Product design factors focus on the product’s fimetion, which 1s a description
of what the object does. The mmportance of fimchon to the designer 1s a major
topic of this book. Related to the function are the product’s form, matenials, and
manufactunng precesses. Form includes the product’s architecture, its shape, its
color, its texture, and other factors relating to its structure. Of equal importance to
form are the matenals and manufactiring processes used to produce the product.
These four vanables—function, form, matenals, and manufactunng processes—
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Figure 1.1 Conmollable varables in product development.



Figure 1.2 Design cost as fraction of
manufacmnng cost.

Figure 1.3 The effect of design on manufacturing cost

(Source: Data reduced from “Assessing the Importance of Design through
Product Archaseology,” Management Science, Vol. 44, Mo 3, pp. 352-369,
March 1998, by E. Ulrich and 5. 4. Pearson)

Designers cost Iittle, their impact on product cost, great.

good design, regardless of manufacturing efficiency, cuts the cost by about 33%.
In some industries this effect is as ugh as 75%.

Thus, comparng Fig. 1.2 to Fig. 1.3, we can conclude that the decisions
made during the design process have a great gffect on the cost of a product bur
cost very liftle. Design decisions directly determine the materials used, the goods
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1.3 THE HISTORY OF THE DESIGN PROCESS

Durnng design activities, ideas are developed mmto hardware that 1s usable as a
product. Whether this piece of hardware 15 a bookshelf or a space station, 1t 15 the
result of a process that combines people and therr knowledge, tools, and skills
to develop a new creation. This task requires their ime and costs money, and if
the people are good at what they do and the environment they work 1n 15 well
structured, they can do it efficiently. Further, if they are skilled, the final product
will be well iked by those who use it and work with 1t—the customers will see 1t as
a quality product. The design process, then, is the organizafion and management
of people and the information they develop in the evelution of a product.

In simples times, one person could design and manufacture an entire product.
Even for a large project such as the design of a ship or a bnndge, one person had
sufficient knowledge of the physics, matenials, and mamufachiring processes to
manage all aspects of the design and construction of the project.

By the middle of the twentieth century, products and mamfactunng processes
had become so complex that one person no longer had sufficient knowledge or
time to focus on all the aspects of the evolving product. Different groups of
pecple became responsible for marketing, desisn, mamufacturing, and overall
management. This evolution led to what 15 commonly known as the “over-the-
wall” design process (Fig. 1.6).

In the structure shown m Fig. 1.6, the engineening design process 15 walled
off from the other product development functions. Basically, people in market-
mg communicate a perceived market need to engineenng either as a simple,
written request or, In many instances, orally. This 1s effectively a one-way com-
mumnication and 15 thus represented as mformation that 15 “thrown over the wall ™

Customers == Marketing

Figura 1.6 The over-the-wall design method.



1.4 The Lie of a Product

e - . -

e —

Figure 1.7 Ths life of a product.



The design process not only gives birth to a product but is also
responsible for its life and death.

Plan for the design precess. Efficient product development requires plan-
ning for the process to be followed. Planning for the design process 1s the
topic of Chap. 4.

Develop engineerning requirements. The immportance of developing a good
set of specifications has become one of the key points in concurrent eng-
neering. It has recently been realized that the fime spent evolving complete
specifications pnor to developng concepts saves time and money and 1m-
proves quality. A techmque to help in developing specifications 15 covered i
Chap. 6.

Develop concepts. Chapters 7 and £ focus on techmques for generating and
evaluating new concepts. This 15 an important phase in the development of a
product, as decisions made here affect all the downstream phases.

Develop produet. Tuming a concept into a manufacturable product 1s a ma-
jor engmeenng challenge. Chapters 912 present techmques fo make this a
more reliable process. This phase ends with manufacturing specifications and
release to production.

These first five phases all must take into account what will happen to the product
in the remainder of its lifetime. When the design work is completed, the product is
released for production, and except for engineenng changes, the design engineers
will have no further involvement with it.

The production and delivery phases mclude:

Manufacture. Some products are just assemblies of existing components.
For most products, unique components need to be formed from raw materials
and thus require some manufacturing. In the over-the-wall design philoso-
phy, design engineers sometimes consider manufacturing i1ssues, but smee
they are not experts, they sometimes do not make good decisions. Concur-
rent engineernng encourages having manufacturing experts on the design
team to ensure that the product can be produced and can meet cost require-
ments. The specific consideration of design for manufacturing and product
cost estmation 15 covered m Chap. 11.

Assemble. How a product 1s to be assembled 15 a major consideration dur-
mg the product design phase. Part of Chap. 11. 15 devoted to a techmque
called design for assembly, which focuses on makmg a product easy to
assemble.

IDnstribute. Although distnbufion may not seem like a concern for the design
engineer, each product must be delivered to the customer in a safe and cost-
effective manner. Design requirements may mnclude the need for the product
to be shipped mn a prespecified container or on a standard pallet. Thus, the



design engineers may need to alter their product just to satisfy distnbution
needs.

Install. Some products require mnstallation before the customer canuse them.
This 15 especially true for manufactunng equipment and bulding mdustry
products. Additionally, concem for installation can alse mean concern for
how customers will react to the statement, “Some assembly required.”™

The goal of product development, production, and delivery 15 the use of the
product. The “Use” phases are:

Operate. Most design requurements are aimed at specifying the use of the
product. Products may have many different operating sequences that descrnibe
their use. Consider as an example a common hammer that can be used to put
m nails or take them out. Eachuse mvolves a different sequence of operafions,
and both must be considered during the design of a hammer.
Clean. Another aspect of a product’s use 1s keeping it clean. This can range
from frequent need (e.g_, public bathroom fixtures) to never. Every consumer
has expenenced the frustration of not being able to clean a product. This
mability 15 seldom designed into the product on purpose; rather. 1t 15 usually
simply the result of poor design.
Mamtain. AsshownmFig. 1.7, to mainiain a product requures that problems
must be diagnosed, the diagnosis may require fests, and the product must be
repaired.
Finally, every product has a fimte life. End-of-life concems have become
mereasingly important.

Renre. The final phase m a product’s life 15 1ts retirement. In past years de-
signers did not worry about a product beyond its use. However, dunng the
1980s increased concem for the environment forced designers to begin con-
sidering the entire life of their preducts. In the 1990s the European Union
enacted legislation that makes the onginal manufacturer responsible for col-
lecting and reusing or recycling its products when their usefulness 1s fimshed.
Thas topic will be further discussed in Section 12 8.

Drsassemble. Before the 1970s, consumer products could be easily disas-
sembled for repair, but now we live m a “throwaway” society, where disas-
sembly of consumer goods 15 difficult and often impossible. However, due
to lemslation requinng us to recycle or reuse products, the need to design for
disassembling a product 1s retuming.

Reuse or recycle. After a product has been disassembled, 1ts parts can either
be reused mn other products or recycled—sveduced to a more basic form and
used agam (e g., metals can be melted, paper reduced to pulp again).

This emphasis on the hife of a product has resulted m the concept of Prod-
uct Life-cycle Management (PLM). The term PLM was comed m the fall of
2001 as a blanket term for computer systems that support both the defimtion or
authorng of product information from cradle to grave. PLM enables management



of this information m forms and languages understandable by each constituency in
the product life cycle—mamely, the words and representations that the engineers
understand are not the same as what mannfacturing or service people understand.

A predecessor to PLM was Product Data Management (PDM), which evolved
mn the 1980s to help control and share the product data. The change from “data™
m PDM to life cycle in PLM reflects the reahization that there 15 more to a prod-
uct than the descnption of its geomefry and funchon—the processes are also
Important.

Asshownm Fig. 1.8, PLM integrates six different major types of mformation.
In the past these were separate, and communications between the commumnities
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Figure 1.8 Product Life-cycle Management.
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Figure 1.10 The many results of the design process.

1.6 THE BASIC ACTIONS
OF PROBLEM SOLVING

Begardless of what design problem we are solving, we always, consciously or
unconsclously, take six basic actions:

1. Esiablish the need or realize that there 15 a problem to be solved.
2. Plan how to solve the problem.



CHAPTER 1 Why Study the Design Process?

Undersiand the problem by developing requirements and uncovering existing
soluhons for smmlar problems.
Generate alternative solutions.

Evaluate the alternatives by companng them to the design requirements and
to each other.

o

6. Decide on acceptable solutions.

This model fits design whether we are looking at the entire product (see the
product hife-cycle diagram_ Fig. 1.7) or the smallest detail of it.

These actions are not necessanly takenin 1-2-3 order. In fact they are often in-
termungled with solution generation and evaluation improving the understanding
of the problem, enabling new, improved solutions to be generated. Thas iterative
nature of design 15 another feature that separates it from analysis.

The list of actions 15 not complete. If we want anyone else on the design team
to make use of our results, a seventh action is also needed:

7. Communicate the results.

The need that mutiates the process may be very clearly defined or ill-defined.
Consider the problem statements for the design of the simple lap jomt of two
pieces of metal given earlier (Fig. 1.9). The need was given by the problem
statement in both cases. In the first statement, understanding 15 the knowledge
of what parameters are needed to charactenize a problem of this type and the
equations that relate the parameters to each other (a model of the joint). There
15 no need to generate potenhal solufions, evaluate them, or make any decision,
because this 15 an analysis problem. The second problem statement needs work to
understand. The requirements for an acceptable solubon nmst be developed, and
then alternative solutions can be generated and evaluated. Some of the evaluation
may be the same as the analysis problem, if one of the concepts 1s a belt.

Some important observations:

m  New needs are established throughout the design effort because new design
problems anse as the product evolves. Details not addressed early m the
process must be dealt with as they anse; thus, the design of these details
poses new subproblems.

® Planmng occurs mainly at the begimning of a project. Plans are always updated
because understanding 1s improved as the process progresses.

m Formal efforts to understand new design problems continue throughout the
process. Each new subproblem requires new understanding.

m There are two distnct modes of generafion: concept generation and product
generation. The techniques used m these two achons differ

m Evaluation techmques also depend on the design phase; there are differ-
ences between the evaluation techmques used for concepts and those used for
products.

m [t 15 difficult to make decisions, as each decision requires a commitment
based on mcomplete evaluahon. Additionally, since most design problems



are solved by teams, a decision requures consensus, which 15 often difficult
to obtain.

m Commumcation of the information developed to others on the design team
and to management 15 an essential part of concurrent engineenng.

We will refum to these observations as the design process 15 developed
through this text.

1.7 KNOWLEDGE AND LEARNING
DURING DESIGN

When a new design problem 1s begun, very little may be known about the solution,
especially if the problem 15 a new one for the designer As work on the project
progresses, the designer’s knowledge about the technologies mvolved and the
altemative solufions increases, as shown in Fig. 1.11. Therefore, after completing
a project, most designers want a chance fo start all over in order to do the project
properly now that they fully understand 1t. Unforhmately, few designers get the
opportumty to redo their projects.

Throughout the solution process knowledge about the problem and its po-
tential solutions 1s gamned and, conversely, design freedom 15 lost. This can also
be seen i Fig. 1.11, where the ime into the design process 15 equivalent to ex-
posure to the problem The curve representing knowledge about the problem 1s
a leaming curve; the steeper the slope, the more knowledge i1s gamed per umt
time. Throughout most of the design process the leaming rate 1s high. The second
curve mn Fig. 1.11 illustrates the degree of design freedom. As design decisions
are made, the ability to change the product becomes increasingly himited. At the
beginming the designer has great freedom because few decisions have been made
and httle capital has been committed. But by the time the product 15 in production,
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Figure 1.11 The design process paradox.



1.8 DESIGN FOR SUSTAINABILITY

It 15 mmportant to realize that design engmeers have much control over what
products are designed and how they miteract with the earth over thewr hfetime.
The responsibality that goes with designing 15 well summanzed in the Hannover
Ponciples. These were developed for EXPO 2000, The World's Fair m
Hannover, Germany. These pnnciples define the basics of Designing For Sus-
tainabihity (DF5S) or Design For the Environment (DFE). DFS requires awareness
of the short- and long-term consequences of your design decisions.

The Hannover Principles aim to provide a platform on which designers can
consider how to adapt their work toward sustamable ends. According to the World
Commission on Environment and Development, the high-level goal 15 “Meeting
the needs of the present without compromising the ability of future generations
to meet their own needs.”

The Hannover Principles are:

1. Imsist on rights of humanity and nature to coexist in a healthy, supportive,

diverse, and sustainable condifion.

Recognize interdependence. The elements of human design mteract with

and depend on the natural world, with broad and diverse implications at every

scale. Expand design considerafions to recogmzing even distant effects.

Accept responsibility for the consequences of design decisions on human

well-bemng, the viability of natural systems and their nght to coexist.

4. Create safe objects of long-term value. Do not burden future generations

with requirements for mamtenance or vigilant admmstration of potential

danger due to the careless creation of products, processes, or standards.

Eliminate the concept of waste. Evaluate and optimize the full life cycle

of products and processes to approach the state of natural systems m which

there 1s no waste.

6. Rely on natural energy flows. Human designs should, like the hving world,
derive their creative forces from perpetual solar income. Incorporate this
energy efficiently and safely for responsible use.

7. Understand the limitations of design. No human creation lasts forever and
design does not solve all problems. Those who create and plan should practice

(]
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You are responsible for the impact of your products on others.

bumulity in the face of nature. Treat nature as a model and mentor, not as an
meceonvenlence to be evaded or controlled.

8. Seek constant improvement by the sharing of kmowledge. Encourage di-
rect and open commumcation between colleagues, patrons, manufacturers,
and users to link long-term sustamnable considerations with ethical responsi-
balify, and reestablish the integral relationship between natural processes and
human activity.

9. Respect relationships between spirit and matter. Consider all aspects of
human seftlement mcluding commumty, dwelling, mmdustry, and trade m
terms of existing and evolving connections between spintual and matenal
CONSClOUSNess.

We will work to respect these pnnciples m the chapters that follow. We mtro-
duced the concept of “lean”™ earlier in this chapter as the effort to reduce waste
(Ponciple 5). We will revisit this and the other prnciples throughout the book.
In Chap. 11, we will specifically revisit DES as part of Design for the Environ-
ment. In Chap. 12, we focus on product retirement. Many products are retired to
landfills, but m keeping with the first three principles, and focusing on the fifth
principle, it 15 best to design products that can be reused and recycled.

1.9 SUMMARY

The design process 15 the orgamzation and management of people and the mfor-
mation they develop m the evoluhon of a product.

m The success of the design process can be measured m the cost of the design
effort, the cost of the final product, the quality of the final product, and the
time needed to develop the product.

m Cost 15 committed early in the design process, so it 15 important to pay par-
ticular attention to early phases.

m The process described in this book mtegrates all the stakeholders from the
beginming of the design process and emphasizes both the design of the product
and concern for all processes—the design process, the mamufacturing process,
the assembly process, and the distnbufion process.

m All products have a hife cycle beginning with establishing a need and
endmg with refirement. Althuugh this book 15 pnmanly concemed with plan-
ning for the design process, engineering requirements development, concep-
tual design, and product design phases, attenhion to all the other phases 1s
maportant. PLM systems are designed to support hfe-cyele mformation and
communication.
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A shilled designer speaks many languages.

Extending this example further, if the component we are discussing is a bolt, then
the word bolf 1s a textual (semantic or word) description of the component, a third
langnage. Additionally, the bolt can be represented through equations (the final
language) that descnbe its functionality and possibly 1ts form. For example, the
ability of the bolt to “carry shear stress™ (a function) 1s described by the equation
T = F/A; the shear stress 1 15 equal to the shear force F on the bolt divided by
the stress area 4 of the bolt.

Based on this, we can use four different representations or langmages to
describe the bolt. These four can be used to descnbe any mechanical object:

Semantic. The verbal or textual representation of the object—for example,
the word bolt, or the sentence, “The shear stress on the bolt 15 the shear force
divided by the stress area.”

Graphical. The drawings of the object—for example, scale representations
such as solid models, orthogonal drawings, sketches, or artistic renderings.
Analyfical. The equations, rules, or procedures representing the form or func-
tion of the object—for example, 1 = F/A.

Physical. The hardware or a physical model of the object.

In most mechanical design problems, the mihal need 15 expressed i a se-
mantic language as a wntten specification or a verbal request by a customer or
supervisor. The result of the design process 15 a physical object. Although the de-
signer produces a graphical representation of the product, not the hardware itself,
all the languages will be used as the product 15 refined from its outal, absiract
semanfic representation to its final physical form.

Further complicating how we refer to objects being designed, consider two
drawings for a MER. wheel, as shown mn Fig. 2.5. Figure 2.5a 15 a rough sketch,
which gives only abstract information about the component. It centers on the

Figure 2.5 Abstract sketch and solid model of 2 MER wheel.



Table 2.1 Levels of abstraction in diffierent languages

Level of abstraction
Langunage Abstract —ee s Concrete
Semanfic Crualitative words Foefarence to Fiefarence to the values
(e_g_, long, fast, specific parameters of the specific parameters
lightast) of CoOImponents of CoOmpanents
Graphical Fiough sketches Scale drawings Solid models with
tolerances
Amalytical Crualitative relations Back-of-the-envelope Dietailed analysis
(e_g., gt afh calculations
Physical Mone Models of the product Final hardware

Table 2.2 |evols of absiraction in describing a bolt

Level of abstraction
Langnage Abstract R Concrete
Semantic A bolt A short bolt AlT1/4-20
UMC Grade 5
bolt
Length of baolt
| s
F-UNC-2A
Graphical @ i @ a $ ﬁﬂ
Bud'f Leng;ﬂ:u of
Amnalytical Fighi-hand mle T=F/A T=Ffd

Physical —_ — %




2.4 DIFFERENT TYPES OF MECHANICAL
DESIGN PROBLEMS

Tradihonally, we decompose mechanical engineerng by discipline: flwds, ther-
modynamics, mechanics, and so on. In categonzing the types of mechanical
design problems, this discipline-oriented approach 1s not appropnate. Consider,
for example, the simplest kind of design problem, a selection design problem.
Selection design means picking one (maybe more) item from a list such that the
chosen 1tem meets certain requirements. Common examples are selecting the cor-
rect bearing from a bearings catalog, selecting the correct lenses for an optical
device, selecting the proper fan for cooling equipment. or selecting the proper
heat exchanger for a heating or cooling process. The design process for each of
these problems 15 essentially the same, even though the disciplines are very dif-
ferent. The goal of this section 1s to descnbe different types of design problems
mdependently of the discipline.

Before beginming, we must realize that most design siuations are a mix of
vanious fypes of problems. For example, we might be designing a new type of
consumer product that will accept a whole raw egg, break it, fry it, and deliver
it on a plate. Since this 15 a new product, there will be a lot of original design
work to be done. As the design process proceeds, we will configure the vanous
parts. To deternune the thickness of the fiying surface we will analyze the heat
conduction of the frying component, which 1s parameiric design. And we will
select a heating element and vanous fasteners to hold the components together.
Further, if we are clever, we may be able to redesign an existing product to meet
some of all of the requirements. Each of the italicized terms 15 a different type of
design problem. It 1s rare to find a problem that 1s purely one type.

2.4.1 Selection Design

Selection design mmvolves choosing one item (or maybe more) from a list of sumilar
rtems. We do thus type of design every time we choose an item from a catalog.
It may sound simple, but 1f the catalog contains more than a few 1tems and there
are many different features to the items, the decision can be quite complex.

To solve a selection problem we mmst start with a clear need. The catalog or
the list of choices then effectively generates potential selutions for the problem.
We must evaluate the potential solutions with respect to our specific requurements
to make the nght choice. Consider the following example. Duning the process of
designing a product, an engineer must select a bearing to support a shaft. The
known mformation 15 given m Fig. 2.6. The shaft has a diameter of 20 mm
{0.787 m.). There 15 a radial force of 6675 N (1500 Ib) on the shaft at the beanng

2.4.2 Configuration Design

A shghtly more complex type of design 15 called configuration or packaging
design. In this type of problem, all the components have been designed and the
problem 15 how to assemble them into the completed preduct. Essentally, this
type of design 15 sumilar fo playing with an Erector set or other construction toy,
of arranging living-room furniture.



2.4.3 Parametric Design

Parameinc design mvelves finding values for the features that charactenze the
object being studied. This may seem easy enough—just find some values that meet
the requirements. However, consider a very slmple example. We want to design
a cylindrical storage tank that must hold 4 m* of liquid. This tank is described l:lj,
the parameters », its radins, and [, 1ts length and 1ts volume 15 determined by

V=murl
Given a volume equal to 4 m®, then
rl=1273

We can see that an mfinite number of values for the radius and length wall
satisfy this equation. To what values should the parameters be set? The answer
15 not obvious, nor even completely defined with the information given. (This
problem will be readdressed in Chap. 10, where the accuracy to which the radms
and the length can be manufactured will be used to help find the best values for
the parameters.)

2.4.4 Original Design

Any time the design problem requires the development of a process, assembly,
or component not previously in existence it calls for an ongmal design (It can
be said that if we have never seen a wheel and we design one, then we have an
origmal design ) Though most selection, configuration, and parametric problems
are represented by equations, rules, or some other logical scheme, ongmal de-
sign problems usually cannot be reduced to any algorithm_ Each one represents
something new and mque.

In many ways the other types of design problems—selection, confisurabion,
and parametnic—are simply constrained subsets of an onginal design. The po-
tential solufions are hmited to a list, an ammangement of components, or a set of
related charactenizing values. Thus, if we have a clear methodology for perform-
mg cnginal design, we should be able to selve any design problem with a more
limted set of potential solutions.

