive marketing, development, and production,
Dell made it possible to completely eliminate middiemen in a
low-margin industry. They connected directly to the customers
via their purchasing Web site, through phone orders, and through
its program of offering customized products and services. This
“direct customer contact” philosophy enabled them to watch how
their customers purchased and rapidly focused on desired fea-
tures in new product designs. By 1999, such investment in their
product delivery process made Dell the #1 computer supplier
(Wall Street Journal, 10 May 1999).

P In 1996, both Ford and Toyota launched new family sedans. Three
vears earlier, each had criticized the other’s model. ¥ord decided
1o increase the options in its Tauruas, matching Tovota’s earlier
Camry, while Toyota decided to decrease the options in its Camry,
matching Ford’s earlier Taurus { Business Week, 24 July 1995), WNei-
ther really knew where the market was going or what to do.
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JOURNEYS IN Propucy DeveLopmens

To avoid pitfalls, today’s design engineers must understand and use
many tools of modern product development practice. For almost al]

products, it is no longer acceptable 1o develop major enhancements

without first consulting customers to forecast the market acceptance of
the improvements; The risk

is too high to just accept one product
manager’s belief in their “feel” for the market. Rather, a team must

apply statistically sound measurement methods of a product’s intend-
ed customer population. It is equally important to functionally archj-
tect what is required to meet the customer demands, applying rigorous
methods for Incorporating the best technologies. It is criti cally impor-
tant {0 understand the competition and the time trends of new tech-
nology introduction into the market. It is also important to design
robust performance into a product, so that the product is as high qual-
ity as possible given the price. These goals and associated methods
have become the competitive weapons that allow design teams to
ensure that their company leads the market, Engineers who wish to

harness their drive for success need to understand product develap-
ment and the application of product development tools and methods.
In this book, we develop the underlying theory, methods, and practices
to extract an understanding of modern product development,

[. CHAPTER ROADMAP

II. AN INT

In this chapter, we firgt present a general discussion on product devel-
opment and design. We then offer our view on the advancement of
systematic design and a hypothesis on the evolution of design ag a
practice. We then examine the product development practices of a few
fepresentative companies and compare this examination with our
philosophies. Finally, we discuss different theories of design that have

been developed over time, Figure 1.1 shows the roadmap through the
topics of this chapter.

RODUCTION

TO PRODUCT DESIGN

By using this book, the reader wiil learn and practice contemporary
theories of effective product design through the adaptive and/or orig-
inal redesign of consymer products, Engirfeering design can be cha]-
lenging and exciting, or it can be taxing, difficult, and unproductive,
The objective here is 1o outline a methodology that highlights the




DEsian

4 N i

ﬁ Entrance: A Potential New j
i Product Development Task ;

—

H. Product Developmeny vs. Design

It Types of Design

I A Modern Produc Development Process

I A Reverse Engincering Product Bevetopment Proces

IV Examples of Prodyet Development Processes

V. Thearies and Methodologies in Design

Concept of
Preduct Development

¥ Figure 1.1,
Roadmap of Chapter 1.

exciting challenges of product design and allows the
team to focus on the deve
1table sofution,

developmen
opment of a creative, effective, and prof.

Thoughts for the Reader
and Student of Product Design

The particular methodologies explored

because they have the potentiai to satisfy t]
ing design:

in this book are selectes
iree objectives of engineer-

to stimulate creative and inventive solutions to probiems

o ensure consideration of each of the e}

ements necessary for suc-
cessful design

B to ensure that gl consequences of the application of the

designed
device or process throughout its lifetime are examined




Concept of
Product Deveiepment

aliows the development
ative, effective, and prof-

2sign

n this book are selected:

cee bjectives of engineer-

tions to problems

lements necessary for suc-

pplication of the designed

ie are examined

Crapver [

Journgys 1 ProbucT DeveLopMentT

The assignments distributed in design courses are quite different than
the relatively well-defined analytical problems delivered in other engi-
neering studies. Because there is a lot less information to start with, we
are called on to use our own judgment and make many, many assump-
tions. Most importantly, there will never be just one right answer.

Assignments of this sort, those that may not be clearly stated and are
without a well-defined path to a sclution, are, however, much more
tike those encountered in the “real world” of industry. They are dis-
tinct and more challenging than the typical end-of-chapter home-
work problems. Although the engineering design methodologies
presenied in this book are, of necessity, more formalized and detailed,
there are parallels between them and the problem solution method-
ologies used in other endeavors. They build on, extend, and strength-
en many of the precedures we use in analysis wark and courses. Yet,
they allow us to move from analysis to the more-complex and much-
less-bounded problem of synthesis—design.

The problems encountered in product design are also amenable to
many solutions. There will always be more than one way to proceed,
and there will certainly never be just one “correct” solution or design.
We also can’t assume. that we have the best answer just because we
have an answer that appears feasible.

The problem statements we encounter require a good deal more time
and effort to understand. We will most likely have to resolve conflicts
between the stated functional requirements and external constraints
in each of the assignments we are given. We must plan on spending a
good deal more time setting up the problem than on comparable
analysis tasks. We must also remember that there is a clear progression
of material throughout the book. It is cumulative, so we must keep
our eyes open!

Product Development Versus Design

A product development process is the entire set of activities required to
bring a new concept to a state of market readiness. This set includes
everything from the initial inspiring new product vision, to business
case analysis activities, marketing efforts, technical engineering design
activities, development of manufacturing plans, and the validation of
the product design to conform to these plans, Often it even includes
development of the distribution channels for strategically marketing
and introducing the new product.

A design process is the set of technical activities within a product devel-
opment process that work to meet the marketing and business case



vision. This set includes refinement of the product vision into techni-
cal specifications, new concept development, and embodiment engi-
neering of the new product. It does not necessarily include all of the
business and financial management activities of product develop-
ment nor the extensive marketing and distribution development
activities.

Neither the product development process nor the design process
encompasses the subsequent manufacturing process, when the prod-
ucts are physically made. The design of the manufacturing process,
however, is generally considered part of the product development
process. Often the product design process and the design of its ranu-
facturing system must be carried out simultaneously, Effectively per-
forming this integration is part of the study of concurrent engineering
{Clausing 1997).

Similar to the manufacturing process that follows the product devel-
opment process, there are also front-end activities that are required
before product design and, based on industry, may or may not be
considered part of the product development process, The Research
and Development (R&D) phase of new product development is when
new technology is developed for subsequent incorporation into prod-
ucts. Today, large companies in many industries try to separate the
R&D process from the product development process. That is, ideally,
R&D efforts create new technology and develop it to the point where
the technology is encapsulated into a new system ready for immediate
adoption by the product development teams, similar to out-sourced
subsystems. Product development then becomes a very rapid process
of tajloring technologies into new systems that meet changing market
needs. Product development does not get bogged down into research-
ing how to obtain new technology that does not really perform what
is required. This paradigm will not work in all industries, but it is
effective for many mechanical system industries.

Generally, such R&D to product development transfer is not perfect.
the technology passed off to the product development teams may
not function well in the new product concept. This mismatch can
occur for a variety of reasons. Some causes are social, such as the
different cultures between R&D corporate research and product
development business units. Other causes include general uncer
tainty, such as the ability of new technology to be used in ways not
foreseen by the R&D group during their development efforts, Often,
though, miscommunication of specifications and form is a prime
source of error; people understand the same words and description:
differently.
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The entire set of preliminary product development activities that hap-
pen before a product is given the go-ahead for development is some-
times called the fuzzy front-end. This set inciudes the decisions on
what products to consider for development. Factors include corporate
strategy or the determination of what technologies and markets that a
company should compete in. Business alliances can therefore impact
the decisions as well as forecasted customer markets and business
trends. The fuzzy front-end also includes development decisions on
what the underlying portfolio architecture should be for a set of prod-
ucts that may be offered by a company. Design engineers play a large
contributing role on the teams making these front-end decisions.

The point of this discussion is not to find a classification scheme for
development activities that fits all companies and development enter-
prises; such a classification will always vary by industry and COMmpary.
Rather, one should be aware of how a design process fits within a
product development process of any company and how a product
development process fits within a company’s business environment,

Types of Design and Redesign

Design tasks may be classified in several different ways, To indicate the
extent of the effort required, one approach is to classify a develop-
ment project as eriginal design, adaptive design, or variant design.
Table 1.1 lists examples of these different types of design for various
technologies.

Original design {or inventing) involves elaborating original
{new/novel) solutions for a given task. The result of original design is

TABLE I.1. EXAMPLES OFTYPES OF DESIGN
Original design Adaptive design Variant design
Brakes Ant-lock brakes Brake system for a new Resized system for a slightly changed vehicle;

Steering

Assistive technology for
people with disabiliries

vehicle varying disk diameter or friction material
New column including

secondary functions

Resized steering column for resized chassis

(joystick, foot control)

Entertainment CD media

Computing Microprocessor

Vehicles Benz's first automobile
Bearings Da Vinci's Self-Centering

Ball Bearing

DVD media
el 8080 chip

Unibody construction
(vs. body on frame)

Laser disk media
Pentum to Pentiwmn 11 refinement in chip

Any new year’s model compared to older year

First Teflon-coated
plain bearings

Different sizes in a family of related bearings




an fnveniion. The invention of the transistor, the laser xerography
process, and the windowed computer systemn complete with pointing
mouse-—these were all original designs. Few successtul original
designs occur over time, and when they do, they can disrupt the mar-
ket. Consumers sec the new technology, want it (either immediately
or eventually), and have to replace not enly the old equipment, but
also the infrastructure around the old equipment. Automobiles
require paved roads, gasoline, repair stations, and insurance; they do
not require hay and barns. Computers on the Internet require a
microprocessor and memory, a network connection, and a Web
browser; they do not require operating systems or application soft-
ware. Original inventions are often high-risk opportunities for chang-
ing a marketplace and then dominating it. Few companies have
industrial or engineering designers that manage or are permitted to
invent an entirely novel design; even fewer companies exist that can
steer such an Invention into market domination.