2.4.5 Redesign

Most design problems solved in industry are for the redesign of an existing prod-
uct. S1rppnseamanufacmrer of hydraulic cylinders makes a product that1s 025 m
long. If the customer needs a cylinder 0.3 ]:IllD]lE the manufacturer might lengthen
the outer cylinder and the piston rod to meet this special need. These changes may
requure only parameter changes, or they may require something more extensive.
What 1f the matenials are not available in the needed length or cylinder fill tme
becomes oo slow with the added length? Then the redesign effort may require
much more than parameter changes. Fegardless of the change, this 15 an example
of redesign, the modification of an existing product to meet new requirements.



2.4.6 Variant Design

Sometimes companies will produce a large number of vanants as their products.
A vanant 15 a customuzed product designed to meet the needs of the customer.
For example, when you order a new computer from compames such as Dell,
you can specify one of three graphics cards, two battery configurations, three
communication options, and two levels of memory. Any combination of these is
a vanant that 15 sp-em.ﬁca]l}f tuned to your needs. Also, Volvo trucks estmates that
of the 50,000 parts 1t has in 1ts inventory it anmually supplies over 5000 vanants,

different truck models specifically assembled to meet the needs of the customer.

2.4.7 Conceptual Design and Product Design

Two other terms that will be used throughout the book are concepiual design and
product design. These are catchall terms for two parts of the product development
process. First, you mmust develop a concept and then refine the concept mnto a
product. The activiies dunng the conceptual and product development phases
maymake use of original parametric, and selection design andredesizn asneeded.

2.5 CONSTRAINTS, GOALS, AND DESIGN
DECISIONS

The progression from the mnitial need (the design problem) to the final product is
made in increments punctiated by design decisions. Each design decision changes
the design state. The state of a product 15 a snapshot of all the information known
about 1t at any given time during the process. In the beginming, the design state
15 Just the problem statement. During the process, the design state 1s a collection
of all the knowledge, drawmngs, models, analyses, and notes thus far generated.

Two different views can be taken of how the design process progresses from
one design state to the next. One view 15 that products evolve by a conhmuous
companson between the design state and the goal, that 15, the requirements for
the product given in the problem statement This plulosophy 1mplies that all the
requurements are known at the beginning of the design problem and that the
difference between them and the curent design state can be easily found This
difference confrols the process. Thus philosophy 1s the basis for the methods
Chap. 6.

Another view of the design process 15 that when a new problem 153 begun,
the design requirements effectively constrain the possible solutions to a subset of
all possible product designs. As the design process continues, other constrainis
are added to further reduce the potential solutions to the problem, and potenhal
solutions are continually eliminated until there 15 only one final design. In other



2.6 PRODUCT DECOMPOSITION

We will conclude this chapter with a method that can 15 the basis for understand-
mg existing products. As such, 1t can serve as a starting pomt whether domg
redesign, onigmal design, or some other type of design, whether at the system or
subsystem level This product decomposition or “benchmarkimg™ method helps
us understand how a product 15 bult, 1ts parts, 1ts assembly, and its funchon. It
cannot be overemphasized how important 1t 15 to do decomposition and how 1t
15 the starting place for all design. In this chapter, we will decompose to under-
stand the parts and assembly. In Chap. 7, the decomposition begun here will be
extended to understand function.

ﬁ‘:www"? Product Decomposition

i
. Design Organization: Example for the Mechanical Design Process | Date- Aug. 14, 2007

Product Decomposed: Irwin Quick Grip—pre 2007

Description: Thiz Is the Quick-Grip Product that has been on the market for many years

o

How it works: Squeere the pitol grip repeatedly to move the |aws dloser together and
Inrease the clamping force. Squeeze the release trigger o release the damping foroe.
The foot (the part on the left In the picture that holds the face that & damped against) 1s
reversible 5o the damping force can be made to push apart rather than squeere together.

Parts:
Fart# | Part Mame | # Fegd. Material Mig. Process Image
1 Maln body 1 PPO or PVC | Imjectlion molded
2 Trigger 1 PVC Injection molded
L Face plate, 1 Folyathylenz | Injectlon malded
left




Part# | Part Mame | £ Regd. Materal Mfg. Process Image
8 Fad 2 7 Injection malded
13 Power soring 1 Steal Wound wire
14 Jam plates 2 Stesl Stampad sheat
Disassembly:
Step # Procedure Part #5 remowed Image
1 Take off left face plate 4

12 Remove Jam plates 13, 14,1
and power spring from
maln body assembly

13 Eemove trigger from 2
maln body assembly
14 Pry off pad from maln 8
body assembly
The Mechanical Design Process Designed by Professor David . Ulkman
Copyright 2003, McGraw-Hill Form# 1.0

Figure 241 Product decomposition samples for sn older version of the Irwin Quick-Grip.
{Photos reprinted with permiszion of Irwin Indusirial Tools.)



2.7 SUMMARY

A product can be divided mnto functionally cnented operating systems. These
are made-up of mechamcal assemblies, electromic circuits, and computer
programs. Mechanical assemblies are bult of vanous components.

The mmportant form and function aspects of mechanical devices are called
features.

Function and behawvior tell whar a device does; form descnibes how 1t 13
accomplished.

Mechanical design moves from function to form.

One component may play a role in many functions, and a single function may
require many different components.

There are many different types of mechamical design problems: selecton,
configuration, parametnc, ongnal, redesign, routine, and mature.
Mechanical objects can be descnbed semantically, graphically, analyhcally,
or physically.

The design process 15 a coniinuous constraming of the potential product de-
signs until one final product evolves. This constraming of the design space is
made through repeated decisions based on comparison of design altematives
with design reqmrements

Mechameal design 15 the refinement from abstract representations to a final
physical artifact.

Product dissection 15 a useful way to understand the structure of a product.

Exfernal Imternal
enrjmnmmt sovironment

Sisht ( Loz
Term [n i)
/

Figure 3.1 Ths bumsn problem solver.



m  General knowledge, information that most people know and apply without
regard to a specific domam. For example, red 1s a color, the number 4 is
bigger than the number 3. an applied force causes a mass to accelerate—all
exemplify general knowledge. This knowledge is gained through everyday
experiences and basic schooling.

m  Domain-specific knewledge, nformation on the form or fimction of an m-
dividual object or a class of objects. For example, all bolts have a head, a
threaded body, and a tip; bolts are used to camy shear or axial stresses; the
proof stress of a grade 3 boltis 85 kpsi. This knowledge comes from study and
experience in the specific domain. It is estimated that it takes about ten years
to gain enough specific knowledge to be considered an expert in a domain.
Formal education sets the foundation for gaiming this knowledge.

m  Procedural knowledge, the knowledge of what to do next. For example,
if there is no answer to problem X, then decomposing X into two indepen-
dent easier-to-solve subproblems, X1 and X2, would illustrate procedural
knowledge. This knowledge comes from expenence, but some procedu-
ral knowledge is also based on general knowledge and some on domain-
spectfic knowledge. We must often make use of procedural knowledge to
solve mechanical design problems.

3.3.2 Generating Solutions

We have seen that in trying to understand a design problem, we compare the prob-
lem to information from the long-term memeory. In order to retrieve mformation
from the long-term memory, we need a way to index the knowledge stored there.
We can index that information in many ways (Fig. 3.4). As in the gearbox example
at the beginming of this chapter, the most efficient indexing method 1s by fumction.
What are recalled and downloaded to the short-term memory are specific (usu-
ally abstract) visual images from past expenience. Thus, we search by function
and recall form or graphical representations. This is not always frue: we can also
mdex our memory by shape, size, or some other form feature. However, in solving
design problems, function 15 usually the pnmary index. For some problems the
mformation recalled meets all the -:lengu requirements and the problem is solved.

If, in understanding a problem, we must recall images of previous designs.
we have a predisposition to use these designs. Some designers get stuck on these
mitially recalled mmages and have difficulty evaluating them objectively and
generating other, potentially better ideas. Many of the techmiques discussed in
Chaps. 7 and 11 are specifically designed to overcome this tendency.

On the other hand what happens if the problem being solved 15 new and
we find no seolution to it in the long-term memory? We then use a three-step
approach: decompose the problem into subproblems, fry to find parfial solutions
to the subproblems, and finally recombine the subsolutions to fashion a total
solution. The subproblems are generally functional decompositions of the total
problem. The creative part of this activity 1s in knowing how to decompose and
recombine cogmtive chunks.

3.3.3 Evaluating Solutions

Often people generate ideas but have no ability to evaluate them. Evaluation
requires companson between generated ideas and the laws of nature, the capability
of technology, and the requirements of the design problem itself Compansen,
then, necessitates modeling the concept to see how it performs with respect to
these measures. The ability to model 15 usually a finction of knowledge in the
domain. We will address evaluation technigues in Chaps. 8, 10, and 11.



3.3.4 Deciding

At the end of each problem-selving activity, a decisionis made. It may be to accept
an 1dea that was generated and evaluated, or more likely, 1t will be to address
another topic that 15 related to the problem. The rationale for how decisions are

made 15 not well understood, but Sections 3.3.5 and 3.3 6 should help clanfy what
15 known.

3.3.5 Controlling the Design Process

To understand how designers progress through a design problem, subjects were
videotaped as they worked. In the study of these wideotapes, 1t became evident
that the path from mitial problem presentation to solution was not very straight-
forward. It seemed like an almost random process—efforts on a subproblem made
the designer aware of another subproblem, and the designer then focused attention
on this second problem without having solved the first. No model for the control
of focus was found. However, 1t was clear that the process for some designers 13
so chaotic that they never find solutions to their problems, while other designers
rapidly proceed through the design effort. The techmigues discussed in this book
are mtended to give structure to the design process so that the path from problem
statement to solution is as controlled and direct as possible.

3.3.6 Problem-Solving Behavior

Everybody has a unigue manner of problem solving. A person’s problem-solving
behavior affects how decisions are made mdividually and has a significant impact
on team effectiveness. The following discussion 1s centered around five personal
problem-solving dimensions. These five are useful for descnbing how an mdi-
vidual solves a design problem because they descnbe an mdividual’s mformation
management and decision-making preferences. Simce all the team members bring
their mdividual problem-solving processes to team activities, it 1s the interaction
of all the mdrnduals’ solution processes that determines the team’s health. For
each of the five dimensions, suggestions for how to counteract extreme behavior
are given. Some of these are useful to the mdividual working alone, and all are
important in team situations and will be referenced later in the chapter when we
talk about team health A template for easily evaluating your problem-solving



m Extemnals need to allow others tme to think. Poimnt out to them that it 1s not
necessary to fill m all the pauses with words.

m Extemals need to practice listening to the 1deas and suggestions of others
and pausing before they react. Brainstorming or another creativity-support
activity can help here (see Section 7.4).

m Encourage externals to recap what has been said to make sure they have heard
the contmbutions of others.

m Extemals need to realize that silence does not always mean consent. Some-
times an external will overwhelm the mternals, who will become quiet rather
than argue the point.

Here are some suggestions to assist infernals mn getting their ideas out for
consideration:

m Encourage mtemals to share more than their final response. There is value in
thinking out loud, as even the most trivial 1dea may be part of a good solution.
The process will judge the value of the 1deas.

m Try suggesting techmques that enable internals to have an equal say n se-
lecting 1deas and plans. such as the techmiques m Chaps. 5-12.

Encourage mtemnals o develop some nonverbal, body-language signals that
mdicate assent or dissent. Make sure that these signals are understood by
other team members.

Encourage mternals fo restate their 1deas. This restating sigmifies to the mnter-
nal that lns or her 1deas count and forces the externals to listen.

(et ntermals to push extemals for more clanty and meanng.

m Encourage objective team members to pay attention to the feelings of others.
Gut feelings are often nght, and sometimes a lack of mformation forces one
to rely on these feelngs.

m Help objective team members understand that how the team functions 15 as
mmportant as what 15 accomplished. If there 15 acnmony, no decisions will be
made.

m Femind objective team members that not everyone hikes to discuss a topic
merely for the sake of argument. Others may drop out from exhaustion and
be taken to be conceding the pomnt.

m Encourage objective team members to express how they feel about the out-
come once 1n a2 while. Objective decision-makers may have trouble express-
mg feelmgs.



m (Give flexible decision-makers plans m advance so that they can think about
them in their own time.

m Acknowledge the fexble decision-maker's contmbution as a step toward
moving to closure. Remind them that problems are solved one step at a fime.

m  Set clear decision deadlines in advance.

m Encourage feedback from flexable decision-makers so that they can think
about the direction of therr thoughts.

m Encourage flexible decision-makers to seftle on something and hive with it a
while before redesigning. Encourage them fo take a clear posihon and stick
to 1t. Thus may be difficult for them to do.

m  Ask decisive people questions about their decision process. Femind them that
maost problems need to be subdivided mto smaller problems to be solved.

m Let decisive people orgamize the data collection and review process.

m Utlize techmgues, such as bramnstorming, that suppress judgment. Do not let
them settle on the first good 1dea they hear.

m Femind decisive people that they are not always nght.

3.4 CHARACTERISTICS OF CREATORS

Creanvity and intelligence. There appears to be lhttle comelahon between
creativity and itelligence.

Creatvity and visnalizatien ability. Creative engineers have good ability to
visualize, to generate and manipulate visual images m their heads. We have
seen before that people represent information i their minds 1n three ways:
as semantic mformation (words), as graphical mformation (visual mages),
and as analytical mformation (equations or relationships). Words and equa-
tions convey senal informaton. They are generally understood on the basis of
word order or the order of vanables and constants. Pictures, or visual images,
on the other hand, contain parallel information—syou can see many different



Creamvty and knewledge. The model of the mformaton-processing system
mmplies that all designers start with what they know and modify this to meet
the specific problem at hand At every step of the way, the process mvolves
small movements away from the known, and even these small movements
are anchored 1n past expenence. Since creative people form their new 1deas
out of bits of old designs, they must retain a storehouse of images of exsting
mechanical devices in their long-term memory. Thus. in order to be a creative
mechameal designer. a person nmst have knowledge of existing mechanical
products.

Additionally, part of being creative 15 being able to evaluate the viabality
of 1deas. Without knowledge about the domain, the designer cannot evaluate
the design. Knowledge about a domain 1s only gained through hard work m
that domam. Thus, a firm foundation in engineenng science is essential to
beimng a creative designer of mechanical devices. For example, dunng World
War [I many people sent 1deas for weapons to the Depariment of War. Some
were very far-fetched 1deas for death rays or for building 5-mule-high walls or
domes over Europe to stop the bombers. These were very onginal but unwork-
able and were therefore not creattve. The “mwventors™ had good mienfions but
lacked the knowledge to develop creative solutions to the war problems.

Creafivity and parfial selunion mamipulation. 5ince new 1deas are borm from
the combination of parts of existing knowledge, the ability to decompose and
manipulate this knowledge seems to be an important atmbute of a creative
designer. This atimbute, more than any other so far discussed, appears to
become stronger with exercise. Although there 15 no scientific evidence to
support this contention anecdotal evidence does support it

Creafivity and nisk faking. Another atmbute of creative engineers 1s the
willingness to take an intellectual chance. Fear of making a mistake or of
spending time on a design that in the end does not work 15 charactenstic of a
noncreative individual. Edison med nndreds of different hghtbulb designs
before he foumd the carbon filament.

Creafmvity and conformity. Creative people also tend to be nonconfornmsts.
There are two types of nonconformists: constructive nonconformusts and



obstructive nonconfornusts. Construchive nonconformists take a stand
because they think they are nght. Obstmctive nonconformists take a stand just
to have an opposing view. The constmcfive nonconfornmst nught generate
a good 1dea; the obstructive nonconformist will only slow down the design
progress. Creafive engineers are construcive nonconformusts who may be
hard to manage since they want to do things their own way.

Creativity and techmigue. Creative designers have more than one approach
to problem solving. If the process they mtially follow 15 not yieldmg so-
lutions, they tum to alternative techmoues. A number of books hsted m
Secfion 3.7 give methods to enhance creativity. Many of the techmques cov-
ered m these are woven mnto the mechamcal design technigques presented m
the remainder of this book. This 15 especially true in the chapters on concept
and product generation (Chaps. 7 and 9).

Creattvity and environment. If the work environment allows nsk taking and
nonconformity and encourages new 1deas, creativity will be lngher Further, if
teammates and other colleagues are creative, the environment for creativity is
greatly enhanced. In the discussion of teams in Section 3.5, 1t 15 stated that, on
a team, the sum 15 greater than the parts. This 15 especially true for creatvity.
Creativity and practice. Creativity comes with practice. Most designers find
that they have creative phases in their careers—penods when they have many
good 1deas. Dunng these times the environment 15 supportive and one good
1dea bunlds on another. However, even with a supportive emvironment, prac-
tice enhances the number and quality of 1deas.
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Figure 3.10 Increzsing complexity in mechanical desizn
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Teamwork 15 cenfral to success in engineenng as most problems are made
of many mterdependent subparts, all of which must be solved concurrently.
Teams bring together complementary skills and expeniences, which are
needed to solve many engmeenng problems.

Management takes risks mn forming teams as a team must be empowered to
make decisions, removing this responsibility from the management.

Teams establish commumcation to suppoert real-time problem solving.
Teams develop decisions by consensus rather than by authonty. This leads to
more robust decisions.

A team is a group of people in search of a common understanding.

However, there are some important differences.

m Team members must leam how to cellaborare with each other. Collaboration
means more than just working together—it means gethmg the most out of
other team members. The suggestions that follow help develop a collaborative
team.

m Teams are generally empowered to make decisions. Smce these are team
decisions, members must compromise to reach them Empowenng teams
te make these decisions means that management takes a nsk in giving up
responsibility for them. Further, developing decisions by consensus rather
than by authority leads to more robust decisions.

m Team members must establish communication to support real-time prob-
lem selving. Further, members need to ensure that the others have the same
understanding of design 1deas and evaluations that they have. It1s very cuffi-
cult for people with different areas of expertise to de*.-elu-p a shared vision of
the problem and its potential solutions. Developing this shared vision requires
the development of a rich understanding of the problem.

m [t1s mportant that team members and management be commitfed to the good
of the team_ If they are not, 1t will be difficult reaching the other team goals.

Product design engineer. The major design responsibility is camed by the
product design engineer (hereafter referred to as the design engineer). This
mdividual must be sure that the needs for the product are clearly understood
and that engineenng requirements are developed and met by the product. This
usually requures both creative and analytical skills. The design engineer must
brng knowledge about the design process and knowledge about specific
technologies to the project. The person who fills this position usually has
a four-year engineening degree. In smaller compames he or she may be a
nondegreed designer who has extensive expenence in the product area. For
mist product design projects, more than one design engineer will be mvolved.



Preduct manager. In many compamtes, this mdividual has the ultmate
responsibility for the development of the product and represents the
major link between the product and the customer. Because the product man-
ager1s accountable for the success of the product in the marketplace, he or she
15 also often referred to as the markefing manager or the product marketing
manager. The product manager 15 often from the sales or customer service
department.

In order to imitiate a desizn project, management must appoint the nu-
cleus of a design team—at a mimmum, a design engineer and a product
manager.

Manufacturing engineer. Design engmeers generally do not have the nec-
essary breadth or depth of knowledge about vanous manufactunng processes
to fully support the design of most products. This knowledge 15 provided by
the manufacturing or industnal engineer, who mmust have a grasp not only of
m-house manufactuning capabilities but also of what the mdustry as a whole
has to offer.

Designer. In many companies, the design enzineer 15 responsible for speci-
fication development, planmng conceptual design and the early stages of
product design. The project 15 then tumed over to designers, who fimish
detailing the product and developing the mammfacturing and assembly doc-
umentation. Designers are often CAD experts with two-year technology de-
grees. At some compames designers are the same as design engmeers.

Techmician. The technician aids the design engineer in developing the test
apparatus, performing expeniments, and reducing data in the development of
the product. The msights gamed from the technician’s hands-on expenence
are nsually mvaluable.

Materials specialist. In some products, the choice of matenals 15 forced
by availability. In others, materials may be designed to fit the needs of the
product. The more a product moves away from the use of known, available
matenals, the more a matenals specialist 1s needed as a member of the design
team. This individual 15 usnally a degreed matenials engineer or a materials
scientist. Often the matenals specialist will be a vendor’s representative who
has extensive knowledge about the design potential and limitations of the
vendor’s matenals. Many vendors actually provide design assistance as part
of their service.

Ouality control/guality assurance specialisi. A quality control (QC) special-
ist has training in techniques for measuring a statistically significant sample
to determme how well it meets specifications. This imnspection 15 done on
mcoming raw matenals, mcomimg products from vendors, and products pro-
duced m-house. A quality assurance {(QA) specialist makes sure that the
product meets any pertiment codes or standards. For example, for medical
products, there are many FDA (Food and Drmg Admmistration) regulations
that must be met. Often QC and QA are covered by one person.

Analyst. Many engineers work as analysts. Analysts usually perform
complex mathematical studies of design performance using finite-element



methods, thermal system modeling, or other advanced software. They are
generally specialists who focus on one type of system or method
Industral designer. Indusmal designers are responsible for how a product
looks and how well if interacts with consumers; they are the stylists who have
a background 1n fine arts and i human factors analysis. They often design
the envelope within which the engineer has to work.

Assembly manager. Where the manufacthunng engineer 1s concerned with
making the components from raw matenals, the assembly manager 15 respon-
sible for puthng the product together. As yvou will see mm Chap. 11, concem
for the assembly process 15 an important aspect of product design.

Vendor’s or supplier’s represenfanives. Very few products are made entirely
m one factory. In fact, many mamufacturers outsource (ie., have suppliers
provide) 70% or more of their product. Usually there will be many supplers
of both raw and fimshed goods. There are three types of relanonships with
suppliers: (1) parmerslup—the supplier takes part m the process begmning
with requirements and concept development; () mature—the supplier relies
on the parent company s requirements and concepts to develop needed 1tems;
and (3) parental—the supplier builds only what the parent company specifies.
Often 1t 15 important to have cntical suppliers on the design team, as the
success of the product may be highly dependent on them.

AsFig 311 illustrates, having a design team made up of people with varying
views may create difficulties, but teams are essenhal to the success of a product.

A:Iurl mu@
“This looks okay bal
will the cusponse
like 11T

Prodct designer:
“This is a good design.

It meeets all e
requaremenis.” iy .
ﬁ."ﬂ"‘_— A

muﬁllh

[ maanager; "T'm nol
uln I can

"“-—_,_ n1:1L-.1: 1h

Figure 3.41 The dessizn team at work.




3.5.2 Design Team Management

Since projects require team members with different domains of expertise, 1t 1s
valuable to look at the different structures of teams m an orgamzation This 15
mportant becanse product design requures coordination across the functions of
the product and across the phases in the product’s development process. Listed
next are the five types of project structures. The number in parentheses 1s the
percentage of development projects that use that type. These results are from a
study of 540 projects in a wide vanety of industries.

Functional arganization (13%:). Each project 15 assigned to a relevant funec-
tional area or group within a finctional area. A functional area focuses on a
single disciphine. For aircraft manufacturers, Boeing, for example, the mam
functions are aerodynamics, structures, paylead, propulsion, and the like The
project 1s coordinated by functional and upper levels of management.
Functional matiix (26%:). A project manager with linmted authonty 15 des-
1gnated to coordinate the project across different functional areas or groups.
The functional managers retain responsibility and authonty for their specific
segments of the project.

Balanced matrix {(16%:). Aproject manager 1s assigned to oversee the project
and shares with the functional managers the responsibility and authonty for
completing the project. Project and functional managers jointly direct many
work-flow segments and jointly approve many decisions.

Preoject matrix (28%). A project manager 15 assigned to oversee the
project and has primary responsibility and authonty for completing the project.
Functional managers assign personnel as needed and prowvide techmical
expertise.

Project team (16%:). A project manager 15 put in charge of a project team
compesed of a core group of personnel from several functional areas or
groups, assigned on a full-time basis. The functional managers have no for-
mal involvement. Project teams are sometimes called “Tiger teams,” “SWAT

teams.” or some other aggressive name, because this 15 a igh-energy struc-
ture and the team 15 disbanded after the project 1s completed.
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3.6 BUILDING DESIGN TEAM PERFORMANCE

It can be very exciting being part of a team that is productive and is making good
use of all the members. Conversely, it can be hellish working on a team that 1
not functioning very well. 5o the goal of this section 15 to help you bwld and
maintamn successful teams. To help ensure success, we will use Team Contracis,
Team Meeting Minutes, and Team Health Assessments. Each of these encourages
behavior that leads to a successfl team expenence.

According to a leading book on teams, there are ten charactenstics of a sue-

cessfil team. Included in the descriphion of each of these charactenstics 1s a guide
to where this text presents matenial to help make teams successful.
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Clarity in goals. The process developed in this book focuses on goals during
process planning in Chap. 4 and for the product itself in Chap. 6. Further,
the Team Contract suggested later in this section encourages documenting
the immediate team goals.

Plan of action. Chapter 4 is all about project planning.

Clearly defined roles. We have already discussed roles, and decumenting
them 15 part of the Team Contract.

Clear communication. Team Contracts, Team Meeting Minutes, and Team
Health A ssessments (all in this chapter) plus virtually all the process methods
in this book are designed to help with comnmumication.

Beneficial team behaviors. As with commumnication, the material in this
book is designed to result in beneficial behaviors.

Well-defined decision process. The decision process is introduced in
Chap. 4 and is the focus of Chap. 8.

Balanced participation. Equal division of work 1s very mmportant for a
successful team. This 15 further discussed later mn this chapter.
Established ground rules. This 15 discussed later in this chapter.
Awareness of team process. This 1s what we are talking about m this entire

chapter.

Use of sound generation/evaluation approach. As mfreduced m Chap. 1,
the seven activities of the design process are: Esfablish the Need, Plan, Un-
derstand, Generate, Evaluate, Decide, and Document. Generate and Eval-
uate are covered im Chaps. 7-12.



Team Contract

Design Organization: The E Team Date: |an. £, 2004
Team Member Rikes Signature
Jason Smathers Lead designer Jason Smathers
Erittamy Spars Structural engineer Brittamy Spars
Deon Warnar Systems englinear Dheon Warner
Team Goals Responsible Member
1. Develop layout and Initial Input to solid model. | ]5
Z. Analyze for fatigue and other fallures. BS
3. Detall latching mechanism. 15
4. Develop wiring plan. DWW
5.
Team Performance Expectations Initial
= Sirtve to complete all assigned tasks before or by deadlines. J5 [ BS | DWW
« Complete all tasks to the best of abiliny J5 | B5 | DW
= Listen carefully and attentively to all comments 2t meetings. J5 | BS | DWW
= Accept and glve criticlsm In a professional manner. J5 | BS | DWW
= Focus on results bafore the fact, rather than excuses aftar, J5 [ BS | DWW
« Provide 2 much notice as possible of commitment problems. J5 | B5 | DW
= Attend and participate In all scheduled group mestings. J5 | BS | DW

Sirategies fior Conflict Resolution
= Amend conmtract with deadlines for agreed 1o tasks.
= Reward entire team for goals met with some treat or social gathering.

= A5 3 team, g0 to a higher authonty for assistance with a team problem.

= Don't kill messengers. Seek to encourage the alring of problems.

The Mechanical Design Process
Copyright 2008, McGraw-Hill
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4.2.5 Product Development

After concepts have been generated and evaluated, 1t 15 time tfo refine the best
of them inte actual products (see Fig. 4.9). The Product Development phase
15 discussed i detail m Chaps. 9-11. Unfortunately, many design projects are
begun here, without benefit of prior specification or concept development. This
design approach often leads to poor-gquality products and in many cases causes
costly changes late in the design process. It cannot be overemphasized: Starting
a project by developing product, without concern for the earlier phases, is poor
design practice.

At the end of the Product Development phase, the preduct is released for
production. At this time, the techmical documentation definng manufacturing,

(renmerate product

Evaluate produoct

For performance

and robusmess Far cost

For For other -
production DFX

Make procuct

Document and
COMMLEC 3te

Eafine To product
concept Release for SUpE-Ort
' production :
approval

Can_;:&l
project

Figure 4.9 The Prodoct Development
phase of the mechanical design process.



4.2.6 Product Support

The design engineer’s responsibility may not end with release to production.
Often there 15 continued need for manufactunng and assembly support, support
for vendors, and help in intmn:lun::ing the product to the customer (see Fig. 4.10).
Additionally, deslgﬂ engineers are usually imnvolved m the engineering change
process. This is the process where changes made to the product, for whatever
reason, are managed and documented. This 15 one of the Product Support topics
discussed m Chap. 12

Develop design
documentation

Support vendors,
custamers, and
manufachiring and
aszembly

Maintain

chanzes

Apply for
patents

¥

Fetioe
product

Figure 4.10 The Product Support
phasze of the mechanical desizn process.



Table 4.1 Best practices presented in this test

Project Flanning (Chap. §) Produoct Development
Generating a product development plan Froduct gemeration (Chap. #)
Managing the project Form generation from function
Form representaton
Specification Development (Chap. §) Matartals and process selection
Understanding the desizn problem endor development
Dieveloping customer’'s reguirements Product evaloation (Chaps. 10 and 11)
Azzessing the competition Functional evaluation
Generating enginesring specifications Evaluating performance
Establizhing engineening targets Talerance analysis
Sensitivity analysis
Conceptual Desizn Flobmst design
Cenerating concepts (Chap. T) Diesign for cost
Functional decomposition Diesign for value
Geperating concepts from functions Diesign for mannafacture
Evaluating concepts (Chap. §) Design for assembly
Tudgzing feasibility Design for reliability
Aszzessing technology readiness Design for test and maintenance
Using the decision matmiz Design for the environment

Fuobust decision making
Produoct Suppert (Chap. 12)
Developing desizn decumentation
Maintaining snginesring changss
Applying for a patent
Design for end of product life

Market pall Itemize projects
Product change
i
Dievalop more Choose To project
product ideas project planning

Figure 4.12 The Product Discovery phase of the mechanical
desizn process.



4.4.1 Product Maturity

Let's EHPIEIE the need for new products further by examining the technology ma-
tunty “5” curve shown m Fig. 4.13. This shows the stages a technology matures
through as it goes from a new product to a mature product. Products are often in-
troduced to the market while some of the technologies it uses are shll in the “make
1t work properly” stage, some even sooner. Product changes and improvements
occur as technologies mature over ime. Think of each of these improvements as
redesign projects—they are. By the time a technology begins to reach matunty,
the market 15 saturated with competithon and companies need to decide if they are
going fo continue to develop using the existing technologies or mnovate, develop
new technologies, and begin the 5™ curve again, as shown m Fig. 4.14.

If companies stay with the current technologies and further refine them, they
probably have much competition and httle room for improvement. If they mno-
vate, they are taking a nisk as the product matures.

4.4.2 Kano's Model of Customer Satisfaction

Another way to look at the need for product development is to examine Kano’s
Model of Customer Satisfaction. The Kano model was developed by Dr. Nonak:
Kano m the early 1980s to descnibe customer satisfaction This medel will help
us understand how and why features mature. Kano's model plots customer

Manae prodoct

# MDNIMIZE COST

g MAXIMIZE RELIABILITY
ki MAXIMIZE EFFICIENCY

E MAXIMIZE PERFORMANCE

= MAEE IT WORK PROPERLY

Time

Figure 4.13 Product mamrity <57 curve.



CHAPTER 4 The Design Process and Product Discovery
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Figure 4.14 A decision point on the “57 curve.
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Figure 4.15 The Eano diagram for customer
satisfaction.

m A vendor can ne longer supply matenals or components used m the product
of has recommended improved ones. This may requre the development of
new plans, specifications, and concepts.

m  Mamnfactunng, assembly, or another downstream phase m the product’s hife
cycle has 1dentified a quality, tme, or cost improvement that results in a
cost-effective change m the product.

m The product fails in some way and the design needs to be changed. Thus type
of change can be very costly. Reflect back to Fig. 4.11, where the automobile
manufacturer was still makmmg design changes after release for produchon.
As discussed there, these changes are very expensive.
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4.4.3 Product Proposal

Begardless of the source, one deliverable from this phase of the design process 1s
the product proposal. A template for developmmg such a proposal 15 available and
15 shown with a simplistic example in Fig. 4.16.

Note in this example that there 15 sufficient information to at least mitiate
discussions about how much resources should be allocated to following up on
this proposal. In a real situation, much more documentation would be needed on
each of these 1tems.

Product Proposal

Design Organization: 0000000 Date: June 23, 2010

Proposed Product Mame: The Toastalator

Summiary: Customers who live In small spaces and have the nead In the morning o
both make coffee and cook toast. The concept here 1s for a device that combines these
two products In a small space

Background of the Product: Obsenvations of pecple living In small apariments have
revealed an opportunity to minimilze the space used when preparing breakfat. Since
we manufaciure both coffee makers and toasters this seems like a reasonable opportunity

1o pursue

Market for the Preduct: Although thera 1s no firm evidence, there & anecdotal demand
for this product. Studies of space avallability and market slze are needed. An Initial sur-

vey shows the potentlal for up to 10 million customers.

Competition: There & no known product such as this on the market today. And an Initlal
patent survey has shown no recent activity with similar products.

Manufacturing Capability: X006 curmently manufactures similar products Independently,

Distribution Details: XXXX a5 distnbution channels for similar producs.

Proposal Details:

Task 1: Develop better market numbsers.

Task Z: Develop project plans through the Conceptual Design phase.
Task 3: Develop product definition.

Task 4: Develop and evaluate a proof-of-concept prototype.

Team member: Prepared by:
Team member: Checked by:
Team member: Approved by:

Team member:

The Mechanical Design Process Diesigned by Professor Dawid G. Ullman
Copyright 2008, McGraw-Hill Form # 8.0

Figure 4.16 The product proposal template.



SWOT Analysis

Design Organization: BLEL Bloycles

Date: Now. 11, 2007

product line In 2008.

Topic of SWOT Analysis: Explore the potential for adding a tandem bicycle to the

Strengths:

= BUEL has the techmology to design
a top quality tandem bioycla

= [t will expand the product line.

= Market for tandems s growing,
although no exact markat numbers
have beon collectad.

= For the most part, they <2n be made
with current eguipment and processes.

= W can wsa our patented sUSpension 1o
differentiate BUEL tandem from the rest.

= BLURL's engineers want w0 do this project.

Weaknesses:
« Market for tandems = small, <1% of
all bloycle sales.

» The profit margin may be smaller
than on tradittonal blkes.

= [Cost 1o cevelop may excesed
$40,000.

« Pay back time Is estimated at 3 years.

= [t will take & months to get to mar-
ket, missing the current sales season.

= A tandem Is Just cifferent enough to
need unigue marketing and shipping.

Opportunities:

= A tandem will cpen BURL into new
markefs.

» A andem might allow bike shaps that
camy BURL to expand business and
order more Dlkes,

Threats:
= The produc & not unigque enough to
atfract customers.
= We can't get blke shops to camy them.

« |t will cost more than $40,000 to
develop.

= Enginesring can't gat it to ride like a
CLIEM.

Team member: Fred Flemear

Prepared by: Fred Flemer

Team member: Bob Ksaskins

Checked by: Bob Ksaskins

Tearn member:

Approved by- Betty Booper

The Mechanical Design Frocess
Copyright 2008, MceGraw-Hill

Diesigned by Professor David G. Uliman
Form # 11.0

Figure 4,17 SWOT diagram example.

4.5.2 Pro-Con Analysis

To take the SWOT analysis one step further, consider a pro-con analysis. An
early, recorded use of this type of analysis 15 by Ben Franklin. Besides being a

statesman he was a designer of stoves,

bifocals and many other inventions. In a

1772 letter to Joseph Priestly (the discoverer of oxygen), Franklin explained how
he analyzed his problems when inhmtion failed him.




4.5.3

Pro-Con Analysis

Design Organization: BLFL Bloycles Date:

Topic of Pro-Con Analysis: Should BURL market a tandem bicycle?

Pro: Con:

+ BURL has the technology to design a + Market for tandems is small, < 1% of

top-guallty tandem bloycle. all bicyde sales.

+ BURL's engineers want to do this project. + The profit margin may be smaller than

» It will expand the product line for fraditlonal bikes.

+ Market for tandems Is growing, + Cost to develop may exceed $40,000.
although no exact market numbers + Pay-back time Is estimated at 3 years.
have been collected. « Tt will 1zke 6 months to get to market,

s For the most part they can be made milssing the current sales season.
with current equipment and processes.

+ A tandem Is Just different enough 1o

+ W can wse our patentad suspension o need unique marketing and shipping.
differentiate BURL' tandem from the » The product Is not unigue encugh to
rest. A tancem will open BURL Into new attraizjt e — 4 “

markes. . .
+ We an't get bike shops to @y them.
+ A tandem might allow bike shops that It wil get ha ;SD 000 i
carry BURL to expand business and = It will cost more than 340,000 10

order mare bikes. develap.
+ Engineerimg can't get it to ride like a
BURL.
Tearn member: Fred Flemer Prepared by: Fred Flemer
Team member: Bob Ksaskins Checked by: Bob Ksaskins
Team member: Approwed by: Betty Booper
The Mechanical Design Process Designed by Professor David G. Uiman
Copyright 2008, McGraw-Hil Form # 2.0

Figure 4.18 Pro-con analysis example.

Basics of Decision Making

Although the two methods just presented begin to get the information crgamized
for good decision making, they are both limited to one altemative. In this section,
wewill formalize the entire decision-makingprocess and make a protocol decision.

The basic stacture of decision making 15 the same, whether addressing dis-
covery issues or concept selection or choosing product details. In each case, there
are six basic activiies. Let’s look at these activities in more detail:

1. Clarify the issue that needs a sahsfactory solution.

Devy

[F ]

=T

Generate alternatives—itemize the potential solutions for the 1ssue.

‘elop criteria as they measure a satisfactory solution for the 1ssue.
Identify criteria importance of each critenion relative to the others.
Evaluate the value of the altematives by companng them o the critenia.
Based on the evaluation results, decide what to do next. This decision will

direct the process to

b.
c.
d.

Add, eliminate, or refine altematives.

Refine crtenia.

Befine evaluation—work to gamn consensus and reduce uncertainty.
Choose an altemative—you ve made a decision, document it and address
other 1ssues.



1. Clarify the issue

2. Generate
altermatives

3. Develop criferia

4 Identify criteria
mportance
Add. eliminate !
r refine alfermatves | \
5. Evaluate
Esfine criteria alematves ——

relative to Criteria

6. Decide what to
do next

Cheose an
altermarive

Mowe to next
izzae

evaluarion



Activity 3. BUFRL develops critena that are the basis for evaluating the alterma-
tives. This 15 such an important activity that all of Chap. 61s devoted to developng
engineerng specifications, the cntena for evaluating concepts and products. For
many fypes of 13sues, those that are commonly repeated, a genenc set of cnitena
can be used, at least as a stariing place. For portfolio 1ssues, the following List of
criteria have evolved over ime and can be used here:

Acceptable program complexity: The complexity of the effort 15 within the
expenience of the ergamzation or vendors. People are available with the skall
sets needed to do the work.

Clear market need: There 15 an established need in a market. (If evaluating
mnovative products, this may not be important )

Acceptable competitive intensity: The competitive intensity 15 reasonable and
the altemmative 15 not so new to the organization to impede commercializabion.
Acceptable five-year cash flow: The cash needed or generated over a five-year
penied 15 within reason.

Feasonable payback time: The payback penod for the needed investment and
costs 15 acceptable.

Acceptable start-up ttme: The fime to realize cash flow 15 within the means
of the orgamzation.

Good company fit: The newness or impact on the orgamization 1s acceptable—
the new product or improvement fits the organization’s mmage.

Strong proprietary position: The ability to withstand the competiion’s efforts
to erode the umque features that discnminate 13 good.

Good platform for growth: The effort leads to future products or services.



CHAPTER & Planning for Design

Tdentify the tazks
I
Drewalap Dievelop Estimate
teams scheduls fime
]
Sequence
tasks
Fefine Approve T product
plan plan definition
Cancel
praject

}
Figura 5.1 Project planning activities.

5.2 TYPES OF PROJECT PLANS

Concept development

Techmical feasibility

Cost targets and financials

Concept vahidation by consumers

Legal assessment of intellectual property



CHAPTER 5 Planning for Design

Gate or Gate or
Stage’ Diecizion Smge Diecizion Stage/
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Figure 5.2 The Stage-Crate process.

Product Discovery I\
i

Figure 5.3 The Waterfall model.
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Figure 5.4 Irwin Tools product development process. (Reprinted with permission of
Irwin Industrial Tools.)

Diecide what
o do next

Figure 5.5 Spiral development of mechanical systems.



5.3 PLANNING FOR DELIVERABLES—
THE DEVELOPMENT OF INFORMATION

Progress in a design project 15 measured by deliverables such as drawings, proto-
types, bills of matenals {e.g_, parts lists), results of analysis, test results, and other
representations of the information generated in the project. These deliverables
are all models of the final product. Dunng product development, many models
(1.e., design information representations) are made of the evolving product. Some
of these models are analytical models—quick calculations on a bit of paper or
complex computer simulations; some will be graphical representations—simple
sketches or orthographic mechamecal drawings; some will be CAD solid models
and some will be physical models—prototypes.

Each of these models or prototypes i1s a representation of information that
describes the product. In fact, design is the evolution of infermation punctuated by
decisions. Each model or prototype 15 not only the embodiment of what 1s known
about the product, but knowledge 15 gained in bwlding or developing it. So the
deliverables serve two purposes—they are the embodiment of the information
that describes the pm-:lu-:t and they are a means to commumcate that mformation
to others. Thus, it 15 important to understand the mformation developed during
the design process.

5.3.1 Physical Models—Prototypes

Physical models of products are often called profefypes. The charactenistics of
prototypes that nust be taken into account when planming when fo use them and
what types to use are their purpose, the phase in the design process when they
are used, and the media used to bunld them.

The four purposes for prototypes are proof-of-concept, proof-of-product,
proof-of-process, and proof-of-production. These terms are traditionally applied
only to physical models; however, sohid models in CAD systems can often replace
these prototypes with less cost and time.

m A proof-of-concept or proof-of-function prototype focuses on develop-
mg the function of the product for companson with the customers” require-
ments or engineerng specifications. This kind of prototype 1s intended as

a leaming tool, and exact geometry, materials, and manufactunng process
are usually not important. Thus, preef-of-concept prototypes can be bult of
paper, wood, parts from children’s toys, parts from a junkyard, or whatever
15 handy.

m A proof-of-product prototype 15 developed to help refine the components
and assemblies. Geometry, materials, and manufactunng process are as 1m-
portant as fuinction for these prototypes. The recent development of rapid
protofyping of desktop prefotyping, using stereo lithography or other meth-
ods to form a part rapidly from a CAD representation, has greatly improved
the time and cost efficiency of bulding proof-of-product prototypes.

m A proof-of-process prototype is used to verify both the geometry and the
manmufactunng process. For these prototypes, the exact matenals and man-
ufacturing processes are used to manufacture samples of the product for
functional testing.

s A proof-of-production prototvpe 15 used to venfy the entire production
process. This prototype 15 the result of a preproduction run, the products
manufactured just prior to production for sale.
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Arclive the geometmnc form of the design.