Adaptive design (or synthesis) involves adapting a known system to a
changed task or evolving a significant subsystem of a current product
(such as antilock brakes). Adaptive designs can be very novel, bus
they do not require a massive restructuring of the svstem withis
which the product operates. This type of design dominates the vast
majority of design activities. This domination is not due to a mental
laziness on the designers’ part but is simply a reflection of the
demands of the marketplace. Customers generally want new prod-
ucts that fit in their current life-style. Within the boundaries of this
life-style, they evolve their system of using the product. Meeting
these evolving needs and boundaries can be very profitable with rea

sonable risk,

Variant design (or modification) involves varving the parameters {size.
geometry, material properties, control parameters, etc.} of certain
aspects of a product to develop a new and more robust design. This
type of design usually focuses on modifying the performance of ¢
subsystem without changing its configuration. It is also implemented
when creating scaled product variants for a product line. For example.
a plain bearing resized to a larger load rating will require a greater
surface area, and so a new larger bearing must be developed with ¢
variant design process. Likewise, a standard restaurant-sized food
processor may be reduced in power parameters, size of serving bow!
and cutting tool dimensions to create a variant for use by smell
households.

Redesign is a term that we use to mean any one of the above. Redesign
Pl 7 4

does not mean variant design. Rather, redesign only implies that 2 -

product aiready exists that is perceived to fall short in some criteri. -
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and a new solution is needed. The new solution can be developed
through any of the above approaches. In fact, it is often difficult to
argue against the maxim that “all design is redesign.”

What is Engineering Design?

Another way to classify design processes is to consider the discipline
within which the process operates. There are many disciplines of
design, including mechanical engineering design, electrical engineer-
ing design, architectural design, industrial design; food science
design, furniture design, materials design, aerospace design, and
bridge/roadway design. Name any product, and there will be a design
process used in its developrent. For this disciplinary classification,
the questicn arises over which disciplines would benefit from systern-
atic technigues for product development (the subject of this book). At
a high level, they all would benefit, but only certain disciplines will
realize the full potential of some of the methods. One approach for
investigating this issue further is to explore the modeling detail used
in each of the disciplines.

This book applies @ model-centric and systems approach to design; it
is appropriate for design processes that require and benefit from
extensive modeting. A systematic effort, and the contents of this book,
is devoted to exploring the activities of a design process: isolating each
activity, understanding what is required as input, what is produced as
output, and then establishing methods to repeatedly complete the
activity. This approach is very appropriate for engineering-design
activities, especially in the real-world corporate design environment.
It permits many engineers to work in concert and to hand off their
results to the team members working on the next or parallel activity.
A model-centric approach minimizes the disruptions, explanations,
and fixes (engineering changes) of this large development process.
Short of removing disruptions, it also permits understanding what
must be communicated among activities.

The tasks to be completed for each activity in engineering design are
complicated. They require assurance of complex criteria, such as
material failure due to stresses, vibrations, thermal characteristics, and
dynamic analysis. For exampie, consider the design of an automotive
vehicle. Dynamic analysis of vibration loads is required to distribute
mass over the frame, select frame elements, and design joints. These
consideraticns are critical so that the vehicle frame transmits minimal
noise to the occupants, is structurally sound, absorbs impacts during a
crash, and minimizes cost. Such analysis may be very complex and
resource intensive, vet the success and quality of a contemporary




product cannot be assured without this analysis of mechanical effects.
If mechanical performance issues were not resolved with suitable
modeling and analysis, many years of both fatlures and successes
would be experienced without any guarantes of future performance.
This trial-and-error, or Edisonian, approach would not be acceptable
or lucrative. Rather, models of mechanical effects are simply required
as part of mechanical product design, and, thus, the methods explored
iz this book are both applicable and exciting.

On the other hand, as a counterexample, consider the design of furni-
ture, Here, failure analysis is not difficult to visualize or estimate; the
crafisman easily understands required material thickness and joint
construction without completing rigorous calculations or repeated
experimental frials. To support a load, skilled furniture buiiders
empirically understand what material thickness dimensions will fail
and what dimensions will work just fine, and it does not take many
experiences to develop this understanding. Within this intuitive con-
text, the furniture builders must also design for appearance, fi, and
feel; these issues are the crux of furniture design. This “artistic” focus
is typically executed with very few customer interviews, ne functional
models, and no equations of performance. The advanced analytic and
svstematic methods in this book would be difficult to apply in detail
for such furniture design tasks, although the underlying design prin-
ciples remain the same.

The difference between these two design processes, mechanical sys-
tems and furniture concepts, is the level of engineering required o
complete the design task. The vehicle design is an engineered prod-
uct; it requires modeling to attempt the design task, certainly in any
reasonably quick, accurate, and cost-effective fashion. Engineering
destgn is thus a process that requires modeling to complete the design
task. The furniture design preblem, on the other hand, is one of
craftsmanship. Here, one need only estimate effects intuitively, create
a mental image or drawing of the concept, and then build the piece.
Applying the crafismanship approach to engineering design tasks is
often attemnpted, but it rarely produces reliable or quality devices for
the consumer.

Given this contrast, what constitutes an effective approach when we
are confronted with a new design task? We explore this question fur
ther in this chapter, Yo do this, we present a modern product develop:
ment process for engineered products. Then we show and brieflv
explain how this approach is applied, or has been apphed, at various
companies. This discussion provides necessary perspective on differ-
ences in product development processes. It also demonstrates the
essential qualities that mav be derived from a well-developec

10
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Context: The Light Side
Product design is much more than a blind search for a successiul cre-
ation. It is founded on principles we must learn and repeat.

A story {author unknown} provides a further refinement of +his idea.
The story begins with a company that has designed a machine to fill a
market void. The machine has been designed as two primary mod-
ules {1 and 2) using a well-orchestrated team split across the two
modules. After prototyping the modules, they are tested individually.
The tests are resounding successes, and a fully integrated test is
implemented. During the testing, the overali product performance is
not achieved at all. The modules simply interact to produce erro-
neous results. After many attempts at debugging, evaluation, and
improvement, no advances are made in the product performance.
The design team surrenders and becomes distraught as product mile-
stones loom ever so close,

The team decides to hire an outside consultant to review the prod-
uct and suggest possible failure modes. A well-known product
designer is hired, reviews each module with the design team dur-
ing a single one-day visit, and tests the integrated product. At the
end of the day, after some contemplation, the consultant calls
together the team, takes a piece of chalk, and marks an “X” on the
module interface of Module 1, explaining the faiture mode that is
suspected, The consultant leaves, and sure enough, the team
explores the “X’ed” feature, and corrects the fault, The procduct
now works as expected.

A week later the team receives a bill for the consultant’s services.
The bill simply reads “Invoice for Consultation, Fee $100,000.
Betfore paying the bill, the team asks the consultant to itemize the
bill. A follow-up letter is received with the following itemization:
“$1 for piece of chalk to mark “X”, $99,999 for knowing where to
putit. . .7

The moral of this story is that experience and intuitive msight/esti-
mation are key characteristics of product designers, but also that
clear, logical thinking permits insight. We must experience design to
be designers. However, our ability to obtain experience is just a “blink
of an eye” in the scheme of all possible design tasks and probiems we
may encounter. It should have been obvious to the separate design
teams that interfacing was the problem—both teams had made false
assumptions about the other. With structured design methods, this



fault would have been clearly recognized and either avoided or over-
come. We thus need methods and techniques to help direct cur efforts
when particular experience cannot be obtained or referenced. We
begin to explore such methods in the next section.

IHI. MODERN PRODUCT
DEVELOPMENT

In the subsequent chapters of this book, we present an integrated set
of structured methods developed in conjunction with a host of indus-
trial partners. Our approach focuses on the design of products and
their constituent assemblies. The process begins with a design task
end generates a functional model that culminates in a product speci-
fication. Later subprocesses build on the functional model and speci-
fication to execute the product development process,

This process is one that we have developed and to which we organize
all the material of this book. Each chapter basically takes each of these
steps, fully explains them, and then presents current state-of-the-art
methods to accomplish the task. Therefore, to effectively explore this
book, one should buy into the product development process outhined
here or a facsimile of it. Through this exploration, the reader’s per-
sonal design process will begin to mature and flower. It will be based
on conscious forethought and introspection instead of the daunting
limits of trial-and-error experience.

The remainder of this chapter initiates the journey into product
development. First, to provide an industiial context for the engineer-
ing student, a typical stage-gute engineered product development
process is explained as a comprehensive set of activities, Then,
processes from certain companies clarify the process steps and illus-
trate their application by design teams in industry. Then we introduce
companies from other industries with product development process-
es that are arguably much different and discuss how they are different
and how they relate to the ene discussed in this book.