Communicate 1deas between designers and between designers and manufac-
turing persomnel.

Support analysis. Missing dimensions and tolerances are determined as the
drawmng or model 15 developed.

Simmulate the operation of the product.

Check completeness. As sketches or other drawings are being made, the
details left to be designed become apparent to the designer Thus, m effect.
helps establish an agenda of design tasks left to accomphsh.

Act as an extension of the designer’s short-term memory. Designers uncon-
sciously use drawings as part of their problem-solving process and often
consclously use drawings to store information they might otherwise forget.

Act as a synthesis tool. Sketches and formal drawings enable the pilecing
together of unconnected 1deas to form new concepts.

Sketches. Sketching as a form of drawing 15 an extension of the shori-term
memory needed for idea generation (see Chap. 3). As the shape of components and
assemblies evolve, drawings that are more formal are used to keep the information
organmized and easily commmumnicated to others. Thus, a well-frained engineer has
CAD shklls and the ability to represent concepts that are more abstract and best
represented as sketches.

Lavout Drawings. A layout drawimng 1s a working document that supports the
development of the major components and their relationships. A typical layout
drawing 15 shown m Fig. 5.6. Consider the charactenstics of a layout drawimng:

A layout drawing 15 a2 working drawing and as such 15 frequently changed
during the design process. Because these changes are seldom documented,
information can be lost. Good records in the design notebook can compensate
for thus loss.

A layout drawing 1s made to scale.

Only the important dimensions are shown on a layout drawing. In Chap. 10,
we see that starting with the spatial constraints sets the stage for developing
the architecture and individual components in the product generation process.
These constramts are best shown on a layout drawing.

Tolerances are usually not shown, unless they are entical.

Notes on the layout drawing are used to explam a design feature or the
function of the product.

A layout drawing often becomes obsolete. As detail drawings and assem-
bly drawings are developed, the layout drawing becomes less useful. If the



Detail Drawings. As the product evolves on the layout drawing, the detail of
mdividual components develops. These are documented on detail drawmgs. A
typical detail drawing 15 shown m Fig. 3.7. Important charactenstics of a detal

mclude the following:

m  All dimensions must be toleranced. In Fig. 5.7, many of the dimensions
are made with unstated company-standard tolerances. Most companies have
standard tolerances for all but the most cntical dimensions. The upper and

lower limits of the cntical dimensions in Fig. 5.7 are given.

m Matenals and manufacturing detail must be in clear and specific langnage.

Special processing must be spelled out clearly.

F
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Figure 5.7 Typical detail drawing. (Peprinted with permission of Irwin Industrial Tools.)

Assembly Drawings. The goal in an assembly drawmg 15 to show how the
components fit together. There are many types of drawing styles that can be used
to show this. Assembly drawings are simular o layout drawings except that ther
purpose, and thus the information ighlighted on them 15 different. An assembly

drawing has these specific charactenstics:

m Each component 15 1denfified with a number or letter keyed to the Bill
of Matenials (BOM). Some companies put their Bill of Matenals on the
assembly drawmgs; others use a separate document. (The contents of the

Bill of Matenals are discussed in Section 9.2.)

m FPeferences can be made to other drawings and specific assembly instruc-

tions for addihonal needed mmformation.

W
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Graphical Models Produced in Modern CAD Systems. As mentioned m the
mireduction to this section, iIn modem sulld-mudelmg CAD systems, layout,
detail, and assembly drawings are not dishinct. These systems enable the des.lg'ﬂer
to make a solid model of the compoenents and assemblies and, from these, semi-
automatically make detail and assembly drawings. In these systems, the layout
of components and assemblies and the details of the components and how they
fit together into assemblies, all coevolve. This 15 both a blessing and a curse. On
the positive side:

m  5Solid models enable rapid representation of concepts and the ability to see
how they assemble and operate without the need for hardware.

m The use of sold-modeling systems improves the design process because
features, dimensions, and tolerances are developed and recorded only once.
This reduces the potential for error.

m Interfaces between components are developed so that components share the
same features, dimensions, and telerances, ensunng that mating components
fit together.

m Detall and assembly drawings are produced semiautomatically, reducing
the need to have expert knowledge of drafing methods and drawing
standards.

m  Files created are usable for making prototypes using rapid prototyping meth-
ods; developmg figures for manufactunng and assembly; and providing dia-
grams for sales, service, and other phases of the product hife cycle.

However, these tools also have a negative side:

m  There s a tendency to abandon sketching. Sketches are a rapid way to develop
a high number of 1deas. The time required to develop a solid model 15 much
longer than the time to make a sketch. This means the number of alternatives
developed may be lower than it should be.

m Too much time is often spent on details too soon. Sohd-modeling systems
usually requure details in order to even make a “rough drawing.” Thinking
through these details n conceptual design may not be a good use of ime,
and once drawn there 1s a reluctance to abandon poor designs because of the
time mvested.

m  Often valuable design time 15 spent just using the tool Leaming a sclid-
modeling system takes fime and using 1t often requires ime-consuming con-
trol of the program. This design time 15 lost.

m  Many sohd-medelmg systems requure the components and assemblies to be
planned out ahead of time. These systems are more like an automated drafting
system than a design aid.

5.3.3 Analytical Models

Often the level of approximation of an analytical model 15 referred to as its fidelity.
Fidelity 15 a measure of how well a model or simulation analysis represents the
state a.m:l beha'l.rmr nf a real—w-n-rln:l nhject For example, up until the late sev en-

i} “m- L " a



Table 5.1 Types of modals

Aedinm

Phvsical Amakbrtical Graphical (Traditional)  Graphical (CATY)
Phaze (form and fuonction) (mainly function) (mainly form) (form and fonction)
Concept Proof-of~concept Back-of-the-envelope Skatches Hand sketches and

prototype anabysis zolid models

Proof-of-product Engzinesring science Layout drawings

Prototyps analysis
Final product  Proof-of-process and — Findte element Dietail and assembly Solid models

proof-of-production analysis; drawings

prototypes detailed simultation

5.4 BUILDING A PLAN

A project plan 15 a document that defines the tasks that need to be completed
durmg the design process. For each task, the plan states the objectives; the pe:-
sonnel requirements; the time requirements; the schedule relative to other tasks,
projects, and programs; and, sometimes, cost estimates. In essence, a project plan
15 a document used to keep that project under control. It helps the design team
and management to know how the project 15 actually progressing relative to the
progress anticipated when the plan was first established or last updated. There are
five steps to establishing a plan. A template such as that m Fig. 3.10 can be used
to support these steps. In this example, one task 15 detailed for a plan to develop
a Baja car for an SAE (Society of Automotive Engineers) student contest. The
plan 15 detaled m Fig. 5.16.

5.4.1 Step 1: ldentify the Tasks

As the design team gains an understanding of the design problem, the tasks needed
to bring the problem from 1fs current state to a final product become clearer. Tasks
are often imtally thought of in terms of the activities that need to be performed
(e.g., “generate concepts™ or other terms used in Figs. 4 34 10). The tasks should
be made as specific as possible, and as detailed in the next step, they should focus
on what needs to be achieved rather than the activities. In some mndustnes, the



Project Planning

Design Organization: Oregon State University Baja Team Date: Oct. 2, 2007

Proposed Product Name: Klller Beaver

Task 6

Name of Task: Preliminary Engine Compartment Design

Objective: Develop solld model of the engine compartment
Run Initlal FEM
Analyze human factors for assembly and malntenance

Deliverables: CAD solid model

FEM results showing weak points based on static and fatigue
analysls

Simulation of assembly of engine and components
Simuiation of routine maintenance

Decisions needed:
Decision 1: Chocse conflguration for compartment
Decision 2: |dentify work needed to finalize the design

Personnel needed:
Title: student Hours: 75 Percent full time: 20%

Title: Hours: Percent full time:

Time estimate: Total hours: 75 Elapsed time (include units): 3 weeks

Sequence: Predecessors: Task 4, Preliminary roll cage design
Successors: Task 7, Final Engine Compartment Design
Start Date: Oct. 12 Finish Date: Nov. 2

Costs: Capital Equipment Disposables:

Team member: James Prepared by: James

Team member- Tim Checked by Pat

Team member: Pat Approved by:

Team member:

The Mechanical Design Process Designed by Professor David G. Ullman
Copyright 2008, McGraw-Hill Form # 10.0

Figure 5.10 Example plan template.



5.4.2 Step 2: State the Objective for Each Task

Each task must be charactenzed by a clearly stated objective. This objective takes
some existing information about the product—the input—and, through some ac-
tivity, refines it for output to other tasks. Even though tasks are often mmhally
concelved as activities to be performed, they need to be refined so that the results
of the activities are the stated objectives. Although the output information can be
only as detailed and refined as the present inderstanding of the design problem,
each task objective must be

m Defined as mformation to be refined or developed and commumecated fo
others, not as activities to be performed. This mnformation 1s contammed m
deliverables, such as completed drawmgs, prototypes built, results of calen-
lations, mformation gathered, or tests performed. If the deliverables cannot
be itemized, the objective 15 not clear—then you know you are done only
when you mn out of tume.

m FPresented mn terms of the decisions that need to be made and who will be
mvolved in making them.

m Easily understood by all on the design team.

m  Spectfic in terms of exactly what information 1s to be developed. If concepts
are needed, then fell how many are sufficient.

m Feasible, ziven the personnel. equipment, and time available. See step 3.

5.4.3 Step 3: Estimate the Personnel, Time, and Other
Resources Needed to Meet the Objectives

For each task, 1t 15 necessary to 1dentify who on the design team will be responsible
for meeting the objectives, what percentage of their ttme will be required, and over
what penod they will be needed. In large compames, it may only be necessary to

specify the job fitle of the workers on a project, as there will be a pool of workers,
any of whom could perform the given task. In smaller compames or groups within
compames, specific mdividuals might be 1dentified.



Table 5.2 The time it takes to design
Task Perzonnel'time

Diesizn of elemental components and assemblies. One designer for one wesk
All desizn work is routine or reguires only

simple modifications of an existiing produoct.

Diesizn of elemental devices such as meachanical One designer for one month
toys, locks, and scales, or complsx single

components. Most design work is routine

or calls for imated original design.

Drasizn of complete machines and machins teols. Two desizners for four months
Work involhred = mainly routine, with some original

desigm.

Drasizn of high-performance products that may ailize Five designers for eight months
new (proven) technologies. Work involves some original

design and may require extensive analyziz and testing.

especially if the design project 1s not routine or new technologies are used. Some
pessimists claim that after making the best estmate of time requured, the number
should be doubled and the units increased one step. For example, an estimate of
one day should really be two weeks.

A more accurate method for estmating the total ime requured for a project
15 based on the complexity of the product’s fimction. The theory 15 that the more
complex the function, the more complex the product and the longer the time
needed to design the product. Product fimction development 15 a key part of con-
cept generation and 15 covered m detail mn Chap. 7. Thus, in order to use this
method for time estimation, there has to be some understanding of the functions
of the product. Dunng the product development process, often a task mn the con-
ceptual design phase 15 titled “refine plans™ to reflect the dependence of the plan
on the concept being developed.

The total ime required for a project can be estimated by

Time (in hours) = A % PC = D%
where

A = a constant based on past projects in the company. This constant 15 depen-
dent on the size of the company and how well information 15 communicated
among the vanous functions. Typically, 4 = 30 for a small company with
good communication and 4 = 130 for a large company with average com-
munication. Note that communicahon and thus tme 15 estimated at five
times greater 1n a large organization.

PC = product complexity based on function (discussed shortly).

D = project difficulty: 1) = 1, not too difficult (1.e_, using well-known technolo-
gies); [ = 2, difficult (1.2, some new technologies); [} = 3, extremely
difficult (1.e., many new technologes).

Everything takes twice as long.
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Figure 5.11 Example of a fanction diagram.

Product complexity 15 based on the functions of the product. A function
diagram will typically look as shownm Fig. 5.11. Details on how to develop such
a diagram will be covered in Chap. 7.

The product complexify 15 esiimated by

PC = ZJE F;
where
j = the level in the fimction diagram
F_,; — the mumber of fumctions at that level

For the example in Fig. 5.11, there 15 1 function on the top layer (always there),
4 on the second level, and 3 on the third:

PC=1%1+2%4+3%x3=18

For example, a small company with good commumcation (4 = 30) 15 de-
signing a difficult product (D = 2 that has PC = 18, then an estimate of the total
time 15 973 hours, or two designers working for 3 months. This method has been
shown to be faurly accurate within a single company that has calibrated the value
for 4, and models function in a consistent manner,

Time estimation 15 very difficult and subject to error. Thus, 1t 1s recommended
that task fime be based on three estimates: an optimistic estimate o, a most-likely
estimate m, and a pessimustic estimate p. From these three, the statistical best
estimate of task time 15

o +4m+ p
6

This formula 15 used as part of the PERT (Program Evaluation and Review Tech-
nmigque) method. See the sources in Section 5.8 for more details on PEERT.

Finally, note that the distmbution of time across the phases of the design
process 15 generally m the following ranges:

Project planming: 3 to 3%

Specification definition: 10 to 15%

Time estimate =



5.4.4 Step 4: Develop a Sequence for the Tasks

The next step in working out the plan 1s to develop a task sequence or schedule.
Scheduling tasks can be complex. The goal 15 fo have each task accomplished
before 1ts result 1s needed and, at the same time, to make use of all of the personnel,
all of the time. Addihonally, 1t 15 necessary to schedule design reviews or other
forms of approval to confimue the project. The tasks and their sequence 15 often
referred to as a werk breakdown siruciure.

5.4.5 Step 5: Estimate the Product Development Costs

The planmng document generated here can also serve as a basis for estimating
the cost of designing the new product. Even though design costs are only about
3% of the manufactunng costs of the product (Fig. 1.2), they are not tnwvial.

The cost estiimate needed here 15 for the project, not the product. Product
cost estimates are covered in Chap. 11. A majonity of project costs are in salanies.
Some basic gmdelines for making a project cost estimate are

Develap emerate Evahuate Evaluaie for Diooument
specifications COnCEpTs ConcEpis PeIfiImance, the result
C and decide marfactare,
oo best one azsembly, and cost
I

Figure 5.15 Desizn process for a more complex lap joint.

5.6.2 Documents Communicating with Management

Durnng the design process, penodic presentations to managers, customers, and
other team members will be made. These presentations are usually called design
reviews and are shown as an “approve plan” decision pomnt in Fig. 5.1. Although
there 15 no set form for design reviews, they usually require both wntten and
oral commumcation Whatever the form, these sindelines are useful in preparing
material for a design review.

Malke 1t understandable to the reciprent. Clear communication 15 the re-
sponsibility of the sender of the mformation. It 15 essenhal in explaining a
concept to others that you have a clear grasp of what they already know and
do not know about the concept and the technologies being used.

Carefully consider the order of presentafion. How should a bicycle be
descnibed to someone who has never seen one? Would you describe the
wheels first, then the frame. the handlebars, the gears, and finally the whole
assembly? Probably not, as the audience would understand very little about
how all these bits fit together A three-step approach 1s best: (1) Present the
whole concept or assembly and explain its overall fimction, (2) describe
the major parts and how they relate to the whole and its fimction, and (3) tie



the parts together into the whole. Tlus same approach works m trying to de-
scribe the progress in a project: Give the whole picture; detail the important
tasks accomplished; then give the whole picture again. There 15 a corollary
to this gudeline: New ideas must be phased in gradually. Always start with
what the andience knows and work toward the umknown. Above all, do not
use jargon of terms with which the audience 15 not familiar. If in doubt about
a concept or TLA (Three Letter Acronym), define 1t.

Be prepared with guality matertal. The best way fo make a pomt, and to
have any meeting end well, 15 to be prepared. This implies (1) having good
visual aids and wntten documentation, (2) following an agenda, and (3) being
ready for questions beyond the matenal presented.

5.6.3 Documents Communicating the Final Design

The most obvious form of documentation to result from a design effort 15 the mate-
nal that descnibes the final design. Such matenals include computer solid models,
drawings (or computer data files) of mdividual components {detail drawings) and
of assemblies to convey the product to manufactunng. They also include wntten
documentation to guide manufacture, assembly, mspection, mstallation mainte-
nance, refirement, and quality control. These topics will be covered m Chaps. @
and 12.

Often 1t 15 necessary fo produce a design report. The following format 15 a
good outline to follow.

1. Title page: The title of the design project 15 to be in the center of the page.
Below 1t, hist the following items:

a. Date:
b. CourseSection:
¢. Imstmctor:

d. Team Members:

Executive summary:

a. The purpose of the Executive Summary 15 fo provide key information
up front, such that while readmg the report, a reader has expectations
that are fulfilled on a continuous basis. Key to a good summary 15 the
Jirst sentence, which must contain the most essential mformaton that
you wish to convey.

[
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b. The summary is to be wntten as if the reader 15 totally uninformed about
your project and 15 not necessarnily going to read the report itself.

¢. It must include a short descniption of the project, the process and the
results.

d. The Executive Summary 15 to be one page or less with one figure
MAXIMUm.

Table of contents: Include section titles and page numbers.

Design problem and objectives: Give a clear and concise defimbion of the

problem and the intended objectives. Outline the design constramts and cost

implications.

a. Include appropriate background on the project for the reader to be able
to put the information provided in context.

b. The final project objectives must also be presented mn the form of a set
of engineering specifications.

Detailed design documentation: Show all elements of your design includ-

mng an explanation of

Assumphons made, making sure to justify your design decisions.

Function of the system.

Ability to meet engineenng specifications.

Prototypes developed, their testing and results relative to engineenng

specifications.

Cost analysis.

Manufacturing processes used.

DFX results.

Human factors considered.

All diagrams, figures, and tables should be accurately and clearly labeled

with meaningful names and/or fitles. When there are numerous pages

of computer-generated data, it 15 preferable to put this mformation in an

appendix with an explanation m the report narrative. For each figure m

the report, ensure that every feature of 1t 15 explained m the text.

Laboratory test plans and results for all portions of the system that you

bult and tested. Wnte a narrative description of test plan(s). Use tables,

graphs, and whatever possible to show your results. Alse, include a descrip-

tion of how you plan to test the final system, and any features you will

mnclude in the design to facilitate this testing. This section forms the wnitten

record of the performance of your design against specifications.

Bills of materials: Parts costs include only those items included in the final

design. A detailed bill of matenals includes (if possible) manufacturer, part

number, part description, supplier, quantity, and cost.

Gantt chart: Show a complete listing of the major tasks to be performed. a

time schedule for completing them and which team member has the primary

responsibility (and who will be held accountable) for each task.

BEn T
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Ethical consideration: Provide imformation on any ethucal considerations
that govem the product specifications you have developed or that need to

be taken into account in potentially marketing the product.

Safety: Provide a statement of the safety consideration in your proposed
design to the extent that 15 relevant.

Conclusions: Provide a reasoned histing of only the most significant results.
Acknowledgments: List individuals and/or compames that provided sup-
port in the way of equipment, advice, money, samples, and the like.
References: Including books, techmical joumals, and patents.
Appendices: As needed for the following types of information:

a. Detalled computations and computer-generated data.

b. Manufacturers’ specifications.

c. Ongmal laboratory data.

5.7 SUMMARY

Planning 15 an important engineenng activity.

The use of prototypes and models 15 important to consider dunng planming.
Every product 15 developed through five phases: discovery, specification
development, conceptual design, preduct development, and product support.
Planning 15 needed to get through these phases i a timely, cost-effective
IANNET.

There are five planning steps: 1dentify the tasks, state their objectives, eshmate
the resources needed, develop a sequence, and estimate the cost.

There are many types of project plans. A goal 1s to design a plan to meet the
needs of the project.

Commumeation through reports and drawings are key to the success of any
project.
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Figura 6.2 The Product Definition phase of
the mechanical desizn process.
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Figure 6.3 The house of guality, also known as the QFD diagram.

6.2 STEP 1: IDENTIFY THE CUSTOMERS:

WHO ARE THEY?

6.3 STEP 2: DETERMINE THE CUSTOMERS’

REQUIREMENTS: WHAT DO THE

CUSTOMERS WANT?

How
: .
2 ]
Wha Now
What Wi What vs. How Wi
What What
7
How Much




Step 1.1: Specify the Information Needed Feduce the problem to a single
statement describing the mformation needed. If no single statement represents
what 15 needed, more than one data-collecting effort may be warranted.

Step 1.1: Determine the Type of Data-Collection Method to Be Used Base
the use of focus groups, observations, or surveys on the type of mformation being
collected.

Step 2.3: Determine the Content of Individual Questions A clear goal for
the results expected from each quesfion should be written. Each question should
have a single goal. For a focus group or observation, this may not be possible for
all questions, but 1t should be for the mihal questions and other key questions.
Step 1.4: Design the Questions Each question should seek mformation mn an
unbiased, unambiguous, clear, and bnef manner. Key guidelines are

Do not assume the customers have more than common knowledge.
Do not use jargon.

Do not lead the customer toward the answer you want.

Do not tangle two questions together.

Do use complete sentences.

Questions can be n one of four forms:

m Yesno—don't know. (Poor for focus groups.)

® Ordered choices (1,2, 3, 4, 5; strongly agree, mildly agree, neither agree nor
disagree, mildly disagree, strongly disagree; or A = absolutely important.
E = extremely important, I = important, O = ordinary, or U = umumportant
[AEIOUT). Be sure that any ordered list 15 complete (1.2, that 1t covers the
full range possible and that the choices are unambignously worded). Scales
with five gradations, as mn the examples here, have proven best.

m Unordered choices (a. b, and/or c).

m Fanking (a 1s better than b 15 better than c).