Bvery company has a different development process out of necessity:
there is no single “best” development process; the design process and
the product development process ave misnomers. The sophistication of
the product, the competitive environment, the rate of change of tech-
nology, the rate of change of the svstem within which the product i
used: These and many other factors that shape a preduct develop:
ment process change for different companies. This change leads to
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different levels of speed, analysis, and sophistication required for the
different tasks of product development as discussed in this book.

Xerox Corporation, producer of office document systems, and the
Design Edge Company, a smail design-consulting firm, apply a prod-
uct development process much as developed here. On the other hand,
Raychem Corporation, producer of advanced materials, has a ionger
research-intensive development process. Ford Motor Company
applies the methods of this book, but does so hierarchically 1o the
large system development required of a vehicle. We will also look at
the very rapid development process of Microsoft Corporation, and
the technologically intensive development of Hughes Electronics
Corporation.

some may feel that particular industries are special, and therefore the
methods espoused in this book do not really apply to their engi-
neered products, We will show how this attitude is typically presump-
tuous and false by discussing the varied companies previously
mentioned. Our main source of information is our personal experi-
ence and observations while working with their products and engi-
neers, working on many product development research interactions,
and/or during on-site visits. Characterizing any company as foilow-
ing any particular process is, of course, a dubious task, since design
processes always change: Lessons are learned, new processes for vari-
ous tasks are developed, new design process technology is intro-
duced, and the goals of a company change. Nevertheless, each
scenario will paint an industrial snapshot in time, one to consider,
ponder, and debate.

Students of engineering design should take away the point that every
corporate circumstance is different, and so every company’s engi-
neered product development process will be a different sequence and
level of application of the methods presented in this book. Further,
each product development process changes over time in response to
technolegical and market forces. Every engineer is always obligated to
find an appropriate process and to always improve on it.

A Modern Product
Development Process

Product development is a process: There are tasks of creating, tasks of
understanding, tasks of communication, tasks of testing, and tasks of
persuasion. At its highest level, we characterize any product develop-
ment process with three phases: undersiand the opportunity, develop a
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Undersiand the Opportuniiy

Develop a Concept

| implement a Concept
l

¥ Figure 1.2,
Phases in a product development process.

concept, and implement a concept. This characterization is outlined in
Figure 1.2,

The first phase encompasses all activities needed to make the decision
to launch a new product development effort. The second phase
encompasses all activities to make the decision on what the product
will be. The final phase encompasses all activities to make every prod-
et work well ali the time, After the final procuct development phase,
the product is ready to be manufactured. In reality, these phases over-
Jap and are complex; yet, they help us to categorize the efforts needed
to develop a product, and like all categorizations, there are counterex-
amples, and the boundaries are fuzzy.

The Stage-Gate Development Process

A product development process can be thought of as a sequence of
paraliel and serial activities or steps to be completed. Within any
phase, there are concurrent development activities that occur,
Mechanical design proceeds in parallel with electrical designin paral-
lel with software code development. To ensure compatibility of these
activities, many companies force the periodic “assembling” of the
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product as it stands at a given point in time, along with its associated
forecasted systems that remmam uncertain {such as production, distri-
bution, etc.). This assembly process is executed to obtain a better pic-
ture of the design as it is evolving, to evaluate that preliminary system,
and, most importantly, to freeze parts of the design. Thus, some devel-
opment decisions are made final at this point, such as general layout,
user operation/interface, control, suppliers, etc.

This development process is known as a stage-gate process, or waterfall
development process, where there are stages, or phases, or activities in
the development work, followed by perindic gates. A guteis an evalua-
tion by upper management or within the team structuare to ensure the
next stage is worth carrying forward. Any product development proj-
ect must pass through each gate to make it 1o the point of product
launch. Early gates, such as the end of the product definitian phase,
ensure there is & market for the product, and that it can be developed
and manufactured. Later gates ensure “detailed” integration factors,
such as ensuring that the software functions with the mechanical
hardware. As an example, Figure 1.3 shows the states of completion
required at different stages for different development disciplines with-
in Boeing Afrcratt Company’s product development process.

Hydraulics Group

Pegree 1
Basic Datums in
3D Space

Degree 2 Degree 3 Degree 4 Degree 8§
Shapes with Envelope for Vendor Supplied
Enveiope Solids Stucture Interfaces Vendor Specs Part Definitions

Structures Group

)

.

¥ Figure 1.3,

Development degree-of-completion required for different stages at Boeing (Manente

1995).



As shown in Figure 1.3, stage-gate processes often become very well
defined within a company and so permit relatively rapid and reliable
execution of the product development, For each gate, the required
information that must be assembled is explained beforehand, and

typically the product manager (the person in charge of developing the
new product within the company) must assembie it and make the
case to continue its development. Senior management then evaluates
this information and makes a decision.

At each gate, the decision to be made is whether to preceed with the
development and its direction or whether to “kill the product” (hait
development) or certain features of it, A third option occurs when
there is insufficient information to make this pass/kill decision. In
such a situation, the decision makers determine what further develop-
ment or investigation is required to make the decision and what target
fevel the product must attain to either kill or pass it.

In practice, gates operate a bit differently. Typically, few projects are’
kilied outright in the later stages. Instead of halting a project, specifi-
cations are revised in light of the development difficulties, and budget
allocations are typically expanded. The product managers ask for
more funds, and upper management debates the pros and cons. This
scenario, of course, requires reanalysis of a revised business case that
must be developed before the gate is entered.

Other models beyond a stage-gate process include a so-cailed spiral i
miodel of product development. This model is typical in time-com-
pressed industries, such as software products. Here, one repeats the
Stage-gate process several times before finishing the product to
160% completion, where at the end of any of the stage-gate process-
es, one has a partial product that “works.” It may not be fully fea-
tared, but it works,

For example, one could set up a development process for a word proces-
sor where the first pass arcund the spiral is a stage-gate process whose
result is a design that simply edits text and saves/opens files, This result is
a semicomplete design that works. As a “product,” it could then be
revised to be capable of different fonts. The revised design is semicom-
plete and works. This “product” could then be revised to indude a spelf
checker. And so on. This process simply represents a chained set of stage-
gate processes, except that during any of the stage-gate processes, the
major development criteria also include compatibility considerations
with the next product revision. For example, knowing that the next revi-
sion must include capability of colored letters may impact how a team
designs a data structure to represent letters in the current revision.
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Spiral models are effective in time-compressed industries with
large uncertainty. Here, an effective strategy is to develop some-
thing-anything-—to seek user feedback early, before major gates
are passed and parts of the design become frozen too scon. Spiral
developrment processes are not as typical in traditional mechanical
product design, because mechanical products will not function at
all until almost completely designed. For example, a car won't
transport any person if it doesn’t have a chassis, powerful engine,
powertrain, and so forth. Designing only part of the hardware,
such as just the steering or just the powertrain, is not designing 2
complete vehicle that could work. Even though each is developed
as a subsystem, its development is not independent of the others.
In integrated mechanical/software system development, one often
sees hybrid spiral/stage-gate models for the various subsystems
being developed.

Given these differences, it should be clear that enumerating a product
development process in any more detail than shown in Figure 1.2
would result in discrepancies in its application. That is, if the “Devel-
op a Concept” phase is described as a sequence of activities, then that
sequence of activities will depend on the product being developed.
Therefore, it is virtually impossible to develop a detafled description
of “the design process” that will be general to all industries. Neverthe-
less, it is instructive to consider a typical and effective sequence of
activities that one can expect in a product development process. Our
view of such a sequence of activities is shown in Figure 1.4. This
process is a typical sequence of design activities that will be encoun-
tered by any mechanical engineer.

Understand the Opportunity

The first phase, “Understand the Opportunity” we characterize with
four activities. The first step in a product development process is
often to have 2 vision for a new product-What product do we wish
were out there? What is difficult with the current product we use?
Why does it not do something we want it to? The answers to these
questions are visions for a new product.

Visions are a dime a dozen. Everyone has an idea for a new product,
every user has thoughts on how they wish their devices would work,
every CEO has a vision for command of & market, and every research
scientist has a vision for how their technology can be applied. The
question is whether any vision can be transformed into a successful
reatization. Can it be developed and implemented into a product af a
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Activities in a typical product development process.

worthwhile profit? The first part of this question is the market oppoI-
tunity. The revenue that might be extracted by a new product from a
market has to be estimated. In today’s competitive environment, the
estimated price and volume that a market will carry is always the
starting point. From these estimates, a profit must be subtracted,
defining cost constramts that a product mmust be designed to fit with-
in. Methods for carrying out this analysis are developed in Chapter 3.
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Having completed the market analysis and made a decision to pro-
ceed to develop a new product, a development team next must ana-
lyze and understand what the customer population wants the new
product to do. Methods for understanding the customer are devel-
oped in Chapter 4.

Once customer needs are understood, the competitive products on
the market must be analyzed in terms of how well they satisfy these
customer needs. Chapter 7 presents methods for competitive analysis,
using the teardown methods presented in Chapter 6.

At the conclusion of these activities, the design team understands the
state of the competitive market, the customer population, and any
available technologies. A gate evaluation can be made with this infor-
mation whether to initiate development in the next phase; that is, to
proceed in the development of a new concept,

Develop a Concept

Having clarified all available information on what a new product
must do, how it must fit into the market, and what cost range con-
strains the product, the design team can work to meet these expecta-
tions. The first activity in this effort is to design a set of general
market specifications for the product. This activity must be undertak-
en with respect to the complementary set of products that the compa-
ny has to offer. It includes thoughts on product positioning in the
marketplace and portfolio planning and development. Chapter 8
develops methods on these topics.

Understanding the portfolio architectare, customer needs, and com-
petition orients a design team toward the generation of a new con-
cept, One of the first tasks in concept generation is to determine what
the product must do to supply the customer satisfaction, independent
of how it is implemented. This task eatails the execution of function-
al modeling, developed in Chapter 5.

Having a functional model describing the inputs, cutputs, and trans-
formations that must happen for a product to work, there are several
possible groupings of subsets of these functions into actual subassem-
blies. Developing the interfaces in the product embedies the product
architecting process, developed in Chapter 9.

The functional mode! and alternative product architectures set the
stage for very-effective concept engineering. Here, a product develop-
ment team generates many concepts for implementing the functional
specification. Concept generation methods are discussed in Chapter 10.
After synthesizing many concepts, a design team must select one to

ig




implement. This selection process is discussed in Chapter 11. The
result of this analysis is the concept to develop. Again, a gate can then
be established to decide whether to proceed with this project,

Implement a Concept

Having selected a concept, it must be implemented, which is the final
phase of product development. Much of this activity is embodinient
engineering, where a chosen concept is given form through specifica-
tion of components to purchase, parts to manufacture, and specifica-
tions for their assembly into the product. Basic methods of
embodiment engineering are given in Chapter 12.

One important aspect of embodiment is modeling, the testing of new
implementation ideas by physical construction—building it—or by
analysis—numerically modeling it. Modeling is typically understood
in terms of explaining physical phenomena, in the rich tradition of
the plysical sciences. In product development, we don’t want to
explain physical phenomena, we want to develop a novel product that
will delight customers, fulfi} our dreams, satisfy our ethical responsi-
bilities, and make money. Therefore, we must consider modeling in
the real-world context, the product development process, and
demonstrate how it supports design decision making. This view of
modeling is presented in Chapter 13.

Methods to actually make models of the physical processes in a prod-
uct are often difficult to initiate and evolve for effective decision mak-
ing, both for novices and even experienced en gineers. Chapter 13 thus
develops 2 methodology for constructing mathematical models of
customer needs in terms of variables that a design team can change,
using the customer needs, functional model, and teardown resulis of
the earlier chapters.

Based on the developed performance metrics that reflect customer
needs, one must use these metrics to select a preferred design config-
uration. Chapters 17 and 18 develop experimental methods to explore
different configuration alternatives and to construct performance
models. Chapter 16 develops methods of optimization to study the
developed models and to help a design team select values for specific
configuration variables.

In addition to the many performance-related metrics of a product, a
design team has additional engineering specifications that their prod-
uct must meet. These specifications are the discussion of the various
Design-for-X methods, where X is one of these requirements. For
example, Chapter 14 develops design for manufacturing and assembly,
where methods are constructed to ensure the ease of manufacturing
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and assembly of a product. Chapter 15 develops design for the environ-
ment, to ensure that a product uses minimal-irmpact materials and
operations.

One key factor missing in our discussion is the emphasis that a design
team must place on making the product work well. Any handy
untrained person can make something, but it takes analysis and
insight to fabricate an engineered product, one that can be put fogeth-
er easily, where every product off the assembly line works properly,
and where each works well in varyving applications and conditions.
Ensuring this guality view of a product is the goal of robust design dis-
cussed in Chapter 19. The philosophy presented in the chapter should
be applied to every activity in the product development process.

At the end of this phase, a working prototype exists. Otten, produc-
tion: planning and manufacturing process design are also underway.
These activities represent the final point in the developrent to estab-
Hsh the final gate, to determine whether to launch the product. Kiliing
a project at this point is not done without consternation, since the
project should not have proceeded to this point if it is to be killed.
Though it is rare, if the return on investment looks low, changes are
made to reduce costs, and the product is launched. More often, the
prototype result perfarms as expected and particular features that
offer strong delight are demonstrated and highlighted for advertise-
ment at launch,

A Reverse Engineering and Redesign
Product Development Process

Given the vision of a typical product develop process shown in Fig-
ure 1.4, one might be curious why the chapters do not feliow this
outline. Recall there are many product development processes, each
tailored for the many different products and the many different cul-
tures and experiences of different companies. We believe the way to
learn product development is to do product development, but this
belief presents practical difficulties, as many of the activitics overlap.
Finding an appropriate sequence through the activities to learn them
is difficult. Our approach is to present a reverse engineering and
redesign process, one that starts with a product in the marketplace
and a vision to redesign it for some perceived market defect or envi-
sionred evolution. In this sense, reverse engineering entails the pre-
diction of what 2 product should do, followed by modeling, analysis,
dissection, and experimentation of its actual performance. Redesign
foliows reverse engineering, where a product is evolved to its next
offering in a marketplace.
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Figure 1.5 iltustrates the motivation for promoting a reverse engineer-
ing and redesign process when studying product design. The figure
shows Kolb's madel of learning, embodied by a cycle that beging with
concrete experience; proceeds with reflective observation and concep--
tualization, and ends, before restarting, with active experimentation.

By redesigning a current product, the physical components may be
directly experienced with all senses. Design methods may then be
used to hypothesize current functions and conceptualize new func-

tions and/or solutions to the carrent configuration. Observatjon and

active experimentation with the current and refined concepts may
then be executed, realizing mental ideas into physical embodiments.

The process may then begin again, where further iteration enhances

and cements learning as well as actual product improvements.

The Kolb model, as shown in Figure 1.5, swings the pendulum of
learning engineering from an emphasis of generalization and theory
to a balance with all modes of learning (Stice, 1987). Engineering
becomes equally focused on hands-on activities. Without this
approach;, we have no concrete experience to ground our learning and
build a solid understanding. Nowhere is this truth more pronounced
than in product design. The grounding in a current product heips
nurtare our interest for understanding the way things work and for
making devices work better.
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Figure 1.6 shows a general composition of a reverse engineering and
redesign methodology. Three distinct phases embody the methodole-
gy: reverse engineering, modefing and analysis, and redesign. This
approach allows us to present the necessary material on how to
understand the product. For example, it is not likely that a design
team will tear down their company’s past preduct to understand how
it works—they themselves probably designed it months earlier.
Nonetheless, a student of engineering design who has not seen the
past product will have to tear down the past design to understand it
and will have to do se early. Such considerations lead to the order in
which we present the material.

Given the ever-present guideline that aciivities overlap, Figure 1.7
illustrates an alternative sequence of reverse engineering and
redesign activities for studying product development, stili within the
basic premise of three phases for product development shown in Fig-
ure 1.2, For the reverse engineering and redesign product develop-
ment process, we rename the phases reverse engineer, develop a
redesign, and implement a redesign. Let’s consider each of these
phases i further detail.
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Reverse Engineering

A reverse engineering and redesign methodology begins with a cur-
rent product. For something to be redesigned, it obviously must pre-
exist. A product that is in the market is wel] engineered at some level
and so makes a good starting point to begin to understand the meth-
ods and activities in product development.

One of the first tasks is to understand the market for the current
product, Customer needs analysis, as described i Chapter 4, searches
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for knowledge. This analysis culminates with an understanding of
what the customers like and don’t like in the product. Based on this
understanding, a variety of redesign opportunities will be apparent.
One can then complete a business case analysis as in Chapter 3. A
business case will define the potential financial gains and risks of pur-
suing the redesign opportunities.

The next step in our reverse engineering and redesign process is to
make intelligent estimates as to what the functional model ought to
be, using the modeling in Chapter 5. This step is important to clarify
our preconceived notions of how the product ought to function and
to adopt a functienal view of the design task,

The next step in our reverse engineering development process is to
dissect the product and understand how it operates to satisfy or not
satisfy the customers. The material in Chapter 6 can be used to help in
this process. This reverse engineering activity can also be repeated for
many of the competitive products, with additional literature searches
on the marketplace to refine the business case. Chapter 7 discusses
techniques to support these steps.

Based on the teardown of several products in the marketplace and
related products of the manufacturer, the portfolio architecture of the
manufactarer’s product line can be analyzed, as discussed in Chapter 8.
Shared systems among products can be clarified.

Understanding the component and system technology of the compa-
ny and its competitors, a real/actual function structure for the prod-
uct can be developed, using the methods of Chapter 5, where the
results are compared with the hypothesized struciure before tear-
down to explore preconceptions for superior approaches. The prod-
uct architecture can be detailed on the function structure, as
discussed in Chapter 9.

Develop a Redesign

After reverse engineering the product, new concepts can be explored
using one of three redesign strategies. The existing product topolagy
can be maintained and a parametric redesign explored—changes in
thickness or geometry of components or changes in materials, Alter-
natively, the components can be replaced or placed in different topolo-
gies of the functional model. Finally, the entire concept can be replaced
with a different functional layout or with different core technologies.

There are several tools and methods in the subsequent chapters that
can be used to support any of these redesign approaches. First, Chap-
ter 10 presents material on developing new ideas. Chapter 11 presents
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material on selecting among these ideas. At this point, a redesign
strategy and a new concept in that strategy have been developed.

Implement a Redesign

Chapter 12 then begins the study of unplementing the new redesign
idea. Here, material is presented on how to embody a concept.
Chapter 13 presents material on one important aspect of doing this
effectively, modeling of performance related to customer needs.
Chapters 14 and 15 present particular models that alf effective
mechanical designs must include beyond performance models of
the product.