The best questions ask about atmbutes. not mfluences. Atmbutes express
what, where, how, or when. Why questions should lead to what, where, how, or
when as they descnibe time, quality, and cost.

Step 1.5: Order the Questions Order the questions to give context. This will
help participants mn focus groups or surveys follow the logic.

Step 2.6: Take Data It usually takes repeated application to generate usable
mformation. The first applhication of any set of questions should be considered a
test or verification experiment.

Step 1.7: Reduce the Data A list of customers’ requirements should be made

in the customers’ own words, such as “easy,” “fast,” “natural " and other abstract
terms. A later step of the design process will be to translate these terms into
engineering parameters. The list should be i positive terms—what the customers
want, not what they don’t want. We are not trying to patch a poor design; we are
trying to develep a good one.



6.4

Easy posihoning of seat height of the aisle chawr so that 1t matches the
wheelchair and the plane’s seat so that the passenger can easily shide from on
to the other.

Once m the misle chair it should be easy to move and stable.

The aisle char should fit m all awrcraft aisles

When transfernng between chairs, the passenger with possibly some help
from the agent must hift their weight enough to shide from chair to chair, so
there needs to be a good lifting positien for both of them so they can exert
minimal effort.

All want the transfer from seat to seat to be as fast as possible.
It should be easy to position chairs next to each other and have them not shde
apart.

STEP 3: DETERMINE RELATIVE
IMPORTANCE OF THE REQUIREMENTS:
WHO VERSUS WHAT

6.5 STEP 4: IDENTIFY AND EVALUATE THE
COMPETITION: HOW SATISFIED ARE THE
CUSTOMERS NOW?

The zoal here 15 to determine how the customer perceives the competiion’s ability
to meet each of the requurements. Even though you may be working with a totally
new design, there 15 competihon, or at least products that come close to filling
the same need that your product does. The purpose for studying existing prod-
ucts 15 twofold: first, 1t creates an awareness of what already exsts (the “now™),
and second, it reveals opporfunities to improve on what already exists. In some
companies, this process 1s called competifion benchmarking and 1s a major aspect
of understanding a design problem. In benchmarking, each competing product
mmst be compared with customers’ requirements (now versus what). Here we are
concemed only with a subjective companson that 15 based on customer opouon.
Later, m step &, we will do a more objective companson. For each customer’s
requirement, we rate the existing design on a scale of 1 fo 3:

The product does not meet the requirement at all.
The product meets the requirement shghtly.

The product meets the requirement somewhat.
The product meets the requirement mostly.

The product fulfills the requirement completely.

oo N

6.6 STEP 5: GENERATE ENGINEERING

SPECIFICATIONS: HOW WILL THE
CUSTOMERS’ REQUIREMENTS BE MET?



Table 6.1 Types of enginearing spacifications

Functional performance
Flow of enetgy
Flow of information
Flow of materials
Operational steps
Operation sequence
Human factars
Appearance
Force and motion control
Eaze of controlling and sensing state
Physical requirements
Physical properdes
Axailable spatial eavelope
Eeliability
Wean ome betwesn failures
Safery (hazard assessment)
Life-cycle concerms
Dismibution (shipping)
Maintainability

Life-cycle concerns (continned)
Disgnosability
Testability
Beparability
Cleanahility
Installability
Eletitemant
Fesource concems
Time
Cost
Capital
Urnit
Equipment
Standards
Eovironment
Manufacring assembl v requirements
Diaterials
Quantty
Company capabilities

6.7 STEP 6: RELATE CUSTOMERS’
REQUIREMENTS TO ENGINEERING
SPECIFICATIONS: HOWTO MEASURE

WHAT?

6.8 STEP 7: SET ENGINEERING
SPECIFICATION TARGETS
AND IMPORTANCE: HOW MUCH

IS GOOD ENOUGH?

In thus step we fill in the basement of the house of quality. Here we set the targets
and establish how important 1t 15 to meet each of them_ There are three parts to
this effort, as shown m Fig. 6.6, calculate the specification importance, measure
how well the competition meets the specification, and develop targets for your
effort.

6.8.1

The first goal m this step 15 determuning the mmportance for each specification. If a
target 15 important, then effort needs to be expended to meet the target. If 1t 15 not
mmportant, then meeting the goal can be more easily relaxed. In the development

Specification Importance



of products, it 15 seldom that all targets can be met in the time available and so this
effort helps guide what to work on. The method to find mmportance 15 as follows:

Step 1.1: For each customer multiply the importance weighting from step 3 with
the 0-1-3-9 relationship values from step 6 to get the weighted values.

Step 1.2: Sum the weighted values for each specification. For specification “steps
to adjust seat height” in Fig. 6.6, the passenger score 1s:

450 +6404+15504+1050+3 1+ 750+ 2450460430+ 15%34+-5%1
= 134.

Step 1.3: Nommalize these sums across all specifications. The sum across all the
specifications 1s 1475 so this specification has importance of 134/1475

= 0%.

Figure 6.6 shows the importance from both the passengers’ and agents’ view-
points. Note that for the passenger specifications revolving around moving from
their chair to the aisle chair are most important. From the agents’ viewpoint both
these specifications and fime measures are Important.

6.8.2 Measuring How Well the Competition Meets
the Specifications

In step 4, the competitions’ products were compared to customers’ requirements.
In ths step, they will be measured relative to engineenng specifications. This
ensures that both knowledge and equipment exist for evaluation of any new prod-
ucts developed in the project. Also, the values obtamned by measunng the com-
petition give a basis for establishing the targets. This usually means obtaining
actual samples of the compefition’s product and making measurements on them
mn the same way that measurements will be made on the product being designed.
Sometimes this is not possible and literature or simulations are used to find values
needed here.
The competition values are shown in Fig. 6.6.

6.8.3 Setting Specification Targets

Setting fargets early in the design process 1s important; targets set near the end
of the process are easy to meet but have no meaning as they always match what
has been designed. However, setting targets too tightly may eliminate new ideas.
Some companies refine their targets throughout concept development and then
make them firm. The initial targets, set here, may have £+30% tolerance on them.

Most texts on QFD suggest that a smgle value be set as a target. However,
once the design process i1s underway, often it 15 not possible to meet these exact
values. In fact, a major part of engmeenng design 1s making decisions about how
to manage targets and the tradeoff meeting them. There are two points to be made
here. To make them we will use a simple example.

Say vou want to buy a new camera. You want to spend less than $300 and
want at least 7.2 megapixels (your only two specifications). You look online and

6.9 STEP 8: IDENTIFY RELATIONSHIPS
BETWEEN ENGINEERING
SPECIFICATIONS: HOW ARE THE
HOWS DEPENDENT ON EACH OTHER?



6.8 Step B: Identify Relstionships Betesan Engineanng Specifications

Side tipping fooce at
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Forz/aft tipping
force at handies
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Figure 6.7 Altermnative JFD roof for a spreadsheet.
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Figure 7.1 The Conceptual Desizgn phaza
of the desizn process.

7.2 UNDERSTANDING THE FUNCTION
OF EXISTING DEVICES

7.2.1 Defining “Function”

In reading thus section, it 15 important to remember that function tells what the
product must do, whereas its form, or siructure, conveys how the product will do
1t. The effort in thas chapter 1s to develop the what and then map the how: This 15
similar to the QFD m Chap. 6, where what the customer required was mapped into
how the requurements were to be measured. Here we focus on what the product
mmst do (1ts fimction) and then on how to do 1t (its form).

Function is the logical flow of energy (including static forces), material,
or mfermation between objects or the change of state of an object caused by
one or more of the flows. For example, m order fo attach any component to
another, a person must grasp the component, posifion 1t, and aftach 1t 1n place.



7.2.2 Using Reverse Engineering to Understand
the Function of Existing Devices

Reverse engineering 15 a method to understand how a product works. Whereas
we used product decomposition in Chap. 2 to understand a product’s parts and
assemblies, here we will focus on therr funchon. In Chap. 2 we disassembled
an Irwm Quck-Gnp clamp (Fig. 7.4) and itemmized the parts and how they were
assembled. Here we will extend this decomposition to understand the function of
the clamp—to reverse engineer it. This 15 more that just taking stuff apart, 1t 15 a
key part of understanding how others solved the problem.

Reverse Engineering, functional decomposition, or benchmarking 15 a good
practice because many hundreds of engineening hours have been spent develop-
ing the features of existing products, and to ignore this work is foolish. The QFD
method, featured m Chap. 6, encourages the study of exishng products as a basis
for finding market opportumties and sething specification targets. Some orgam-
zations do not pay attention to products not developed within thewr walls—a very
weak policy. These companies are said to have a case of "NIH™ (1.2, Not Invented
Here). Dissecting and reverse engineering the products of others helps overcome
this policy.

1 a 1 P a | i LI | Th N LI

7.3 A TECHNIQUE FOR DESIGNING
WITH FUNCTION

The goal of fimctional modeling 15 to decompose the problem in terms of the flow
of energy, matenal. and information. This forces a detailed understanding at the
beginning of the design project of what the product-to-be is to do. The functional
decomposition technigque 15 very useful n the development of new products.
There are four basic steps in applying the technique and several guidelines for
successful decomposition. These steps are used iterafively and can be reordered
as needed. This techmque can be used with QFD to help understand the problem.
In this discussion, the usefulness of the technique will be demonstrated with the
one-handed bar clamp and with the GE X-ray CT Scanner introduced in Chap 4.

7.3.1 Step 1: Find the Overall Function
That Needs to Be Accomplished

This 15 a good first step toward understanding the function. The goal here is to
generate a single statement of the overall fimction on the basis of the customer
requirements. All design problems have one or two “most important™ functions.
These must be reduced to a simple clause and put in a black box. The mputs to
this box are all the energy. matenial. and information that flow mto the boundary
of the system_ The outputs are what flows out of the system.



Reverse Engineering for Function Understanding

Design Organization: Example for the Mechanical Design Process

Date: Dec. 20,
2007

Product Decomposed: Irwin Quick Grip—Pre 2007

Deseription: This & the Quick-Grip product that has been on the market for mamy years.

How it works: Squeeze the pistol grip repeatedly to move the jaws closer together and
increase the damping force. Squeeze the release trigger to release the clamping force. The
foot [the part on the left in the picture that holds the face that is clamped against) is
reversible so the clamping force can be made to push apart rather than squeeze together.

Interfaces with other objects:

Part # | Part Mame Other Enemgy Information Material Flow
Object Flow Flow
1&2 Main body U=er's User squeszes Squeezing force User's hand
and Trigger | hand trigger 1o move proportional grips and
jaws closer io jaw force releasas
together and
a Pad Parts Clamping force None Parts flow
being and compressive into and out
clamped mtion of jaws of jawes
moyving together
Etc.
Flow of energy, information, and materials:
Part# | Part Mame Interface Flow of Energy, Information, Image
Part # and Material
Trigger Lser Force 1a applied by gripping
trigger and main body. Resistance
force felt by user proportional
to clamping force.
2 Trigger 1—Main body | Force 3 at pivot—reaction force
3 Trigger 14— |am Force 2 pushes on the jam plate io
plate ultimately make the bar move and
apply the damping force.
4 Etc.
Links and drawing files:
Tearmn member: Prepared by:
Tearmn member: Checked by:
Tearn member: Approved by-
Tearmn member:

The Msachanical Design Frocess

Copyright 2008, McGraw-Hil

Designed by Professor David G. Uiman

Form # 1.0

Figure 7.8 Feverse Enginesring Tamplats sample.




Some gmdelines for step 1 are:

Guideline: Energy Must Be Conserved. Whatever energy goes into the system
must come out or be stored in the system.

Guideline: Material Must Be Conserved. Matenals that pass through the sys-
tem boundary must, like energy, be conserved.

Guideline: All Interfacing Objects and Known, Fixed Parts of the System
Must Be Identified. It 15 important to list all the objects that interact, or m-
terface, with the system. Objects include all features, components, assemblies.
humans, or elements of nature that exchange energy, matenal, or mformation with
the system being designed. These objects may also constrain the system’s size,
shape, weight, color, and the like. Further, some objects are part of the system
bemg designed that canmot be changed or modified. These too must be Listed at
the begimning of the design process.

Guideline: Ask the Question, How Will the Customer Know if the System
Is Performing? Answers to this question will help identify mformation flows
that are important.

Guideline: Use Action Verbs to Convev Flow. Action verbs such as those n
Table 7.1 can be used to descnbe function. Obviously, many other verbs beyond
those listed tell about the intended action

Finding the Overall Funcrion: The One-Handed Bar Clamp

For the one-handed bar clamp, the “most important™ function is very sumple
“transform the gnp force of one hand to a controllable force capable of
clamping common objects together™ (Fig. 7.9). This statement 15 bnef, it tells
thatthe goal 15 to alter the energy flow while sensing the force applied, and that
the boundanes of the system are the one hand and the objects being clamped.

Finding the Overall Function: The X-Ray CT Scanner
For the CT Scanner shown m Fig. 7.10 (taken from Fig. 4.2), the top-level
finction1s “convert electrical energy into an image of the organs of a patient.™

Table 7.1 Typical mechanical design functions

Abcsorb/'remove Dissipate Peleazs
Armate Dirive Bacrfy
Amplity Hold or fasten Fuotare
Aszemble/dizassemble Increase/decrease Securs
Change Intermapt Shield
Channel or guide Toin/separate Start'siop
Clear or avaid Lift Sreer
Collect Limit StoTe
Conduoct Laocata Supply
Conmol blove Support
Comnvert Cinent Tranzform
Couple/imtermupt Position Tranclate

Diirect Protect Wenify




Grip Clamping
User’s force Transform force Objects being
hand force clhmped

Figure 7.9 Top-level function for the one-handed bar

clamp.
This statement assumes the boundary considered is the entire CT Scanner and
the computer and software that make the image. We could draw the boundary
tighter, just around the device shown in the figure, and say “convert electnical
energy mto a signal that contains mformation about an 1mage of the organs
of a patient.” The difference 15 small, but indicates the change m boundary.

7.3.2 Step 2: Create Subfunction Descriptions

The goal of this step and step 3 15 to decompose the overall fumction This step
focuses on identifying the subfinctions needed, and the next step concems their

organization.

Guideline: Consider What, Not Hew. It 15 imperative that only what needs
to happen—the fimchon—Dbe considered. Detailed, structure-cnented how con-
siderations should be documented for later use as they add detail too soon here.
Even though we remember functions by their physical embodiments, 1t 15 impor-
tant that we fry to abstract this informaton. If, in a specific problem solution,
1t 1s not possible to proceed without some basic assumptions about the form or
structure of the device, then document the assumptions.

Guideline: Use Only Objects Described in the Problem Specification or
Overall Function. To ensure that new components do not creep info the prod-
uct unintenticnally, use only nouns previously used {(e.g., in the QFD or m
step 1) to describe the matenal flow or nterfacing objects. If any other nouns
are used dunng this step, either somethng 15 missmg i the first step (go back
to step 1 and reformmulate the overall fimechon), the specifications are mcom-
plete, or a design decision to add another object to the system has been made
(consider very carefully). Adding objects 1s not bad as long as it 15 done
consclously.



Guideline: Break the Function Down as Finely as Possible. This 15 best done
by starting with the overall fimction of the design and breaking it into the separate
functions. Let each fimction represent a change or transformation i the flow of
matenal energy, or nformation. Action verbs often used m this activity are given
n Table 7.1

Guideline: Consider All Operational Sequences. A product may have more
than one operating sequence while in use (see Fig. 1.7). The finctions of the
device may be different during each of these. Addibonally, prior to the actual use
there may be some preparation that must be modeled, and smmlarly, after use
there may be some conclusion. It 1s often effective to think of each fimction m
terms of its preparation, use, and conclusion.

Guideline: Use Standard Notation When Possible.  For some types of sys-
tems, there are well-established methods for building functional block diagrams.
Common notation schemes exist for electrical circuits and piping systems, and
block diagrams are used to represent transfer fimctions m system dynamics and
control. Use these notation schemes if possible. However, there 15 no standard
notation for general mechanical product design.

7.3.3 Step 3: Order the Subfunctions

The goal is to add order to the fimchions generated in the previous step. For many
redesign problems, this occurs simultaneously with their identification m step 2,
but for some matenal processing systems this 15 a major step. The goal here 15 to
order the fimctions found m step 2 to accomplish the overall function in step 1.
The guidelines and examples presented next should help with this step.

Guideline: The Flows Must Be in Logical or Temporal Order. The operation
of the system being designed must happen in a logical manmer or in a ime se-
quence. This sequence can be determined by rearranging the subfimctions. First,
arrange them in mmdependent groups (preparation, uses, and conclusion). Then
arrange them within each group so that the output of one fimchon 15 the mput
of another. This helps complete the understanding of the flows and helps find
mussing functions.

Guideline: Redundant Functions Must Be Identified and Combined. Often
there are many ways to state the same funchon. If each member of the design
team has wntten his or her subfunctions on self-stick removable notepaper, all
the pieces can be put on the wall and grouped by simulanty. Those that are similar
need to be combined nto one subfimction.

Guideline: Functions Not Within the System Boundary Must Be Eliminated.
This step helps the team come to mutual agreement on the exact system bound-
anes; 1t 15 often not as sumple as 1t sounds.

Guideline: Energy and Material Must Be Conserved as They Flow Through
the Svstem. Match mputs and outputs to the fimchonal decomposibon.



Creafing a Subfunction Description: The Irwin Quick-Grp Example
A functional decomposition for the one-handed bar clamp 15 shown in
Fig 7.11. Keep in mind when studymg this figure that there 15 no one nght
way to do a fimetional decomposition and that the main reason for doing it1s to
ensure that the function of the device to be developed 15 understood. Note that
each function statement begins with an achon verb from the hist in Table 7.1
and then follows with anoun. The boxes are onented in a logical fashion. Also.
note that in this example, the main flow 15 energy, but there 15 an information
feedback to the user Would a clamp be as useful, if there were no feedback?
Many functions on this diagram can be further refined. Not shown in the
diagram is the release of any locking mechanism, a further refinement of the
“hold force on object” box.

Creaning Subfunchon Descripfion: The CT Scanner

The CT Scamner 15 a complex device. The fimctional diagram fills many
pages. A parfially completed segment, focusing on the X-ray tube, 1s shown
mFig. 7.12. Here, the fimction “Convert electrical power to X-rays™ 15 shown
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Figure 7.11 Functional decomposition for the one-handsd bar clamp.
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Figure 7.12 Functionsl decomposition of the CT Scanner.

with many subfunctions yet to be organized. Many of the fimchons are fo-
cused on the transformation of electnical energy. One of them “Remove
waste heat” 1s especially difficult as only about 1% of the energy is actually
converted into X-rays, the other 60+ kW of energy 15 transformed into waste
heat. The removal of this waste heat will be revisited in Chap. 10.

7.3.4 Step 4: Refine Subfunctions

The goal i1s to decompose the subfunchon structure as finely as possible. This
means examiming each subfunction to see if it can be further divided mto
sub-subfunctions. This decomposition 15 confinued untl one of two things hap-
pens: “atomic” functions are developed or new objects are needed for further
refinement. The term atomic implies that the finction can be fulfilled by existing
objects. However, if new objects are needed, then you want to stop refining be-
cause new objects require commitment to how the function will be achieved, not
refinement of what the function 15 to be. Each noun used represents an object or
a feature of an object.
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7.4 BASIC METHODS OF GENERATING

CONCEPTS




7.4.1 Brainstorming as a Source of ldeas

Bramstorming, imtially developed as a group-onented techmique, can also be used
by an individual designer. What makes bramstorming especially good for group
efforts 15 that each member of the group contnibutes ideas from his or her own
viewpoint. The rules for brainstorming are quite simple:

1. Recordall the1deas generated. Appoint someone as sectetary at the beginning;
thus person should also be a contributor.

Generate as many 1deas as possible, and then verbalize these ideas.
Think wild Silly, mpossible 1deas sometimes lead to useful 1deas.

Do not allow evaluation of the 1deas; just the generation of them. This is very
important. Ignore any evaluation, judgment, or other comments on the value
of an 1dea and chastise the source.

Inusmg this method there 15 usually an mitial mush of obwvious 1deas, followed
by a pennod when 1deas will come more slowly with peniodic Tushes. In groups, one
member’s 1dea will mgger 1deas from the other team members. A brainstormung
session should be focused on one specific function and allowed o mun through
at least three periods duning which no 1deas are being generated. It is important
te encourage humor during brainstorming sessions as even wild, funny ideas can
spark useful concepts. This 1s a proven techmigque that 1s useful when new ideas
are needed.
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7.4.2 Using the 6-3-5 Method as a Source of ldeas

A drawback to bramnstormung 1s that it can be donunated by one or a few team
members (see Section 3.3.6). The 6-3-5 method forces equal participation by all.
This method 15 effectively bramstorming on paper and 15 called braimwrising by
some. The method 15 stmular o that shown m Fig. 7.14.

To perform the 6-3-5 method, arrange the team members around a table. The
optimal number of participants 1s the “6” in the method’s name. In practice, there
can be as few as 3 participants or as many as 8. Each takes a clean sheet of paper
and divides it into three columns by drawing lines down 1fs length. Next, each
team member writes 3 ideas for how to fulfill a specific agreed-upon function,
one at the top of each column The mumber of ideas is the 3" m the method’s
name. These ideas can be sketched or written as text. They mmst be clear enough
that others can understand the important aspects of the concept.

After 5 mimutes of work on the concepts, the sheets of paper are passed to
the nght. The time 15 the “5” in the method’s name. The team members now have
another 5 mimutes to add 3 more ideas to the sheet. This should only be done after
studying the previous i1deas. They can be bult on or 1gnored as seen fit. As the
papers are passed m 3-munute intervals, each team member gets to see the mput



7.4.3 The Use of Analogies in Design

Using analogies can be a powerful aid to generating concepts. The best way
to think of analogies is to consider a needed function and then ask, What else

provides similar finction? An object that provides simlar fimetion may tngger
ideas for concepts. For example ideas for the one-handed bar clamp came from
a caulking gum (Fig. 7.2).