Chapter 16 then presents material on using models to select highly
effective design configurations. Chapters 17 and 18 add to this discus-
sion with experimental methods to accomplish the same goal but
with physical models. Finally, Chapter 19 presents robust design
material that should be used at every activity in the development
process and specific methods that can be used to improve the quality
of the embodiment developed up to that point.

Overall, unbiased prediction, customer-driven design, analysis
using basic principles, and hands-on experimentation are the philo-
sophical underpinnings of this redesign methodology. The intent of
the methodology is to be dvnamic, depending on the needed evolu-
tion for a product. For some product redesigns, it may be appropri-
ate to perform adaptive or original changes before creating and
optimizing a design model. Similarly, the model development of
phase two may lead to a beter understanding of the preduct,
bypassing parametric redesign and leading directly to adaptive,
Alternatively, another product redesign may call for simple para-
metric modifications to produce dramatic responses in quality and
profit margin. This methodology may be used for any of these sce-
narios of others.

These thoughts illustrate a reversc-engineering-based design process
using the material of this book, one that has been tested af several
institutions with success, Still, it remains but one sequence through
the material; indeed, depending on one’s goals, many other sequences
could be sensibly applied. One underlying there of any sequence is to
strive to apply the methods fully at least once, including wrestling
with the details and analysis. Only then can one really understand the
extra benefit that one gains through the exira effort, and as a result,
one can make mtelligent choices whether and how to reduce or even
expand the modeling effort for any product development activity.
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A natural response to this theme is that we really don’t need to com-
piete any nmumber of product development tasks to the level described
in this book. “We don’t need to complete customer interviews, or we
don’t need to complete the house of quality, or we don’t need to ana-
Iytically model, or we don't need to trial experiment.” Design is full of
examples of “don’t need t0's”: It is the most common failure in prod-
uct development, especially among novices and even among engi-
neers who should know better. Avoid this trap, or learning will not
take place and we will fail repeatedly.

At some point, we as engineers will design a product if we have not
done so alveady. All product development processes are different, and it
is important to form one’s personal and intimate approach. In all likeli-
hood, an engineer’s livelihood and the livelthood of others will depend
solely on how well one effectively forms that personal product develop-
ment process. We no longer have any excuse for doing so blindly; we
should design a product development process with intelligence and the
background understanding and experience of what the to’s provide,

IV. EXAMPLES OF PRODUCT
DEVELOPMENT PROCESSES

We now consider some industrial product development processes and
show how they relate to the generic product development process of
Figure 1.4 and to the material ins this book,

Systems: Xerox Corporation

The Xerox Corporation is one company that uses a modern product
development practice as discussed. Paul Allaire, CEO of Xerox, and
Maurice Holines, the corporate Vice President at Xerox, presented it
as the Xerox “Total Time to Market” Product Development Process
{1996), where the focus is on rapid time-to-market with a high-
quality product. The Xerox Product Development Process is shown
in Figure 1.8.

Note the steps in their self-described product development process
follow Figure 1.4. The first step is to develop a vision for the market
and the product strategy. This process develops a concept for the
product family: the platform, how many products are part of the fam-
ily, key technology components making up the platform, and the
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Characterization of Xerox's Product Development Process and an example copier.

expected business outcomes. This vision is developed by senior man-
agement as part of the yearly corporate planning process. For exam-
pie, in the early 1990s, Xerox management envisioned a marketplace
that was transformed by computers and networks into a digital docu-
ment environment-—information was created from a combination of
digital or paper sources. It was distributed over local or enterprise-
wide networks and printed at the point of need in monochrome or
color. The Xerox copier would therefore be transformed into a digital
document machine. This device could copy, pring, fax, or scan a doc-
ument to a file over communication networks, enabling customers to
achieve higher levels of office productivity at much lower cost of own-
ership, To realize this vision, the entire office product line from 12 to
65 pages a minute would be changed from analog coplers to digital
document centers through the development of many new product
families derived from two new product platforms. Light-lens optical
technology would give way to electronic scan bars and raster output
scanners. The dominance of Xenographic and electromechanical

technology would give way to network controdiers, PDL decomposi-

tion, raster input scanning, and data compression and decompression

technology. This change would in turn be accompanied by changes in

manufacturing, service, and distribution as required by the needs of

the new digital market.

The next activity is to develop a plan for the particular product in the
family. This step defines the mariket opportunity for the product.
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Xerox terms this the Marker Attack Plan; senior management again
develops it. A case is made for a new product line opportunity, typi-
cally involving several products that are part of 2 product family sup-
ported by a product platform. Such a business case analysis to
determine how to launch a product is developed in Chapter 3.

Individual products are only developed within the context of plat-
forms. The process itself is a sequence of activities that is ostensibly
repeated for every new copier development project, but with ever-
advancing technological components and ever-advancing design
process technology. Such a product platform design is discussed in
Chapters 8 and 9.

A product platform is 2 system of key technological components
(platform elements) integrated to form products according to a set
of architectural rules. This system includes, for example, the print
engine that actually marks ink on the paper, the paper delivery sys-
tem for feeding paper to the print engine, the user interface,
machine controlier, network controller, and so forth. Each of these
components is a heavily invested-in piece of core technology that
Xerox considers a market advantage. For example, the departmental
document center document scanner contains & butted silicon scan
bar that allowed the scanning of paper documents at far greater
speeds and resolutions than typical LCD arrays used in competitive
devices. This scanner was used as a platform elernent for Docucenter 40,
Docucenter 55, and Docucenter 65 digital copiers and scan-to-file
products.

At Xerox, the product design itself is completed using methods dis-
cussed in this book. For example, functional models as discussed in
Chapter 5 are applied using a block diagram methodology. The
house-of-quality tables presented in Chapter 5 are extensively used.
Robust design presented in Chapter 19 is a methodology and philoso-
phy used throughout the design process. The design itself is demon-
strated in development with prototypes and mockups and by using
performance metric models.

Throughout the development, Xerox also pays strict attention to -
design process metrics to ensute the development process itself is
well designed, This attention to constant design-process improve-
ment is very imporzant to Xerox. It operates in a competitive envi-
ronment where reduction of development time Is critical, since
new electronics technology is constantly being developed that
impacts Xerox’s markets. Methods to ensure good process are dis-
cussed in Chapter 2.
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In sum, Xerox exercises a well-developed product development process.
The activities in the process are developed in this book, and they prac-
tice the methods espoused. Further, they are always seeking more rapid,
higher performing methods to increase their competitiveness.

Industrial Design: Design
EDGE, Austin, TX Product
Design Firm

Design EDGE is a product design firm that develops products for a
number of industrial clients. Figure 1.9 illustrates a snapshot view of
the product development process executed by Design EDGE. The fig-
ure lists the major steps in the process in addition to tools that are
used to support the development steps. Figure 1.9 also shows recent
results (1998) of novel products created from this process and the
designers of Design EDGE.

Notice that the process embodied in Figure 1.9 again satisfies the gen-
eral structare of the process of Figure 1.4. After being approached by
a client company, Design EDGE begins the process with understand-
ing the design task, based on customer and client interviews, market
analysis/data, and initial clarification of the task through studying
functionality, needed attributes, and the feel desired in the product.

The development process then transitions to a focused effort on pre-
liminary concept development. Industrial designers lead this effort
with a clear team emphasis, including engineering and industrial design
team members. The tangible result of this phase is a product proposal
to the client illustrating a number of industrial design concepts and the
associated development costs and schedule for executing the designs.

Assuming the client company adopts the proposal, product develop-
ment now turns to ifnpiementing a product concept. Two layout
stages comprise this phase: Industrial designers lead the first stage and
engineers lead the second stage. During both stages, the goal is to
refine the product concept in form, shape, feel, and technical compo-
nent issues of technological choices and performance. The product
team balances physical prototypes and numerical models to make
decisions concerning these issues,

To further implement the concept, product tests are performed. These
tests are followed by refinements, culminating in tooling design far
fuli-scale product production. Databases and prototypes are trans-
ferred to the client as deliverables (after approximately a 6~18-month
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development cycle time), and the client carries the process forward to
production, packaging, marketing, and distribution.

Again, the Design EDGE process is very similar to our generic
methodology for product development. Tt includes clear stages of
understanding, conceptualizing, and implementing. A number of
interesting distinctions do exist, however. For exemple, Design EDGE
stresses a strong emphasis on industrial design. Product feel and
expression are critical to consumer products. Design EDGE addresses
this issue head on, driving the initial product layouts with the artistic
and ergonomic features of industrial design.

Rapid: Microsoft Corporation

Some companies five in a competitive market cycle that is much faster
than was just considered. In fact, some exist in technolegical change
cycles that are so fast that the generic developinent pracess of
Figure 1.4 cannot be entirely completed. Some steps have to be short-
changed, or the company will not introduce its product into the mar-
ketplace soon enough.

For example, Microsoft Corporation develops software and must do
so very quickly. Microsoft Fxcel version 5.0, for example, was com-
pleted in 18 months with as many as 125 people working on the proj-
ect (Cusumano and Selby, 1995). To meet this schedule, sore of the
development tasks are abbreviated. For mstance, Microsoft does not
have an extensive program to interview customners and determine
what they like and don’t like in a product. Rather, Microsoft relies on
a strategy of having a flexible product architecture, un derstanding the
uses of their product, and designing to a delivery schedule.