Many analogies come from nature. For example, engineers are studying the
skin of sharks to reduce drag on boats; how ants manage traffic to reduce conges-
tion; and how moths, snakes, and dogs sense odors for bomb detection.

Amnalogies can also lead to poor ideas. For centuries, people watched birds fly
by flapping their wings. By analogy, flapping wings lift birds, so flapping wings
should Lift people. It wasn't until people began to expenment with fixed wings that
the real potential of manned flight became a reality. In fact, what occurred is that
by the time of the Wright Brothers in the early 1900s, the problem of manned flight
had been divided into four mam functions, each selved with some mdependence
of the others: lift, stability, control, and propulsion. The Wright Brothers actually
approached each of these in the order listed to achieve controlled, sustained flight.

7.4.4 Finding ldeas in Reference Books and Trade
Journals and on the Web

Most reference books give analytical techmiques that are not very useful in the
early stages of a design project. In some, you will find a few abstract ideas that
are useful at this stage—usually in design areas that are quite mature and with
ideas so decomposed that their form has specific funetion. A prime example is the
area of linkage design. Even though a linkage is mostly gecmetric in nature, most
linkages can be classified by fumction. For example, there are many geometries
that can be classified by their fimetion of generating a straight hine along part
of their eyele. (The functien is to move in a straight line) These straight-line
mechanisms can be grouped by fimction. Two such mechanisms are shown in
Fig. 7.15.

Many good ideas are published in frade journals that are criented toward a
specific discipline. Some, however, are targeted at designers and thus contain
information from many fields. A listing of design-cniented trade joumnals is given
in Sources at the end of this chapter (Section 7.11).

T7.4.5 Using Experts to Help Generate Concepts

If designing in a new demain, one in which we are not expenienced, we have
two choices to gain the knowledge sufficient to generate concepts. We either find
someone with expertise in that domain or spend time gaining experience on our
own. It is not always easy to find an expert; the domain may even be one that has
no eXperts.

To steal ideas from one person is plagiarism;
to steal from many is research.




7.5 PATENTS AS A SOURCE OF IDEAS

Patent hterature 15 a good source of 1deas. It 1s relatively easy to find patents
on just about any subject imaginable and many that are not. Problems m using
patents are that 1t 15 hard to find exactly what you want m the literature; it 1s easy
to find other, interesting, distracting things not related to the problem at hand; and
patents are not very easy to read.

There are two main types of patents: ufilify patenis and design patenis. The
term wfility 15 effectively synonymous with function, so the claims m a whhty
patent are about how an 1dea operates or 15 used. Almost all patent numbers you
see on products are for utihity patents. Design patents cover only the look or form
of the 1dea, so here the term design 15 used m the visual sense. Design patents
are not very strong, as a shght change in the form of a device that makes 1t look
different 15 considered a different product. All design patent numbers begin with
the letter “D.” Utility patents are very powerful, because they cover how the
device works, not how 1t looks.

7.6 USING CONTRADICTIONS
TO GENERATE IDEAS

Contradictions are engineenng “trade-offs. " A contradiction occurs when some-
thing gets better, forcing something else to get worse. This means that the ability to
fulfill the target for one requirement adversely affects the ability to fulfill another.
Some examples are

m Increasing the speed with which squeezing the grip on the one-handed bar
clamp moves the jaws together (good) lowers the clamping force (bad).

m The product gets stronger (good) but the weight increases (bad).

m  More functions (good) make products larger and heavier (bad).

® Anautomeobile arbag should deploy very fast, to protect the occupant {(good),
but the faster it deploys, the more hikely 1t 15 to mjure somebody (bad).

/ Meedl |= Position 1
\ Meed 2 Position 2

b

Figure 7.17 Basic stmctore of the Evaporating
Cloud.

Identify the 135ue, the objective of the needs.
Generate the assumptions that underlie all of the above.

Articulate mterjechions that can relieve the conflict while meeting the
objective.

o
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7.8 BUILDING A MORPHOLOGY

The techmique presented here uses the functions identified to foster ideas. Itis a
very powerful method that can be used formally, as presented here, or mformally
as part of everyday thinking. There are three steps to this techmque. The first step
15 to list the decomposed functions that must be accomplished. The second step 15
to find as many concepts as possible that can provide each function identified m
the decomposifion. The third 15 to combine these individual concepts into overall
concepts that meet all the fimctional requirements. The design engineer’s knowl-
edge and creativity are crucial here, as the ideas generated are the basis for the
remainder of the design evolution. This techmque 15 often called the “morpho-
logical method,” and the resulting table a “morphology,” which means “a study
of form or structure. ™ A partial Morphology for the redesign of the one-handed
bar clamp is presented 1 Figure 7.21. This 1s mghly modified from the morphol-
ogy done at Irwin to protect their intellectual property. A blank morphelogy 1s
available as a template.

7.8.1 Step 1: Decompose the Function

7.8.2 Step 2: Develop Concepts for Each Function

The designer making a fundamental assumpnion. For example, one func-
tion that has to occur mn the system 15 “Collect gnp force and mefion from
user.” It 15 reasonable to assume that a gnpping force will be used to provide
motien and clamping force only if the designer is aware that an assumption
has been made.

The funchon 1s directed af how, nef what. If one 1dea gets built mto the
function, then 1t should come as no swrpnse that this 15 the only idea that
gets generated. For example, if “Transform grip force and motion to bar™ in
Fig. 7.21 had been stated as “use jam plate to transform motion,” then only
jam plate 1deas are possible. If the function statement has nouns that tell how
the function 1s to be accomplished, reconsider the function statement.

I'he domain knowledge 15 limifed. In this case, help 15 needed to develop
other 1deas. (See Sections 7.3, 7.6.0r 7.7.)

7.8.3 Step 3: Combine Concepts



7.9 OTHER IMPORTANT CONCERNS
DURING CONCEPT GENERATION

The techmiques outlined mn thus chapter have focused on generating potential
concepts. In performing these techmiques, funcfional decompeosition diagrams,
hiterature and patent search results, function-concept mappmg, and sketches of
overall concepts are all produced. These are all important documents that can
support communication to others and archive the design process.

Follow the KISS rule: Keep £ Simple, Stupid.

Additionally, conceptual design is a good time to review the Hanmover Prin-
ciples introduced m Chap. 1. Questions denived from the Principles that should
be asked at this time are

1. Do your concepts enable humanity and nature to coexist in a healthy, sup-
portive, diverse, and sustamable condition?

1. Do you understand the effects of your concepts on other systems, even the

distant effects?

Are concepts safe and of long-term value?.

4. Do your concepts help eliminate the concept of waste throughout their life

cycle?

Where possible, do they rely on natural energy flows?

L
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7.10 SUMMARY

m The funchonal decomposiion of existing products 15 a good method for
understanding them.

m Functicnal decomposition encourages breaking down the needed function of
a device as finely as possible, with as few assumptons about the form as
possible.

m The patent literature is a good source for ideas.

m Explonng contradictions can lead to ideas.

m Listing concepts for each function helps generate 1deas; thas list1s often called
a morphelogy.

m  Sources for conceptual ideas come primanly from the designer’s own exper-
tise; this expertise can be enhanced through many basic and logical methods.
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8.3 FEASIBILITY EVALUATIONS

As aconceptis generated, a designer usually has one of three immediate reachions:
(1) 1t 15 not feasible, 1t will never work; (2) 1t mught work 1if something else
happens; and (3) 1t 15 worth considenng. These judgments about a concept’s
feasibility are based on “gut feel " a companson made with pnior expenence stored
as design knowledge. The more design expenience, the more reliable an engineer s
knowledge and the decision at this point. Let us consider the imphcations of each
of the possible mitial reactions more closely.

It Is Not Feasible. If a concept seems mfeasible, or unworkable, 1t should be
considered bnefly from different viewpoints before being rejected. Before an
idea is discarded, it is maportant to ask, Why 15 it not feasible? There may be
many reasons. It may be obviously technologically mfeasible. It may not meet
the customer’s requirements. It may just be that the concept 15 different from the
way things are normally done. Or 1t may be that because the concept 1s not an
ongimal idea, there 15 no enthusiasm for it. We wall delay discussmg the first two
reasons unil Section §.4, and we will discuss the latter two here.

It Is Conditional. The imifial reaction might be to judge a concept workable
if something else happens. Typical of other factors mvolved are the readiness of

technology, the possibility of obtaining currently unavailable information, or the
development of some other part of the product.

It Is Worth Considering. The hardest concept to evaluate 15 one that 1s not
obviously a good 1dea or a bad one, but looks worth considenng. Engineering
knowledge and expenence are essential in the evaluation of such a concept. If
sufficient knowledge 15 not immediately available for the evaluation, it must be
developed. Thus 15 accomplished by developing models or prototypes that are
easily evaluated

8.4 TECHNOLOGY READINESS

1. Adre the critical parameiers identified” Every design concept has certain
parameters that are cnfical to its proper operation and use. It is important
to know which parameters (e.g, dimensions, matenal properties, or other
features) are critical to the function of the device. It has been estimated that
only about 10 to 15% of the dimensions on a finished component are cnifical
to the operation of the product. For a simple canfilever spring, the cntical
parameters are 1ts length 1ts moment of inertia about the neutral axis, the dis-
tance from the neutral axis to the most highly stressed material, the modulus
of elasticity, and the maximum allowable yield stress. These parameters allow
for the calculation of the spring stiffness and the failure potential for a given
force. The first three parameters are dependent on the geomefry; the last two
are dependent on the matenal properties. Say you need a ceramic spring in a
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concept. Are the matenial properties modulus of elasticity and the maximim
allowable yield stress the correct material properties to be considenng?
Additional cntical parameters determune a device’s acceptabilify as a
product (e.g., weight, size, and other physical parameters). These too must
be 1dentified, but may not be well known at this stage of development.
Are the safe operating latitude and sensitivity of the parameters known? In
refimng a concept inte a product, the actual values of the parameters may
have to be vaned to achieve the desired performance or to improve manu-
facturability. It 15 essential to know the lomifs on these parameters and the
sensitivity of the product’s operation to them. This imformation 15 known m
only a rough way during the early design phases; during the product evalua-
tion, 1t will become exiremely mportant.
Huave the failure modes been idenfified” Every type of system has characteris-
tic failure modes. It 15 generally useful to contimously evaluate the different
ways a product might fail. This 15 expanded on in Chap. 11.
Can the technology be manufactured with kmown processes” If reliable man-
ufacturing processes have not been refined for the technology, then, etther the
technology should not be used or there nmst be a separate program for devel-
oping the manufacturing capability. There 15 a sk m the latter alternative, as
the separate program could fail jeopardizing the enfire project.
Dpes hardware exist that demonsirates positive answers fo the preceding four
guestions” The most crucial measure of a technology’s readiness 15 1ts prior
use 1n a laboratory model or another product. If the technology has not been
demonstrated as mature enough for use m a product, the desigmer should be
very wary of assurances that it will be ready m time for production.
Is the fechnology controllable throughout the produci s life cycle? This ques-
tion addresses the later stages of the product’s hfe cycle: 1ts manufacture,
use, service, and retirement. It also raises other questions. What mamufactur-
mg by-products come from using this technology? Can the by-products be
safely disposed of? How will this product be retired? Will 1t degrade safely?
Answers to these questions are the responsibility of the design engineer.
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Figure 8.4 Technology readiness assessment.

Often, if these questions are not answered in the posihive, a consultant or
vendor can be added to the team to help. This 15 especially true for manufacturing
technologies for which the design engineer cannot pessibly know all the methods
available to mamafacture a product. In general, negative answers to these questions
may mmply that this 15 a research project not a product development project. This
realization may have an impact on the project plan as research takes longer than
design. A technology readiness assessment template, Fig. 8.4, can be used for this
assessment.

Step 1: State the Issue. The 1ssue 15 not always obwvicus, but here 1t 15 clearly
“Choose a concept for confinued development.”



Step 2: Select the Alternatives to Be Compared. The alternatives to be com-
pared are the different 1deas developed dunng concept generation. It 15 important
that all the concepts to be compared be at the same level of abstraction and m the
same language. This means it 1s best to represent all the concepts in the same way.
Generally, a simple sketch 1s best. In making the sketches, ensure that knowledge
about the functionality, structure, technologies needed, and manufacthurability 1s
at a comparable level i every figure.

Step 3: Choose the Criteria for Comparison. First, 1t 15 necessary to know
the basis on which the alternatives are to be compared with each other. Using the
QFD method i Chap. 6, an effort was made to develop a full set of customer
requirements for a design. These were then used to generate a set of engineer-
ing requirements and targets that will be used to ensure that the resulting prod-
uct will meet the customer requirements. However, the concepts developed in
Chap. 7 might not be refined enough to compare with the engineenng targets for
evaluation.

If they are not, we have a nusmatch in the level of abstrachon and use of
the engineening targets must wait until the concept 1s refined to the point that
actual measurements can be made on the product designs. Usually the basis for
comparing the design concepts 1s a mix of customer requirements and engineering
specifications, matched to the level of fidelity of the alternatives.

If the customers’ requirements have not been developed, then the first step
should be to develop cntena for companson. The methods discussed m Chap. 6
should help with thas task.

Additionally, the technology readiness measures can also help with evaluation
here. This 1s especially true if the alternatives are dependent on new technologies.

Step 4: Develop Relative Importance Weightings. In step 3 of the QFD
method (Section 6.4) there 15 a discussion of how to capture the relative
mportance of the crteria. The methods developed there can be used here to
mdicate which of the critena are more important and which are less important.
It 15 often worthwhile to measure the relative importance for different groups of
customers, as discussed in Section 6.4

Step 5: Evaluate Alternatives. By thus time m the design process, every de-
signer has a favonte altemative; one that he or she thinks 15 the best of the concepts
that have yet to be developed. This concept 1s used as a damum, all other designs
being compared with it as measured by each of the customer requirements. If
the problem 15 for the redesign of an existing product, then the existing product.
abstracted to the same level as the concepts, can be used as the datum.

For each companson, the concept being evaluated 1s judged either better
than, about the same as. or worse than the datum. If 1t 15 better than the datum.
the concept 1s given a + score. If if 15 judged fo be about the same as the datum
or 1if there 15 some ambivalence, an 5 (“same™) 15 used. If the concept does not
meet the criterion as well as the datum does, it 15 given a — score. If the Decision
Matrix 1s on a spreadsheet use +1, 0, -1 for scorng.




Note that if it 15 impossible to make a companson to a design requirement,
more nformation must be developed. This may require more analysis, further
experimentation, or just better visualization. It may even be necessary to refine
the design, through the methods to be descnbed in Chaps. 9-11 and then return
to make the companson. Note that the frailty in doing this step 1s the topic of
Sections 8 6and 8.7.

Inusing the Decision Matnix there are two possible types of companisons. The
first type 1s absolufe in that each altemative concept is directly (1.e., absolutely)
compared with some target set by a cnitenion. The second type of comparison 1s
relative in that altemative concepts are compared with each other using measures
defined by the critenia. In choosing to use a datum the companson is relative.
However, many people use the method for absolute compansons. Absolute com-
pariscns are possible only when there is a target. Relative compansons can be
made only when there is more than one option.

] Step 6: Compute the Satisfaction and Decide What to Do Next. After a
concept 1s compared with the datum for each cnterion, four scores are generated:
the number of plus scores, the number of nunus scores, the overall total, and
the weighted total. The overall total is the difference between the number of plus
scores and the number of minus scores. This 15 an eshmate of the decision-makers’
satisfaction with the altemative. The weighted total can also be computed. Thas
15 the sum of each score multiphed by the mportance weighting, in which an
S counts as 0, a + as +1, and a — as —1. Both the weighted and the unweighted
scores must not be treated as absolute measures of the concept’s value; they are
for piudance only. The scores can be interpreted in a mumber of ways:

m If a concept or group of similar concepts has a good overall total score or a
high + total score, 1t 15 important to notice what strengths they exhibat, that
15, which cntena they meet better than the datum Likewise, groupings of
scores will show which requirements are especially hard to meet.

m If most concepts get the same score on a certain cnifenon, examime that
crterion closely. It may be necessary to develop more knowledge in the area
of the criterion in order to generate better concepts. Or it may be that the
crterion 1s ambiguous, 1s interpreted differently by different members of the
team, or 15 unevenly mterpreted from comcept to concept. If the entenon
has a low importance weighting, then do not spend much time clanfying it.
However, if 1t 1s an important cniterion, effort is needed either to generate
better concepts or to clanfy the criterion.

m Toleam even more, redo the compansons, with the highest-sconng concept
used as the new datum. This iteration should be redone until a clearly “best™
concept of concepts emerge.

After each team member has completed this procedure, the entire team should
compare each member’s individual results. The results can vary widely, since
neither the concepts nor the req'u.lrements may be refined. Discussion among
the members of the group should result m a few concepts to refine. If it does

8.6 PRODUCT, PROJECT, AND DECISION RISK



1. What can go wrong?
2. How likely is 1t to happen?
3. What are the consequences of 1t happening?

8.6.1 Product Safety, the Goal of Product
Risk Understanding

8.6.2 Products Liability, the Result
of Poor Risk Understanding

8.6.3 Measuring Product Risk
8.6.4 Project Risk

Table 8.2 Tha mishap probabilities

Description Level Individual item Inventory
Frequent A Likely to occur frequently Continuounsly
(probability of eccumence = 10%:) experienced.
Probabls B Will oocur several times in life of Will ocoar frequently.
an item (probability of ccoumrence
= 1-10%)
Oiccasional C Likely to occur sometime in life Will oooar several times.
of an item (probability of occurmence
= 0.1—1%)
Eemaote D Unlikely, but possible to eccur i life Unlikely, but can
of an item (probability of occurmence rezsonably be
= 0.001-0.1%) expectad to oooar.
Improbable E So unlikely that it can be assumed that Unlikely to ocour,
oCCuITeRCe may not be experienced bt possible.

(probability of econmence < 0.0001%)

Table 8.3 The mishap saverity categonas

Description Category Mishap definifion

Catasmrophic I Dieath, system loss, or severs environmental damage

Critical I Severs injury, eccupational illness, major system damage,
of reversible environmenta]l damage

Marginal juni Minor injury, miner eccuparional illness, minor system
damage, or environmental damage

Megligible v Less than minor injury, ecoupational illness, system
damage, o environmental damage

Table 8.4 The mishap-assessmant malrix

Hazard category

I II I v
Frequency of occurrence Catastrophic Crifical Marginal MNeglizible
A. Freguent 1 3 ) 13
E. Probahble 2 5 o 16
C. Dccasional 4 ] 11 18
D Femuote g 10 14 1%
E. Improbable 12 15 7 20
Hazard-risk Index Criterion
1-5 Unacceptable
G—2 Undesirable
10-17 Acceptable with review
1820 Acceptable without review

Source for Tables 8 2-8.4: MIL-S5TD 882D



8.6.5 Decision Risk

Decision-makig nisks are the chance that choices made will not tum out as
expected (What can go wrong?). In busmess and technelogy. you only know 1if
youmade a bad decision sometime m the future. Simce decisions are calls to action
and commitment of resources, 1t’s only after the acthions are taken that you really
know whether the decision was a good one or a bad one.

Decision-making nisk 15 a measure of the probabihity that a poor decision has
been made (How likely 1s 1t to happen?) imes the consequences of the decision
(What are the consequences of it happemng”). The goal 15 to understand the
probabilities and consequences dunng the decision-making process and not have
to wait untl later, after the action has been taken.

Looking back at the Decision Matnx:

m What can go wrong? = A criterion is not met.
m What are the consequences of 1t happeming? = The customer 15 not satisfied.

m How lhikely 15 it to happen? = It depends on the incertamty. There 15 no real
measure of uncertamty m the Decision Matrix.

8.7 ROBUST DECISION MAKING

The great challenge during conceptual design evaluation is to make good decisions
in spite of the fact that the information about the concepts is uncertain, incomplete,
and evolving. Recent methods have been developed that are especially designed to
manage these types of decision problems. These methods are referred to as robust
decision-making methods. The word “robust” will be used again in Chap. 10 to
refer to final products that are of high quality because they are insensitive to
manufacturing variation, operating temperature, wear, and other uncontrolled
factors. Here we use the term “robust” to refer to decisions that are as insensitive
as possible to the uncertainty, incompleteness, and evolution of the information
that they are based on.

Belief map basics
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Figure 8.11 The four corpers of the belief map.
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I | 2
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Issue: i .:-: = = 2
Choose a MEF. wheel configuration —; i=| “ B =
: = = = =
= o = & =
Mass efficiency 35| 03 055 | 055 [ 077 | 071
Mamfachrabality | 03 0.5 033 [ 04 | 032
Available mbemal wheel vohmme 0| 035 072 058 | 084 | 067
Stiffness 35| 03 062 074 [ 085 | 068
| Satisfaction | 50 & &0 78 &7

Figura 8.13 Decision Matrix with Belief Map results.



8.8 SUMMARY

The feasibihty of a concept 15 based on the design engineer’s knowledge.
Often it 15 necessary to augment this knowledge with the development of
simple models.

In order for a technology to be used in a product, it must be ready. Six
measures of technology readiness can be apphed.

Product safety mmplies concern for mjury to humans and for damage to the
device itself, other equipment, or the environment.

Safety can be designed into a product, added on, or wamed against. The first
of these 1s best.

A mushap assessment 15 easy to accomplish and mives good guidance.