The product development process of Microsoft can be linearty charae-
terized with three phases: planning, to develop a product specification
and development; coding, to complete the coding; and then stabilization,
to debug the code, However, Microsoft views its process more of an ever-
cyeling development process, better described circularly. That is, while
finishing one revision of the product, they must necessarily be thinking
forward to the next revision. This process is shown in Figure 1,10 {cour-
tesy of Microsoft), with the three key development phases highlighted.

The first phase in Microsafts developinent process is as the others’
understand the problem and create a specification for the develop-
ment task. The Specification Docyment, developed by senior manage-
ment, starts with a vision statement, itemizes it into outline form,
and then defines and assigns priorities to new or ehanced product
features.
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Characterization of Microsoft’s Product Development Process.

The vision statement is viewed as key. Chris Peters, Vice President of
Office Product Unit, states, “A good vision staterent tells you what's
not in the product, a bad vision statement implies everything is in the
product” (Cusumano and Selby, 1995). An example is the MS Office
products, where the emphasis of the vision statement was on harino-
nious use of the muitiple desktop applications rather than as a jumble
of applications that the user has to determine how to get to work
together. Product managers then must refine this choice, With mar-
keting, they develop potential features,

This step is refined based on user activities and data. That is, Microsoft
does listen to the customer as espoused here, but in a rapid-response
manner. Rather than asking customers for product preferences,
Microsoft interviews customers and studies the tasks that people usz
with the software applications. They uncovered, for example, that
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many people use Excel for creating budgets and Word for writing let-
ters. They then carried out studies and broke down into activities what
is needed to complete these typical tasks.

Features are selected for inclusion in a product based on how they
impact these user activities. Thus, Microsoft doesn’t carry out inter-
views on the past product per se; rather, they perform market studies
of how people work. Microsoft then estimates how new fearures wili
impact these use times and estimates market acceptance. If they get it
right, the new product feature is a hit. If they guess wrong, the feature
is a dud. They do not have time to ask the customers directly.

The specification document typically grows and changes 20-30% from
start to end of the project. john Fine, group program manager for Excel,
describes how the specification docament should be written: “All is
from a user’s point of view. That's everything—just never worry about *
anything else except ‘What does the user perceive? When YOU Use a
product, what the product does should be understandable enough so
that any user can say in a sentence what it does” (Cusumano and Selby,
1995). Clearty, Microsoft understands the need to listen to the customer,

The second phase of Microsoft’s development process is fo create the
code. Here, they develop each module separately as a Visual Basic®
prototype. This prototyping process proves the feature, they then
work 1o integrate it into the product. Key to this modular product phi-
Josophy is a flexible product architecture based on modules with stan-
dard interfaces, with a flexible common platform core. Bvery product.
has a layered platform, which is the inseparable core of functions that =
a product must perform. They devote considerable time and resources
to this step so that the job is completed with high quality, B

" A key aspect of the rapid development process is to design to a sched-
ule. Here, every activity is given a schedule, They time-delimit each
activity, and within that time allotment, every programmer evolves
features as much as possible. As expressed by Chzris Peters, Vice Presi-
dent of Office Product Unit: “If things don’t work out, Pl just cut fea-
tures | think are less important” (Cusumano and Selby, 1995). They
do not extend the schedule and include features as the first develop-
ment process choice. They can always add the feature inte the next
revision.

The last phase in the product development process is stabilization;
here the focus is on testing and debugging. No new features are
added, but rather the product as a system of features is made to work
together all the time, that is, to be robust as discussed in Chapter 19.

During this phase, a further key aspect to Microsoft’s customer inter-
actions is the use of the customers’ feedback during development.
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Microsoft has an extensive beta-release network of users, who receive
preliminary versions of software to test-run them as a part of the code
stabilization phase. This provides excellent feedback and opportunity
for adjusting the preduct before release.

The Microsoft development process does not negate the process of
Figure 1.4, Microsoft's activities are the same but are optimized to permit
task completion in very short time. The focus of this textbook is to under-
stand what the activities must do, and it presents methods to execute each
casily and completely. If one seeks to shorten the cycle at the expense of
completeness, one has a basis for making that choice and anderstanding
the ramifications. The rapid result philosophy is appropriate for
Microsoft’s marketplace-—they have to develop products very quickly.

Research Intensive: Raychem
Corporation

Some products exist in development cycles much longer than that
considered above, The product development cycle may become so
long that it becomes difficult to forecast any customer wants and
needs. The Raychem Corporation, for example, is a sophisticated
manufacturer of products utilizing advanced materials. Historically,
they have developed products based on new materials research. Their
product portfolio includes heat shrink tubing to easily bundle wires,
GelTek™ moldable electrical sealants, arresters that help protect elec-
trical devices from the dangers of surges, and resettable fuses that pro-
tect celtular phones, speakers, and batteries from electrical overload.

Some of these praducts took decades to develop. For example, the
PolySwitch™, an electrical overload cutout switch made from a poly-
mer, was first conceived in the 1970s. After several years of R&D), the
first prototype was built in the lab in 1981, The first.product hit the
market a few years later. Yet, the product did not pick up sales until
about 1990 and was not really a success until the mid 1990s, when it
became a standard component in every laptop computer battery
pack. Now the product is widely used and very profitable, How is such
long-term product forecasting and technology planning done? What
specifications should be considered for a switch, where the product
may not be commercially successful for decades? What will the world
look like in decades? How could anyone in 1970 forecast the need for
a polymer overload switch in laptop computers in the late 1990s?

Obviously there is a bit of luck involved, but not as much as would
first appear. With the constant exponential growth in electronics, it
was reasonably clear that inexpensive, Jow-weight, easily produced
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polymer switches would be in high demand. The issue was whether
the polymer chemistry could be reasenably worked out and pack-
aged. Raycherm is a high-technology company; its core conpetency is
in working with high-technology materizls. This skill is its competi-
tive advantage, which enables Raychem (o make materials do most
anything: The key is to get a material to do something that will be
profitable.

Raychem develops a suite of different products that can require a var-
ied amount of development; some are intensive in determining how
to apply a new material, others are rapid applications of existing tech-
nology. Even with the high-technology products that mcorporate
longer cycle new technology development, though, Raychem applies a
structured stage-gate product development process: its self-described
process is diagrammed in Figure 1,11,
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The Raychem Product Development Process starts with a vision to
fulfil a perceived market need with a new product that Raychem
believes it can develop: This is typically initiated through discus-
sions with the customers by the Raychem sales force. Raychem
prides itself on having a tight relationship with its customers, always
probing for opportunities. They have a saying in the company of
“Raychem in Response,” meaning the company listens to and
responds o its customers.

In the early 1980s, one of Raychent's telecommunications customers
asked a salesperson if Raychem could develop a product that would
prevent corrosion of connections in cutside-mounted terminals, This
request was initiated in Raychem’s develop process as a document pre-
senting the design and business case, physically instantiated in the
“Design Review Book,” a documentation of the product to be devel-
oped as it is being developed. The decision to consider developing the
product is made at the first review meeting, called “Design Review 0,
by a design review committee. The committee consists of the Division
Manager, Technical Manager, Product Manager, Market Manager,
Manufacturing Manager, Quality Manager, and other specialists as
needed, representing environmental, legal, and purchasing concerns.
The go/no-go decision is made based on whether the product fits with-
in Raychem’s product strategy--—can Raychem make such a product?

After Design Review 0, the market feasibility and business plan is fully
developed and analyzed. The product function is precisely defined
complete with technical specifications and customer-need state-
ments. The costs are estimated, including material, manufacturing,
distribution, and development costs, Returns on investment analyses
are completed. Technical feasibility is agreed to,

For the corrosion-proof cutside connector design problem, the cus-
tomer need was communicated to a design team that evaluated a
number of product concepts incorporating standard Raychem tech-
nologies. Unfortunately, none of these concepts met the customer’s
requirements. The design team then came up with entirely new con-
cepts—the “Maybe we can . . " scenario. The design team decided
that a new soft, highly conformable sealant was required. At the next
design review, Design Review 1, a technical assessment and business
plan was evaluated, and resources were committed to develop such a
new soft, highly conformable sealant, '

After the Design Review 1, much conceptual and embodiment prod-
uct design work ensued. The design requirements were flowed down
te component specifications, concepts developed, and prototypes
constructed and analyzed,
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Successtul materials development and product design work resulted
in the introduction of Raychem's first gel-based product, the
Termseal™ terminal cap. This terminal seal was a novel gel inside a
plastic housing that could be squeezed conformably arcund a terini-
nal, thereby sealing it. This concept was shown to many customers,
and market acceptance and real-world performance assessed. These
results were used in the last design review, Design Review 3, to make
the final deciston to launch the product full scale. Today, Raychem
sells dozens of gel-based products throughout the telecommunica-
tion, commercial, and automotive electronics markets,

Ravchem has many product families built on core technologies. The
gel-based product family is one example. The Termseal™ produact was
Raychem’s original gel-based product. From it, a suite of prod-
uct variants has been developed into a product portfolio, as dis-
cussed in Chapter 8. The Geltek®™ family of sealants is the latest
generation, including products that provide EMI as well as corro-
sion sealing,

When Raychem first formed as a company, it operated with a “Cost +”
approach: Manufacture the product, count up what it had cost, add a
profit, and demand thet as a sefling price. With the high technology that
customers wanted, they could afford to do so. As argued in Chapter 3,
this approach is not always the most effective, and so for many yeass now
Raychem has operated on a “value” approach. That is, first Raychem esti-
mates the market price, and from that profits are subtracted to arrive at
a design target maximum cost. Against this, feasibility is judged.

The main issue with Ravchem has been to develop very advanced
research-intensive products. They require significant material science
and uncertainty in market acceptance. Nonetheless, at its highest level,
the Raychem Product Development Process is a stage-gate process, much
the same as other product development processes described in this book,

Complex: Ford Motor Company

Many products are compiex assembled systems of many suppliers’
components and sabsystems that st properly function together. It
might be argued that these products form a special class for which the
methads in this book do not apply. As an example, consider Ford
Motor Company, developer of automobiles and trucks. One can char-
acterize their product development process as in Figure 1.12.

The Ford Product Development Process starts with the “Define Prod-
uct and Process” phase to define specifications for the new product.
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These are both soft customer criteria and hard functional specifica-
tions. These are first gathered at the vehicle level or by using attributes
that are dependent on the entire vehicle system. These attributes are
then cascaded down to individual systems, subsystems, and eventual-
iy components. The added complexity in these large-systern products
is the interactions between subsystems and the larger product itself

and how these interface. The methods of the book can only help make
these interactions clear.

In the "Design Product and Process” phase, the actual product com-
ponents are finalized, including, in particular, how they will be assem-
bled into the vehicle. Significant concurrent activity with
manufacturing engineers is required. The “Verify/Build/Produce
Product and Process” phase verifies the integrity of the prodyct and
process designs and ensures that no negative consequences arise from
the interfaces and interactions of the various subsystems. The last
phase, “Manage Program,” is simply the collection of management
tasks that ensure the capability of the program to meet its objec-
tives—Tnanaging resources and timing and capturing into the corpo-
rate memory lessons that are learned.

The added complexity of this product development process is the
subdivision of labor and product functions among the various sub-
systems. Generalty, the tools of this book apply hierarchically, with
different detail at the various levels.
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Technical: Raytheon
Corporation

It might be claimed that if a company’s product line is very technica
then customer-, function-, competitor-, or experimental-based con
cepts do not apply. The communities that design electronics or desigs
precision manufacturing processes often make such claims of “jus
needing good engineering”

A branch of the Raytheon Corpoeration, formerly Hughes Electroznics
is recognized as a werld leader in designing and building electroni
systems for defense applications, such as missite guidance system:
that can precisely and reliably direct a missile thousands of miles
They are a company that routinely does some of the toughest anc
most innovative engineering, which has included the development o
the world’s first laser.

Raytheon characterizes their technology-intensive product develop
ment pracess as shown in Figure 1,13, With Raytheon’s defense indus
try products, there is little apparent market analysis, since there is ne
statistical population of customers to worry about. Instead, a typics’
defense product is characterized in terms of scenarios in which it wit
be used: a mission profile. For example, the Cruise missile is a typicsd
product designed to a mission profile. Specifically, a cost-effective
missile was described that would have precision strike capabilities
which would minimize pilot exposure and minimize populatios
causalities. This was described in 2 customer-military-approved doc.
ument that launched the design activity.
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¥ Figure {.13.

Characterization of Raytheon’s Product Development Process.
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JOURNEYS IN PROBUCT DieyeLopmenNT

Ir the second step of the Raytheon Product Development Process, the
mission profile is refined into functions for the product to complete.
Overall system technical specifications are developed that the product
will have to satisfy. In the Cruise missile case, the product required a
long-range propulsion system so it could be launched from aboard
ship hundreds of miles from a target, with a high-precision targeting
capability to ensure target destruction without peripheral casualties.

With the technical specifications, a functional architecture of the
product is developed. Then, in Step 3, a syster lavout and architec-
ture is developed, and further subsystern requirements are allocated,
For example, in the case of a fiber-guided air-to-air missile, the mis-
sile was divided into a product architecture of seeker, inertial COmpo-
nents, ordinance, actuators, and propulsion systems. Each of these
modules was then assigned further refined specifications on criteria
such as power, mass, and size to ensure the entire missile would per-
form according to the mission profile.

With the functional and system architecture, subsystem concepts are
generated, embodied, and designed as Step 4. During the subsystem
designs, periodic system-wide “roliup assessment” meetings are held
to ensure compliance with the system specifications, as noted in Step 5.
These serve as gates in Raytheon’s stage-gate development process. In
this entire process, much modeling, experimentation, and optimiza-
tion are completed,

“Raytheon’s main emphasis is on developing very technically advanced

products. They require significant engineering resources and delicate
manufacturing. The design cycle to complete the system design and
allocate subsystem specifications is becoming much more rapid with
computer-aided concurrent design environments, where multiple
designers from different disciplines negatiate specifications while
evaluating total system performance. Such systems will be shown in
subsequent chapters. However, as shown by Figure 1.11, the process
that Raytheon follows is much the same as other product develop-
ment processes and is as espoused in this book.

V. THEORIES AND
METHODOLOGIES IN DESIGN

There is a rich literature on mechanical product design. The methods
and approaches presented in this book are a culmination of many
persons’ efforts and combined wisdom. To understand where these
metheds and thoughts arose, it is instructive to reflect on the history
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of mechanical design theory, from its very inception at the start of
recorded history to the currenit state of development. Table 1.2 high-
lights 50 major design theorv developments in world history, in the
view of the authors.

As surmised from Table 1.2, design theory is not vet a mature field;
new developments are constantly being undertaken. This insight is
further understood from the plot in Figure 1.14. Two discernable
trends emerge: One is the rich development that occurred up through
the time of the Roman Empire, with a plateau around the first millen-
aium. Then, another rapid profusion of design theory deveiopment
began about the time of the 1700s, which has not let up to this day.

The first development period can be explained as the developments in

~design theory required of classic civilization, which ended with the
fall of the Roman Empire. The advancement stagnated during the
Middle Ages. Since craftsmen and architects were the designers of the
age, they relied on the banded-down knewledge of ancient Greece
and Rome for their understanding. Medieval civilization was, from a
design theory point of view, no more complex than ancient civiliza-
tion. Technology had not advanced significantly, so there was no
demand for further developments in design theory. Grossly simplify-
ing: Medieval civilization could develop all required devices with the
handed-down design theories of ancient civilization.

It wasn't until after the Middle Ages that this trend changed; technol-
ogy advanced and the need arose for better design theories. New pro-
duction systems, new jabor-saving technology, new understanding of
the physical world, new mathematics—all of these advancements
required more than a simple build-and-test design methodology.
Complex devices had complex mechanics; this created a need for new
design theories incorporating analysis and synthesis of these systems,
This complexity trend has shown no signs of any plateau; design the-
Ory réemaing an active field,

Itis also interesting to note the contents of Table 1.2, in particular that
mechanical design theory is strongly rooted in kinematic theory, The
first theories on the design of mechanical devices were basically kine-
matic. It is only recently that more modern thoughts are being
applied from other fields, such as separating function and form wher
designing a complex mechanical system, applying complex algo-
rithms to routine synthesis tasks, and considering the value that a fea-
ture witl bring to a device concept.

Where can we expect new developments to occur in mechanical
design theory? To answer this question, one must examine what I+
driving the need for development. As noted in the introduction, there
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TABLE 1.2. DESIGNTHEORY DEVELOPMENTS IN WORLD HISTORY
Author Publication title Theory or development Origin Year
The cubit First measurement standard: Pharaoh's forearm plus Egypt 2500 BC
his palm
" Ebers papyrus First design manual: description of making a soap-like  Egypt 1500 BC
substance
Aristotie or Straton  Méchanika First known book on engineering: falling bodies Greece 30 BC
accelerate, vacuum is the empty space between
atoms, successive gears rotate in opposite
directions, the lever and beam balance. compound
puileys, the sling, capstan, windlass, rollers and
rolling friction
Archimedes On floating bodies, Calculated pito £0.1, 2D center of gravity, Greece 240 BC
On the Equilibriom hydrostatics and bucyancy; Archimedes law, levers (Syracuse}
of Planes, De and mechanical advantage, a planetarium, the
Mensura Circuli dolphin; a hotsted missile dropped through a boat
Hero Preomatica Siphons, sprinklers, fountains, steam jets for spinming;  Alexandria 150 BC
{(Pneumatics) first concept of an engine, first coin-operated
dispensing machine, check valve, float valve, water
force pump with a nozzle. a steam-powered rotating
ball, theory of compressible air, first description of
a windmill, first discussion of weighing fuel before
and after combustion
Herc Méchanika Idea of moment and explicit mechanical advantage, Alexandria 150 BC
(Mechanics) Theory of kinernatics using five basic machine
clements
Vitruvius, Die Architectura First design theory-—considers design as sattsfying Reman 27 BC
Marcus Pollo libri decem human peeds. in architecture
Banu Musa The Book of First description of a feedback control system (1o Iran AD 750
brothers ingenious Devices supply an oil lamp at constant flow), description of
over 100 devices
Bhaskara First concept of a perpetual motion machine India AD 1159
Walter of Henley  Treatise on Estate Fizst method of experimental techniques to optimize England AD 1300
Management production otrtput
and Farming
Brunelleschi, Patent First patent, issued by the Republic of Florence, fora  ltaly AD 1421
Filippo canal boat equipped with cranes. More important,
it some respects, he is the person who invented
perspective drawing
Unknown Manuscript of the First science fiction (a diving helimet and & deep-sea Germany AD 1430
Hussite Wars diver), first depiction of a cannon
Da Vines, Notebooks First professional mechanical engineer; revolving Traly AD 1488
Leonardo tugret mill, notes on armaments; bevel, spiral,
ditferential gears; universal joint; cutting screws,
sprockets and roller chains, hrydraulics
Town of First industrial exhibition Germany AD 1568
Nurmenburg
e
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TABLE 1.2 (CONT). DESIGNTHEORY DEVELOPMENTS IN WORLD HISTORY