The decision-matrix method provides means of comparing and evaluating
concepts. The companson 15 between each concept and a datum relative to
the customers’ requirements. The matrix gives msight mto strong and weak
areas of the concepts. The decision-matnix method can be used for subsystems
of the ongmal problem.

An advanced decision matnix method leads to robust decisions by mcloding
the effects of uncertainty in the decision making process.

Belief maps are a simple yet powerful way to evaluate altematives and work
to gain team consensus.
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CHAPTER @ Product Generation

Form

Figure 8.3 Basic elements of product design.

9.2 BOMs

The Bill Of Materials (BOM), or parts list, is like an mndex to the product. It
evolves during this phase of the design process. BOMSs are a key part of Product
Life-cycle Management (PLM), as introduced in Chap. 1 (Figure 1.8). BOMs
are often built on a spreadsheet, which is easy to update (a Word template can
also be used). A typical bill of matenials 15 shown mm Fig. 9.4. To keep lists to a
reasonable length, a separate list is usually kept for each assembly. There are a
minimum of six pieces of mformation on a bill of matenals:

1. The item number or lefter. This 15 a key to the components on the BOM.

1. Thepart number: This is a number used throughout the purchasing, manufac-
turing, mventory control, and assembly systems to 1dentify the component.
Where the item number 15 a specific index to the assembly drawing, the part
number 15 an index to the company system. WNumbenng systems vary greatly
from company to company. Some are designed to have context, the part mam-
ber indicates something about the part’s function or assembly. These types of
systems are hard to mamtam. Most are simply a sequential number assigned
to the part. Sometimes, the last digit will be used to mdicate the revision
number, as in the Fig. 9.4 example.

3. The quantity needed in the assembly.

4. The name or description of the component. This must be a brief, descniptive
title for the component.

5. Thematerial from which the component is made. If the 1tem 15 a subassembly,
then this does not appear in the BOM.

6. The source of the component. [f the component is purchased, the name of the
company 15 listed. If the component 15 made in-house, this Ime can be left
blank.



8.3 Fomn Generation 24T

9.3.1 Understand the Spatial Constraints - Consirainis
The spatial constraints are the walls or envelope for the product. ’,’j: oo o Cligpicn
MMost products must work in relation to other existing, unchange- Farm. i__ ———n

able objects. The relationships may define actual contact or be ] Tl

for needed clearance. The relabionships may be based on the flow

of material, energy, or information as well as being physical. For Plustin

the one handed clamp the interface with work and the wserhand /" "N

15 physical and there 1s the flow of energy in the form of forces. e+ msca 7
Some spatial constraints are for functionally needed space, " sty

such as opfical paths, or to clear or nterfere with the flow of some

material such as air or water. Further, most products go through a series of opera-

tional steps as they are used. The functional relationships and spatial requirements

may change during these. The varying relationships may require the development

of a series of layout drawings or solid models.
Initially the spatial constraimts are for the entire product, system, or assembly;

however, as design decisions are made on one assembly or component, other spa-

tial constraimnts are added. For large products that have independent teams working

on different subassemblies, the coordination of the spatial constraint information

can be very difficult. PLM and solid modeling systems help in managing the

constramts.

9.3.2 Configure Components o o

Configuration is the architecture, siructure, or mrangemeni of the
componenis and assemblies of componenis in the product. De-
veloping the architecture or configuration of a product involves
decisions that divide the product into individual components and
develop the location and onentation of them Ewven though the
concept sketches probably contain representations of mdividual
components, 1t is time to question the decomposition represented.
There are only six reasons to decompose a product or assembly
Into separate components:

m Components must be separate if they need to move relative to each other. For
example, parts that shde or rotate relative to each other have fo be separate
compoenents. However, if the relative motion is small, perhaps elasticity can
be ult nto the design to meet the need for motion. This 15 readily accom-
plished in plastic components by using elastic hinges, which are thin sections
of fatigue-resistant material that act as a one-degree-of-freedom joint.

m Components must be separate if they need to be of different matenials for
fimetional purposes. For example, one area of the product may need to con-
duct heat and another must msulate and both these areas may be served by a
single component, were it not for these thermal resistance needs.



9.3.3 Develop Connections: Create and Refine
Interfaces for Functions

Thas 15 a key step when embodying a concept because the connec-
tions er interfaces between componenis support their function and
determine their relative posifions and locations. Here are guide-
lines to help develop and refine the interfaces between components:

m Interfaces must always reflect force equilibrium and consistent
flow of energy, material, and information. Thus, they are the
means through which the product will be designed to meet the
finctional requirements. Most design effort occurs at the commections
between components, and attention fo these interfaces and the flows through
them, 1s key to product development. Duning the redesign of an existing
product, 1t 15 useful to disassemble it; note the flows of energy, iInformation,




Complexity occurs pimarily at interfaces.

and materials at each joint; and develop the fimchonal model one component
at a ime.

After developing interfaces with external objecis, consider the interfaces
that carry the most crifical functions. Unfortunately it 15 not always clear
which functions are most cntical. Generally, they are those functions that
seem hardest to achieve (about which the knuwledge 15 the weakest) or those
descnbed as most important 1n the customers’ requirements.

Try to maintain fimctional independence in the design of an assembly or
component. This means that the vanation m each cntical dimension mn the
assembly or component should affect only one function. If changing a param-
eter changes multiple functions, then affecting one function without altering
others may be 1mpossible.

Exercise care when separating the product into separate components. Com-
plexaty anses since one function often occurs across many components or
assemblies and since one component may play a role in many fimctions.
For example, a bicycle handlebar (discussed in Section 2.2) enables many
functions but dees none of them without other components.

Creafing and refining interfaces may force decompositions that result in new
functions or may encourage the refinement of the functional breakdewn.

As the interfaces are refined, new components and assemblies come into existence.
Omne step in the evaluation of each potential embodiment 15 to determine how each
new component changes the fimchonality of the design.

In order to generate the mterface, 1f may be necessary to treat it as a new

design problem and uhlize the techmgues developed in Chaps. 7 and 8. When
developing a connection, classify it as one or more of these types:

Fixed, nonadjustable connection. Generally one of the objects supports the
other. Carefully note the force flow through the joint (see Section 9.3.4).
These connechions are usually fastened with rivets, bolts, screws, adhesives,
welds, or by some other permanent method.

Adjustable conmection. This type must allow for atleast one degree of freedom
that can be locked This connection may be field-adjustable or intended for
factory adjustment only. Ifit 15 field-adjustable, the fimction of the adjustment
must be clear and accessibility must be miven. Clearance for adjustability may
add spatial constraints. Generally, adjustable connechions are secured with
bolts or screws.

Separable connection. If the connection must be separated, the fimchons
associated with it need to be carefully explored.

Locator comnection. In many connections, the mterface determines the
location or onentation of one of the components relative to another Care



Determine how constrained a component needs to be,
and constrain it exactly that amount—no more, nor no less.

must be taken in these connections to account for emmors that can accummlate
In joints.

m Hinged or pivoting connection. Many connections have one or more degrees
of freedom. The ability of these to transmit energy and information 1s usually
key to the fimction of the device. As with the separable connections, the
fimctionality of the jomt itself must be carefully considered.

9.3.4 Develop Components

It has been estimated that fewer than 20% of the dimensions on
most components 1n a device are cnifical to performance. Thas 15
because most of the matenal in a component is there to connect
the functional interfaces and therefore is not dimensionally cnti-
cal. Once the functional interfaces between components have been
determimed, designing the body of the component 15 often a so-
phisticated connect-the-dots problem.

9.4 MATERIALS AND PROCESS SELECTION

At the same ime form 15 being developed, 1t 15 important to identfy matenals and

production techmiques and to be aware of their specific engineering requirements.
An expenienced designer has a short list of matenials and processes
in mind even with the earliest concepts.

In developing an understanding of the product, we may have
set requirements on materials, manufacturing. and assembl}r Ata
mininmum we did competitive benchmarking on similar devices,
studying them for conceptual ideas and for what they were made
of and how they were made. All this information influences the

v embodiment of the product n several ways:
Material = - Pmﬂufm First, the quantity of the product o be manufaciured greatly
s infiuences the selection of the manufactunng processes tobe used.




9.5 VENDOR DEVELOPMENT

When specifymgz systems. assemblies, or components you exther use what 13
available from vendors, or design new hardware. Mechanical designers seldom
design basic mechanical components (e.g., nuts, bolts, gears, or bearings) for
each new product, since these components are readily available from vendors.
For example, few engineers outside of fastener mamfacturing companies de-
sign new types of fasteners. Simalarly, few designers outside of gear companies
dengn gears. When such basic components are needed i a product, they are
usually specified by the designer and purchased from a vendor who specializes
in manufactunng them. In general finding an already existing product that meets
the needs mn the product 15 less expensive than desigming and manufactuning it,
since the compames that specialize m makmg a specific component have many
advantages over an in-house design-and-bwld effort-

m They have a lustory of designing and manufachmng the product. so they
already have the experhse and machinery to preduce a quality product.

m  They already know what can go wrong during design and production. A new
desizn effort requires extensive time and experience before reaching the same
level of expertise.

m  They specialize in the design and manufacture of the component, so they can
make it in volumes high enough to keep the cost below what can be achieved
through an m-house effort.

® Low development cost—How much 1s it going to cost to develop the com-
ponent. If it 15 truly COTS, then there are no development costs. However,
if work 15 needed to change a COTS system or part, or one needs o be
developed, then these costs may be significant.

m Low product cost—Many decisions are based solely on this eritenion. This
cost 15 lighly dependent on the volume (the mumber purchased), delivery
costs and many other factors. These will be addressed in Chap. 11 when we
discuss DEC, Design For Cost (Section 11.2).

m High product life cost stabili—Bevond the cost, 1t 15 important to consider
how the cost may change over time. Cost can be controlled better when you
make a component or can be locked in by confract.

m Low development lead time—If this and the next cnitenon are important;
they may domunate all the rest and force the purchase of a COTS component.
COTS components need no development lead fime.

m Low order lead time—Even COTS components have an order lead time.
Sometimes it can even be longer than the time needed to make the component
m house.

m High product qualit—5Sometimes quality must be traded off for cost or
time. It 15 important to understand from the beginming, the level of quality
needed to meet the engineenng specifications.

m  Good product support—To address this cntenon, fwo questons must be
answered: Who will be responsible for failures and maintenance of the com-
ponent or product? And, how much support will be needed?

m  Easy to change product—>Sometimes it 15 necessary to change the product
dunng its Lifetime. If it 1s COTS then you have no control over changes. If



Make/Buy or Vendor Selection
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Table 10.1 Best practices for product evaluation

Monitoring fonctional change (Sec. 10.2)
Croals of performance evaluation (Sec. 10.3)
Trade-off management (Sec. 10.4)
Accuracy, vartation, and noise (Sec. 10.5)
Modeling for performance evaluation (Sec. 10.8)
Tolerance analysis (Sec. 10.T)

Sensitivity analysis (Sec. 10.8)

Robust design (Secs. 10.9 and 100100
Dresign fior cost (DFC) (Sec. 11.2)

Valoe engineenng (Sec. 11.3)

Dresipn for manufaciure (DFAM) (5ec. 11.4)
Dresign for assembly (DFA) (ec. 11.5)
Dresign for reliability (DFE) (Sec. 11.4)
Dresign fior test and maintenance (Sec. 11.7)
Diesign for the environment {(Sec. 11.8)

10.2 MONITORING FUNCTIONAL CHANGE

Although the mam goal of evaluation 15 companng product performance with
engineenng targets, 1t 15 equally important to track changes made in the function
of the product. Conceptual designs were developed first by fimchonally modeling
the problem and then, on the basis of that model, developmng potenhal concepts
to fulfill these functions. This transformation from fimchon to concept does not
end the nsefulness of the functional modeling tool. As the form 15 refined from
concept to product, new functions are added.



Evaluation always requires a clear head
and twice the time you estimated.

clearly show what should be altered (patched) in order to make deficient products
meet the requirements, and they should demonstrate the product’s msensitivity
to vanation in the manufactuning processes, aging, and operating environment.
Eestated, the evaluation of product performance must support these factors:

1. Evaluation must result in numerical measures of the product for companson
with the engineenng requirement targets developed dunng problem under-
standing. These measurements must be of sufficient accuracy and precision
for the comparison to be valid.

Evaluation should give some mndication of which features of the product fo
modify, and by how much, in order to bring the performance on target.

3. Ewvaluahon procedures must nclude the influence of variations due to manu-
facturing, aging, and environmental changes. Insensitivity to these “noises™
while meeting the engineenng requirement targets results in a robust, quality
product.

Where traditionally engineenng evaluation has focused on only the first of these
three points, this chapter covers all three. Much emphasis 15 placed on the third
point, the consideration of vanation because of its direct relationship with product

This chapter 1s bult around Fig. 10.2, the P-diagram  This diagram will be
referenced and added to throughout thas chapter. In the P-diagram the letter
“P” stands for either product or process and can represent the enfire product
or some system, subsystem, or process within it. The preduct or process being
evaluated 15 dependent on the values of many parameters. These parameters may
be physical dimensions, material properties, forces from other systems, or forces
and motions from humans controlhng the system. They may be the temperature of

¥

Change vahues or redesign
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Product ar process

Target

Figure 10.2 The basic P-dizgram.



Know how to control what you can, make your product insensitive to
what you cannot, and be wise enough to know the difference.

the emvironment, the humidity, or the amount of dirt on the system. The parameters
are all the factors on whach the product or process depends and the values of these
parameters determine the resulting performance, ease of assembly, quality, and
other features of the product or process.

To evaluate the system we need to assess quality measures. These are
measures that commmmicate gqualty to the customer To evaluate the product
of process these quality measures must be compared to the targets set by the
engneering specifications (Chap. §). If the quality measures compare well to the
targets, then we have a qualty product. If they do not, then we have to change
the values of the parameters or redesign the system—changing the parameters
themselves.

Omne addition to the P-diagram 15 necessary when considerng dynanuc
function, the product or process may be responding to mput signals, as 15 shown
m Fig. 10.3. In thus case, the quality measures nclude system performance. Ex-
amples of systems with and without mput signals will be given i the chapter.

Changs vahies or redesizn
Parameters

Inpat siznals Crualify measurss Acceptable

_ Product or process ;
/!
Targat

Figure 10.3 The P-diagram with inpat signal.

10.4 TRADE-OFF MANAGEMENT
10.5 ACCURACY, VARIATION, AND NOISE



10.5.1 The Effect of Variation on Product Quality

In Table 1.1, we listed the results of a customer survey about what determines
gquality. Based on this survey, the most essenfial factors in a quality product are
“works as 1t should.” “lasts a long time,” and “1s easy to mamntam ™ The first of
these implies that not only does the product match 1ts targets, but that 1t also stays
on them regardless of vanations m operating conditions or age of the product,
and that all samples of the product work the same. The second quality factor says
that the product’s operation and looks should not vary with time. The thard says
that 1ts operation should not vary or need adjustment or other aftention as it ages
or 15 used in different simations. We can reduce all of this to one statement that
defines product quality:

A product is considered to be of high guality if itz guality measures stay on target
regardles: of parameter variation duoe to manufacturing, aging, or the environment.

“Quality measures” are those engineering requurement targets identified m the
House Of Quality and result in customer satisfachion. The product quality def-
mition 15 very mmportant. In fact, designers go to great length to control some
parameters so that they won't have an effect on the quality measures. Forexample,

m Confrollmg the temperature of food so 1t won't spoil regardless of room
temperature

m Conirollng the feel of power steenng so the dnver’s steenng expenence
stays constant regardless of road condibons

m Confrolling the dimensions of a part so they will fit with other parts regardless
of manufacturing, temperature, or aging



Change vahues or redesign
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Figure 10.9 Ths P-disgram with noise and conmol parameters.

Hand fitting parts is fun when making a prototype,
a disaster on the assembly line.

treated as uncontrollable. Noises affecting the design parameters are generally
classified as

Conirol parameters

*+ (reomery

+ Shock internal s=itings
+ Fecommend air pressure

Manufacturing, or unit-to-unit, variations, including dimensional vanations,
variations in matenal and other properties, and process vanations such as
those in manufacturing and assembly.

Aging, or deterioration, gffects, mcloding etching, corrosion, wear, and other
surface effects, along with material property or shape (creep) changes over
time.

Environmental, or external, condifions, mcluding all effects of the operating
environment on the product. Some environmental conditions, such as tem-
perature or humndity vanahons, affect the matenal properfies; others. such
as the amount of paper 1n the tray of a paper feeder or the amount of load on
a walkway, affect the operating stresses, strains, or positions.
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Figure 10,410 P-dizgram for bicycle suspension perfonmance.



10.6 MODELING FOR PERFORMANCE
EVALUATION

10.6.1 Step 1: Identify the Output Responses

(i.e., the Critical or Quality Parameters)

That Need to Be Measured

Often the goal in evaluation is to see if a new idea is feasible. Even with this
ill-defined goal, the important critical parameters, those that determine the performance,
must be clearly identified. In developing engineering requirements and

targets during the specification development phase of the design process, many
parameters of interest are identified. As the product is refined, other important
requirements and targets arise. Thus, throughout the development of the product,
the parameters that demonstrate the performance of the product are identified and
measured during product evaluation.

10.6.2 Step 2: Note the Needed Fidelity

Early in the product refinement, it may be sufficient to find only the order of
magnitude of some parameters. Back-of-the-envelope calculations may be sufficient
indicators of performance for relative comparisons.As the product is refined,

the accuracy of the evaluation modeling must be increased to enable comparison
with the target values. It is important to realize the degree of fidelity needed
before beginning the evaluation. Effort spent on a finite-element model is wasted
if a rough calculation using classical strength-of-materials techniques or a simple
laboratory test of a piece of actual material is sufficient. Getting this wrong

can lead to “paralysis by analysis”—overanalyzing to the point that progress is
stifled.

10.6.3 Step 3: Identify the Input Signal, the Control

Parameters and Their Limits, and Noises

It is important, before beginning to model a system, that a P-diagram is drawn
and the factors affecting the output be at least initially identified and classified.
Input signals are the energy, information, and materials modified by the product
or process. Usually these signals are important; however, they may be secondary
to the control parameters and ignored in many design situations

10.6.4 Step 4: Understand Analytical

Modeling Capabilities

Generally, analytical methods are less expensive and faster to implement than
physical modeling methods. However, the applicability of analytical methods
depends on the level of accuracy needed and on the availability of sufficient
methods. For example, a rough estimate of the stiffness of a diving board can

be made using methods from strength of materials. In this analysis, the board

is assumed to be a cantilever beam, made of one piece of material, of constant
prismatic cross section, and with known moment of inertia. Further, the load

of a diver bouncing on the end of the board is estimated to be a constant point
load. With this analysis, the important dependent variables—the energy storage
properties of the board, its deflection, and the maximum stress—can be estimated.
Using more sophisticated and advanced strength of materials modeling
techniques, the fidelity of the model is improved. For example, the taper of

the diving board, the distributed nature of the diver in both time and space,

and the structure of the board can be modeled. The dependent variables remain
unchanged. More parameters that are independent can now be utilized in a more
laborious and more accurate evaluation.



10.6.5 Step 5: Understand the Physical
Modeling Capabilities

Physical models, or prototypes, are hardware representations of all or part of the

final product. Most design engineers would like to see and touch physical realizations
of their concepts all the way through the design process. However, time,

money, equipment, and knowledge—the same resource limitations that affect
analytical modeling—control the ability to develop physical models. Generally,

the fact that physical models are expensive and take time to produce, controls

their use.

10.6.6 Step 6: Select the Most Appropriate

Modeling Method

There is nothing as satisfying in engineering as modeling a system both
analytically and physically and having the results agree! However, resources
rarely allow both modeling methods to be pursued. Thus, the method that yields
the needed accuracy with the fewest resources must be selected.

10.6.7 Step 7: Perform the Analysis or Experiments

and Verify the Results

Document that the targets have been met or that the model has given a clear
indication of what parameters to alter, which direction to alter them in, and how
much to alter them. In evaluating models, not only are the results as important
as in scientific experimentation, but since the results of the modeling are used
to patch or refine the product, the model must also give an indication of what

to change and by how much. In analytical modeling, this is possible through
sensitivity analysis, as will be discussed in Section 10.7. This is more difficult
with physical models. Unless the model itself is designed to allow easily changed
parameters, it may be difficult to learn what to do next.

For the Marin suspension system, steps 1-3 are included

10.7 TOLERANCE ANALYSIS
This section focuses on manufacturing variations and tolerances. We begin with
a discussion of the relationship between tolerances and manufacturing variations.

10.7.1 The Difference Between Manufacturing
Variations and Tolerance

10.7.2 General Tolerancing Considerations



10.7.4 Statistical Stack-Up Analysis

A more accurate eshmate of the gap can be found stahstically. Consider a
stack-up problem composed of n components, each with mean length [; and toler-
ance f; (assumed symmefnc about the mean), withi =1, ____ n (n 1s the number of
umaxial dimensions). If one dimension 15 identified as the dependent parameter
{(in the suspension example, the gap). then 1ts mean dimension can be found by
adding and subtracting the other mean dimensions, as in Eq. [10.1]. In general,

I=hthth+...£1, [10.2]

The sign on each term depends on the structure of the device. Simlarly, the
standard deviation 15

s=(F+d+-+2)" [10.3]

where the signs are always positive. (This basic statistical relation 15 discussed
m App. B.) Generally, “tolerance™ 15 assumed to mply three to six standard
dewviations about the mean value. More recently, this has, in some lugh-technology
mdustries even been as high as 9-sigma. For 3-s1gma, a tolerance of 0.009 m.
means that s = 0.003 and that 99.73% of all samples should be within tolerance
(1e., withmn 3o). Since 5 = /3, Eq. [10.3] can be rewniften as

:] 12 0.4

1 1
t=(d+d+.-+2
For the example,

]r# =1 — T +2 =T, [10.5]
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Figure 10.14 Gap diswibution

and

o= (2 +5+2x 1 }”: [10.6]

B

Say that we make the spacing 24.00 £+ (.10 mm_ then the gap and the tolerance
on 1t are

[ =24—(20-2%x2)=00mm [10.7]
and
te = (0.10% +0.03% +2 % 0.055)}? = 0.126 mm [10.5]

These results show that there is, on the average no gap and the tolerance on it
15 0.126 mm. Say that the fingers can flex up to 0.07 mm inward when bolted
without undue stress on the welds to compensate for any clearance. Further, say
that assembly personnel can get the parts in between the fingers even 1if there 13
a 0.03-mm interference. The question then 1s, what percentage of the assemblies
will meet these requirements?