Author Publication tithe Theory or development Origin - Year
Stevin, Simon De Beghinselen Triangle of forces: first description of vector math, Netherlands  AD 1585
der Weeghcons permitted calculation of static loads on mackine
elements for the first time
Galilei, Galileo Discowrsi e First discussion of the vesponsibility of a designer fraly AD 1638
Dimonstazioni toward safery; first text on stress analysis in beams;
matematiche mechanics: formalization of the concept of force
Dialogues and acceleration of hodies, vacuum
Concerning
Two New Sciences)
Newton, Isaac Analysis per Method of infinite series: generality and inverse nature England AD 1669
aequationes of integration and differentiation
DUMErD ermnorum
infinitas _
Gautier Text on Bridges First 1o compiain in writing that the scientists of the France AD 1716
day had no interest in practical matters (such as
arches)
Ecole des Ponts et Charter First engineering school France AD 1747
Chaussées
Hume. David An Bnquiry Famous presentation on the philosophical problem of England AD 1748
Concerning Human inductive inference, & common thought process in
Understanding design
Smeaton, John First to call himself a civil cngineer: non-military: first England AD 1752
use of models to provide quantitative design
information: tables of water wheel and windmill
data
Euler, Leonhard Recherches sur la First application of Newionian mechanics w0 Germany AD 1753
veritabie courbe engincering analysis; solution to differential
que decrivent les egrations of ballistic flight with air resistance,
corps jete dans 'alr,  compared (o Robin’s experimental data
ou dans un auire
fluid quelcongue
Bayes, Thomas An Bssay Toward Bayes ruie for deduction under uncertainty England AD 1763
Solving a Problem '
11 the Doctrine of
Chances
LeBlance First to propose interchangeable party France A 1783
Maudsiay, Henry I. Nasmyth Precision and accuracy as & machine design theory, England AD 1807
Autchiography, Maudskay’s Design Maxims: Get g clear notion of
1883, what you desire, . | then You will succeed;
Eliminate all material not needed . . | Pt io
yourself the question, “Whar business has it to be
there?” Make evervihing as simple as possible:
Remember the getability of parts; Standard
screw threads; developed compound slide rest
lathe; first use of a micrometer in a machine shop
Willis Principle of Definition of a machine as a kinematic train England AD 184t

Mechanism




Origin Yeur
Netherlands  AD 1536
ftaly AD 1638
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England AD 1748
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TABLE 1.2 {CONT.}).

DESIGN THEORY DEVELOPMENTS IN WORLD HISTORY

Author Publication title Theory or development Origin Year
Froude, William Methodology of model testing; similariry theory and EBngland AD 1869
scaling from prototypes
Reuleauy, Franz Theoretische Definition of & machine as a kinematic train that Germany AD 1875
Kinematik: performs work; definition of kinematic degrees of
Grundzuege einer freedom
Theorie des
Maschinenwesens
Roebling, John Final Report to the Reliable design theory: Reliability comes abont by USA AD 1885
Presidents and analyzing past fatlures for failuré modes and
Directors of the designing past them; completed the Brooklyn
Niagara Fall Bridge in 1888
Suspension and
Niagara Falls
international Bridge
Companies
Reynolds, Osborne Mathematics of testing using scaled prototypes, of the  England AD 1887
silting of the River Mersey in Liverpool
Weber, Max Wirtschaft und Theory of rational behavior (Rationalitit) Germany AD 1504
Gesellschaft
Fisher, R. A The Design of Mozt influential book on conducting experiments o England AD 1635
Experiments opltimize physical systems
Turing, Alan Can a Machine Definition of a computer England Al 1936
Think?
Von Neumang, Theory of Games Modeling of single-person rational decision making Usa AD 1944
fohn & Oskar and Economic
Morgenstern Behavior
Miles Value Analysis Theory of value as amonnt of function provided USA AD 1947
divided by how much it costs to deliver
Zwicky The Morphological First systematic ool for creativity USA AD 1948
Method of Analysis
and Construction
Hansen Konstnuktions- Theory of design as 2 systematic step-by-step process  Germany AD 1955
systematik
Alishulier Theory of Invenitive  First systematic tool to explore past inventions Russia Al 1936
Problem Solving
Osborne, Alexander Applied Brainstorming usa AD 1963
imagination
Simon, Herbert The Sciences of the Design is a study of nonphysical artificial phenomena  USA AD 1969
Artificial
ASME Design First ASME conference on design automation Usa AD 1974
Automation
Conference
Stiny, George Pictoral and Formal Design can be represented as formal geometric rules USA AD 1975

Aspects of Shape
and Shape
Grammars
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TABLE 1.2 (CONT). DESIGN THEORY DEVELOPMENTS IN WORLD HISTORY

Author Publicanion title Theory or development COnigin Year
Pahi & Beitz Engineering Systematic design as a complete process Germany AD 1977
Design: &
Systematic
Approach
Taguchi. Genichi Jikken Keikakuho Robust design Japan A 1977
(System of
Experimental
Design)
Suh, Nam Axiomatic Design Axiomatic design and design information content Usa A 1978
Mead, Carver, & intracluction w Compiler theory of design synthesis, VLSI design USA AD 1975
Conway, Lynas VLS! Systems
Ross, Douglas Structured Analysis and Design Technique (later called  USA AD 1970
IREF by the U.S. Department of Defense)
Boothroyd and Design for Rules for easy agsemnbly reduced 10 design principles  USA AD 1983
Dewhurst Agsembly
Brown, D. & An Approach to First expert system 0 do mechanical design Usa AD 1983

Chandrasekaran. B, Expert Systems for
Mechanical Design

Uilman, David Proceedings. First ASME conference on design theory and USA AD 1989
Design Theory and methodology
Methodology

Conference

are at least two factors that are driving the development of design
theory. The first is the need for greater corporate design efficiency.
How can a group of engineers, whose members are constantly chang-
ing jobs, be made to develop new products of very high value, very
quickly, at very low development cost?
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Clearly, design theory can help. If 2 design theory is developed that is
repeatable, for example, then increased efficiency could be gained. By
vepeatability we mean that the resuits developed are independent of
the team members (at least in certain stages and methods), the
process is correct when followed, and it produces a consistent result
given the problem’s input conditions. Some methods presented in this
book do achieve this level of rigor, but others only aspire to it. The
interview method of developing a list of customer needs in Chapter 4
is repeatable, but the brainstorming methods of Chapter 16 generaliy
arc not. It is an aspiration of many design researchers to develop
repeatable design methods that are useful in the corporate world. On
the other hand, the inventing process will never be repeatable.

Another reason for the development of design theories is the need to
understand how to design with our ever-improving new technology
that becomes ever more complex. For example, the explosive growth
of computing capability has had a tremendous impact on engineering
design. Complex static and dynamic analyses of product design con-
cepts are now routinely considered mandatory before any gate deci-
sions are made. Optimization of parametric values to improve the
results of these analyses are also being coded and automatically
solved. The fraction of design activities that are being reduced to
algorithms is growing: Once a task is reduced to an algorithm, its
solution can be completed or approximated in comparatively little
time, and the result is guaranteed repeatable. The demand for rapid
development is pushing for more such advances in algorithmic syn-
thesis of mechanical solutions and is so driving the advancement of
design theory.

Such algorithms do not remove the designers from the product devei-
opment leop. Routine or contentious tasks may become less art and
more repeatable. These advancements then free the design team to
enjoy and focus on the challenges of design tasks, where creativity,
researched knowledge, and hard work can be brought to bear.

At least one other reason for the development of design theories is
the need to improve the reliability of any design process. Today, this
is enforced through gates, but the typical stage-gate development
process is not ideal. A gate is an artificial process constraint: Some
activities may not be ready to enter the gate, while other activities
miay be past due for a gate. Forcing all to be ready at the same level at
one point in time forces inefficiencies: Some groups relax and others
burn. Similar to what has happened in manufacturing, one can
expect product development to become much more instrumented
and measured in order to understand where difficulties lie and
where to invest.



Al of these speculations simply reflect the evolutionary trends of
product development as a part of the ever-competing business envi-
ronzment. Product development is the exciting frontline of the contin-
ually evolving battle for markets, profits, and business in our capitalist
systenl.

VI. SUMMARY AND
“GOLDEN NUGGETS”

Modern product development involves the applicatien of objectively
formulated methods that are systematically configured to permit
engineers to develop products efficiently:

B Every product development process is different, as appropriate
for different companys’ technological and market environment.

B Students of engineering design should examine each subse-
quent chapter to understand the levels of detai! that can be
developed in each topic and at least once experience the fully
detailed version before making simplifications, shortcuts, and
personal versions.

B Engineers need to develop their own product development
process in any business they work and must continually strive to
anprove it.

B Reverse enginecring and redesign is a forum for learning
experimenting, and living product design. After a handful of
reverse-engineering experiences, prediction of how products
are executed withim their “black boxes” is much more apparent.
Possible alternatives and ways io execute function are also read-
iy visualized.

B The history of methods and the science of product design are rich
with tradition and wisdom, but the ink on the historical manu-
script is still wet. Many more chapters are vet to be written, con-
templated, and analyzed.
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