This siuation 15 plotted mm Fig. 10.14. Assuming the tolerance calculated 13
3 standard deviations, and usmng standard normal probability methods (App. B)
the shaded area represents 71% of the assemblies. This means that 29% of the
time either the assembly people will have trouble assemblmg the device (24%)
or the welds will be overstreszed (3%0).

Inspecting each joint and reworking those that do not meet the specification
of swapping components between joints to meet them could be used to achueve
mcreased quality. Another way to increase the qualify is to use the results of the
analysis to redesign the joint. This 15 accomplished through sensifivity analysis.

10.8 SENSITIVITY ANALYSIS

Sensitivity analysis 1s a techmigue for evaluating the statishical relationship of
confrol parameters (e.g., dimensions) and their tolerances in a design problem.



In this section, we explore the use of sensitivity analysis for a smple dimensional
problem and then apply the method to the problem of the tank volume.

Sensitivily analysis enables the contribution of each parameter to the vanation
to be easily found. Rmmhng Eq. [10.3] in terms of P; = 5* /5",

1=P+PhA+---+F [10.9]

where F; 15 the percentage confribution of the ith term to the tolerance {or vanance)
of the dependent vanable. For the current example, these are

;!
p,= 210 _p63=63%

e = 0.05 = 5%
P = 5iag =005 =

0.05° .
P, = —— _ —0.16=16%
0.1267

With two washers total = 1.0 = 100%:

Thas result clearly shows that the tolerance on the spacing has the greatest effect on
the gap. For one-dimensional tolerance stack-up problems such as this, the results
of the sensitivity analysis can be used for folsrance design. Smce the spacing
causes 63% of the noise n the joint, it 15 the most likely candidate for change.

This techmque will work on all one-dimensional problems m which all the
parameters are dimensions on the preduct. To summanze:

Step 1. Develop a relationship between the dependent dimension and those it
15 dependent on, as mn Eq. [10.2] or [10.5]. Using each mndependent
dimension’s mean value, calculate the mean value of the dependent
dimension.

Step 1. Calculate the tolerance on the dependent vanable using Eq. [10.4] or
work mn terms of the standard deviations (Eq. [10.3]).

Step 3. If the tolerance found 1s not sahsfactory, 1dentify which mdependent
dimension has the greatest effect, usmg Eq. [10.9]. and modify 1t if
possible. Depending on the ease (and expense), it may be necessary to
choose a different dimension to modify.

Problems of two or three dimensions are sinularly selved, but the equations
relating the variables become complex for all but the simplest multdimensional
systems.

If the vanables are not related n a linear fashion, the equations already given
are modified This 15 best shown through the tank-volume problem mtroduced
earlier in this chapter. The major difference 1s that the parameters r (the radms) and
I (the length) are not linearly related to the dependent vanable, I (the volume), as
can be seenin Fig_ 10.4. The method shown next is a generalization of the method
for the linear problem. It 15 good for investgating any fimctional relabionship,
whether or not the parameters are dimensions.
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Consider a general fumction
F=fix1,x2, x3,...,Xn) [10.10]

where F is a dependent parameter (dimension. volume, stress, or energy) and the
x;'s are the control parameters (usually dimensions and material properties). Each
parameter has a mean T) and a standard deviation 5;. In this more general problem,
the mean of the dependent vanable 15 shll based on the mean of the mdependent
vanables, as in Eq. [10.2]. Thus

F=fiT],T0.73.....%,) [10.11]

Here, however, the standard deviation 15 more complex:

apes 2 -1 112
s:[(f})s‘%+---+(“) 5‘] [10.12]
dxy dx,,

Note that 1f 4F/dx; = 1, as 1t must in a linear equation, then Eq. [10.12] reduces
to Eq. [10.3]). Equation [10.12] 15 only an estimate based on the first terms of a
Taylor senes approximation of the standard deviation. It 15 generally sufficient
for most design problems.

For the tank problem, the independent parameters are rand [ The mean value
of the dependent vanable I"1s thus given by

V =3.141671 [10.13]

To evaluate this, we must consider specific values of r and [ There 15 an mnfi-
mte number of these pairs that meet the requirement that the mean volume be
4m’_ For example, consider point A in Fig. 10.13 (which is Fig. 10.4 with added
information). With 7 =121 mand/ = 0.87 m, from Eq. [10.13], V= im’.

The tolerances on these parameters can be based on what 15 easy to achieve
with nonuinal manifactunng processes. For example take f, =0.03 m (5, =0.01)
and iy = 0.15 m {5y = 0.05). These values are shown in the figure as an ellipse
around point &. Using formula [10.12], the standard deviation on this volume is

1 1 112
En"r | En"r |
6 = [(ﬁ) &4 (ﬁ) 5,] [10.14]

where

av

— — 6.2830r!

»

and

av

= 3.1416¢°

Forthe values in this example, 4V/dr = 6.61 and 3V/& = 4.60, 505, = 0.239 m’.
Thus, 99 638% {Eh.ree standard deviations) uf:mll the vessels huilt will have volumes
within 0.717m? (3 = 0.239) of the target 4 m” . Also, the percentage contnbution of
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Figure 10.15 Efect of noise on the potential selutions for the tank problem.

She who does not design a robust product
will be cursed with unhappy customers.

each parameter can be found as m Eq. [10.9]. Here the length conmbutes 92 3%
of the vanance in volume. However, noting that the tolerance on the length 1s
mmch larger than that on the radms and considenng the shape of the curve m
Fig 10.14, 1t 15 evident that a longer vessel with a smaller radins might yield a
smaller vanance in volume. If the control parameters are taken at r = 'I} 0 m
and [ = 5.09 m (pomt B m Fig. 10.14), the mean 1..’1]-11.II]1|E is still 4 m*. Now
aV/dr = 16.00 and aV/d = 0.78. so 5o, = 0. 166m’, which is 31% smaller
than at point A. Also, now the tolerance on r confributes 94% to the variance
m the volume. Note that we achueved the reduction in variance not by changing
the folerances on the parameters, but by changing only their nominal values.
The second design has lugher quality because the volume 15 always closer to
4 m’. If we can find the values of the parameters r and [ that give the smallest
vanance on the volume, then we are employing the philosophy of robust design.

10.9 ROBUST DESIGN BY ANALYSIS



For the tank.
C= {Emu'f.'rf - {m—-' ]25% - M:rr'-"'n' -

The munimum value of the objective fimction can now be solved With known
standard deviations on the parameters 5. and s; (or tolerances #- and ) and a known
target T, values for the parameters r and [ can be found from the denvatives of the
objective fimction with respect to the parameters and the Lagrange multiplier:

iy

EFC b |
5 = 0 = 2r2nl)*s? +4F°n*st + A2mrl

iy

o =0= 2!{2.11'.!'}153 + amr?
E =0=nrl -

da
Solving simultaneously results in

r=1.4141 ("_) [10.17]

411/3
2 rmnc

_ [H (5) ] [10.15]

Thus, for any ratic of the standard deviations or the tolerances, the parameters

are umquely determuned for the best (most robust) design. For the values of

,._IEI'I}I {fr = 0.03 m) and 5; = 0.05 (f = 0.15 m), these equations result m

=0.7lmand/=232m. Subshmhngﬂlesemalues mto Eq. [10.14], the standard

demahcm on the volume is 5, =0.138 m®. Com Jpa.nng this to the results obtained

m the sensitivity analysis, (.239 and 0.165 m”, the improvement in the design
quality 1s evident.

If the radius were harder to manufacture than the length, say 5, = 0.05 and
5; = 0.01, then, using Eqs. [10.17] and [10.1£], the best values furtheparametm
wouldbe r =206 mand I = 029 m. The resulting standard deviation on the
volume would be 0.233 m®.

In summary, the tolerance or standard deviation information on the dependent
vanables has been used to find the values of the parameters that nummmze the
vanation of the dependent vanable. In other words, the resulting configuration 15
as Insensifive to noise as possible and 15 thus a robust, qualty design.

If the standard dewviation on the volume 15 not small enough, then the next

step 1s to tighten the tolerances.
Fobust design can be summanzed as a three-step method:

Step 1. Establish the relationship between quality charactenstics and the confrol
parameters (for example, Eq. [10.10]). Also, define a target for the quality
charactenshc.
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Step 1. Based on kmown folerances (standard dewiations) om the comirol
vanables, generate the equation for the standard deviation of the quality
charactenstic (for example, Eq. [10.12] or [10.14]).

Step 3. Solve the equation for the mimmum standard dewviation of the quality
charactenstic subject to thus vanable being kept on target. For the exam-
ple given, Lagrange’s techmque was used; other techniques are available,
and some are even included in most spreadsheet programs. There are usu-
ally other constramis on this optimization problem that limit the values
of the parameters fo feasible levels. For the example given, there could
have been limits on the maximum and minimum values of » and 1.

There are some limitations on the method developed here. First, it is only
good for design problems that can be represented by an equation. In systems m
which the relanonships between the vanables cannot be represented by equations,
expenmental methods must be used (Section 10.10). Second. Eq. [10.13] does not
allow for the inclusion of constraints in the problem. If the radius, for example,
had to be less than 1.0 m because of space limitations, Eq. [10.15] would need
additional terms to mclude this constramnt.

10.10 ROBUST DESIGN THROUGH TESTING

It 15 often mpossible to analytically evaluate a proposed design because no
mathematical models of the system exist or the fidelity of those that do are too
low. In many cases, even when analysis 15 possible, the analytical model of the
system may not allow determmation of the effect of the noise on a proposed
dengn In either case, it is necessary to design and buld a physical model for
expenmental testing. In Chap. 8, physical models were used to venify the concept;
now they are needed to refine the product. The matenal m this sechion 1s an miro-
duction to Taguchn's expennmental method for the robust design of products. Like
many other topics, this subject has entire bocks devoted to it (see Section 10.12,
Sources); however, this material 1s sufficient to make us appreciate the sirength of
the method and 1ts complexity and enable us to apply it to the design of the tank
as a simple example. We will assume that we do not know the formula V = 7 72|
and only know " = f (r, I). To expenmentally find dimensions for radims and
length, we could begin by bulding a tank with some best-guess dimensions and
then measuring the volume. Then, 1f the volume was too hagh, we could build new
models. one with a smaller radius and another with a shorter length, and then mea-
sure the volumes. Based on these new measurements, we could fry to estimate
the dependence of the volume on each of the dimensions and iterate (1.e., patch)
our way to the target volume. This 15 the way most expenments are mun. This
“random walk” toward a solution may require many models, so it is not very
efficient. Additionally, the solution found could be anywhere on the curve shown
m Figs. 104 and 10.15; there 15 no guarantee that the final design will be the most
robust. The following steps can overcome these drawbacks.



10.10.1 Step 1: ldentify Signals, Noise, Control, and
Quality Factors (i.e., Independent Parameters)

Beferming back to the P-diagram mm Fig_ 10.9, it 13 necessary to list all the dependent
and mdependent parameters related by the product or system. Then 1t 1s necessary
to decide which of these are cnitical fo the evaluation of the product. Sometimes
this 15 not easy, and cnitical parameters or noises may be overlooked. This may
not become evident until data are taken and the results are found to have wide
dismbufion, implyimng that the model 15 not complete or the experiments have
been poorly done. It is essential to take care here fo understand the system.

The P-diagram for the tank (Fig. 10.16) shows that the designer has control
over the length and radius and that there are many noises that affect the volume
of liquud held. The fimction of the tank 15 to “hold liquid,” and its performance
is measured by how accurately the tank can be held to the target value of 4 m®.
The noises include the manufactuning vanations on the radius and length, and the
aging and environmental effects not considered here.

10.10.2 Step 2: For Each Quality Measure
(i.e., Output Response) to Be Evaluated,
Recall or Determine lits Target Value and the
Nature of the Quality Loss Function

Duning the development of the QFD, target values were determined and the shape
of the loss finction (see Table 10.2) was 1dentified. If this information has not
been previously generated for the parameter being measured, do thus before the
expeniment 15 developed.

Loss1s proportional to the Mean Square Deviation, M5D), the average amount
the output response 15 off the target. Thus amowunt 15 also often referred to as the
Signal-to-Noise ratio, or S/N ratio. Generally the 5/N ratio 15 —10 log (MSD).
The nunus 15 mecluded so that the maximum 5/N ratio 15 the mmimum quality
loss, the 10 15 used to get the wmts o decibels, and the loganthm 15 used to
compress the values.
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Figure 10.16 P-diagram for tank problem.



Table 10.2 Formulas for means and 5™ rafics
Croality loss funcion AMean square deviation (MSIV) S/N ratio

1 1o
Smaller-is-hett — . —101 — '
S S Dg(nzh)

i=]

le— 1 1 e 1
Largser-is-better — — —10 lo — —
. 2 (5) (23%)

i=] !

1 1
Mominal-is-best —% w =P +(F-—m? —10log - (v — 7
LY owic 1Yo

m = targat vale

The MSD and 5/N for the three most common fypes of targets identified m
Section 6.8 are shown in Table 10.2. For the smaller-i1s-better target, the larger
the value of the output, y, the larger the M5D and the smaller the SN ratio. In
other words, larger values of y are noise, so the signal 15 weaker relative to that
noise. For the larger-is-better case, smaller values of y are seen as noise.

The nominal-is-best target 1s more complex; there are many ways to calculate
the 5/ ratio. The most common 15 shown here. As shown im Table 102, the
mean square deviation 1s simply the sum of the vanation about the mean and
the accuracy about the target. Generally, cnly the sum of the vanation is used m
calculating the 5/N ratio, as shown in the table.

For the tank problem. 4 m® is a nominal-is-best target.

Parameter design is based on maximizmg the 5/N ratio and then tuning the
parameters to bring the desigm on target. In other words, the geal 1s to find the
conditions that make the product insensitive to noise and then use parameters that
do not affect the 5/N rafio to bring the quality functions to the desired value. The
use of this phulesophy will become clear in the example problem.

10.10.3 Step 3: Design the Experiment

The goal is to design an expenment that forces what ever can happen, to happen.
It 1s not sufficient to design a simple expenment in which the model 15 patched
and patched until it works once. This does not lead to a robust design. Instead,
the experniment should be designed so that the results give a clear understanding
of the effects on the output response of changing control parameters and an
understanding of the effects of noise. An 1deal experiment will show how to
adjust the control parameter to meet the target and show which one to choose so
that the resulting system 1s msensitive to noise.

The physical model of the product or system must be designed so that these
can be achieved:

m Control factors can be changed to represent the options available. This may
mean desigmng a mumber of different phiysical devices or designing one with



10.10.4 Step 4: Take and Reduce Data

The measured volumes of the tank are shown m Table 10.4 along with the
calculated values of the mean and nominal-1s-best 5/N ratio. Mean values and S/N
ratios are calculated for repetiions of each set of confrol and noise conditions.
Two of the mean values are fairly close to the target of 4 m® . This was the result
of luck m choosing the starting values for » and [ In fact, this result raises the
gquestion of which one 15 best, becanse they have vastly different values for radius
and length.

10.10.5 Step 5: Analyze the Results, and Select
New Test Conditions If Needed

The first set of expeniments may not yield satisfactory results. The goal 15 fo
maximize the 5/N rahio and then bring the mean value on target. For analytical
problems, we can find the true maximum (Section 10.9); here we can only estimate
when we reach that pomnt.

10.11 SUMMARY

Product evaluation should be focused on companson with the engineering
requirements and alse on the evolution of the function of the product.
Products should be refined to the degree that their performance can be rep-
resented as mumencal values in order to be compared with the engineering
requirements.

P-diagrams are useful for identifying and representing the mput signals, con-
trol parameters, noises, and oufput response.

Physical and analytical models allow for companson with the engineering
requirements.

Concemn must be shown for both the accuracy and the vanation of the model.
Parameters are stochastic, not determimstic. They are subject to three types
of noises: the effects of aging, of environment change. and of manufacturing
vanation.

Eobust design takes noise mto account dunng the determination of the pa-
rameters that represent the product. Fobust design mphies nuinimizing the
vanation of the cnitical parameters.

Tolerance stacking can be evaluated both by the additive method and by
statishical means.

Both analytical and expeniment methods exist for finding the most robust
design |



11.2.1 Determining the Cost of a Product

The total cost of a product to the customer (1.e., the list price) and 1ts constituent
parts are shown i Fig. 11.1. All costs can be lumped mto two broad categories,
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11.2.3 The Cost of Machined Components

Machmed components are manufactured by removing portions of the matenal
not wanted. Thus, the costs for machining are pnmanly dependent on the cost
and shape of the stock material, the amount and shape of the matenal that needs
to be removed, and how accurately 1t must be removed. These three areas can be
further decomposed into seven significant control factors that determine the cost
of a machimed component:

1. From what material is the component to be machined? The matenal af-
fects the cost in three ways: the cost of the raw material, the value of the scrap
proeduced, and the ease with which the matenal can be machmed. The first two
are direct matenal costs. and the last affects the amount of labor, the amount of
time, and the choice of machines that are used manufactunng the component.
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What tvpe of machine is used to manufacture the component? The type of
machine—Ilathe, honzontal mill, vertical mill, and so on—used in mamufac-
ture affects the cost of the component. For each type, there is not only the cost
of the machine fime 1tself but also the cost of the tools and fixfures needed.

What are the major dimensions of the component? This factor helps
determine what size of machines of each type will be required to manufacture
the component. Each machine in a manufacturing facility has a different cost
for use, depending on the mitial cost of the machine and its age.

How many machined surfaces are there, and how much material is to
be removed? Just knowing the mumber of surfaces and the material removal
ratio (the ratio of the final component volume to the mibal volume) can aid
in giving a good estimate for tome required to machine the part. Estimates
that are more accurate require knowing exactly what machiming operations

will be used to make each cut.

How many components are made? The number of components in a batch
has a great effect on the cost. For one piece, fixturing 15 mimimal, though
long setup and ahgnment fimes are required. For a few pieces, simple fix-
tures are made. For a lugh volume, the manufactunng process is automated
with extensive fixturng and numencally controlled machining.

What tolerance and surface finishes are required? The tighter the tolerance
and surface finmsh requirements. the more time and equpment are needed m
manufacture.

What is the labor rate for machinists?

As an example of how these seven factors affect the cost of machined components,
consider the component in Fig. 11.6.! For this component the seven significant
factors affecting cost are

o

t

=

The matenal 15 1020 low-carbon steel.
The major manufactunng machine i1s a lathe. Two additional machines need
to be used fo mull the fat surfaces and drill the hole.

The major dimensions are a 57.15-mm diameter and a 100-mm length. The
imtial raw matenial must be larger than these dimensions.

There are three tumed surfaces and seven other surfaces to be made. The final
component 15 approximately 32% the volume of the ongmal.

The number of components to be made 15 discussed m the next paragraph.
The tolerance vanes over the different surfaces of the component. On most

surfaces, 1t 15 nominal. but on the diameters, it 15 a fit tolerance. The surface
fimish, .8 pm (32 pin), 15 considered intermediate.
The labor rate used is $35 per hour; this includes overhead and fringe benefits.

11.4 DFM—DESIGN FOR MANUFACTURE
11.5 DFA—DESIGN-FOR-ASSEMBLY

EVALUATION

11.5.1 Evaluation of the Overall Assembly



b. Find the Improvement Potenfial.  To rate any product, we can calculate 1ts
improvement potential:

Actual number of y  / Theoretical minimum
components (IIJ.IIIleI of components

Improv t potential =
provement poten Actual number of components

c. Rate the Product on the Worksheet {Fig. 11.10).

m If the improvement potential 15 less than 10%:, the cuwmrent design 13
outstanding.

If the improvement potential 1s 11 to 20%, the current design 1s very good.
If the improvement potential 1s 20 to 40%, the current design 15 good.

If the improvement potential 15 40 to 6%, the current design 15 fair

If the improvement potential 15 greater than 0%, the current design 15 poor:

The improvement potential of the seat frame m Figure 11.1215(4-1)/4 =
75%. In this case, design is poor, but the volume 1s too low to use a methed to
further reduce the number of components.

As a product 15 redesigned, keep track of the actual improvement:

Actual improvement

Number of componentsy  /Number of components
mn mmhal design m redesign

Number of components m mtial design
11.5.2 Evaluation of Component Retrieval
11.5.3 Evaluation of Component Handling
11.5.4 Evaluation of Component Mating
11.6 DFR—DESIGN FOR RELIABILITY
11.6.1 Failure Modes and Effects Analysis



11.6.1 Failure Modes and Effects Analysis

The Failure Modes and Effects Analysis, FMEA | techmique presented here can
be used throughout the product development process and refined as the product
15 refined. The method aids m 1dentifying where redundancy may be needed and
in diagnosmng failures after they have occurred FMEA follows these five steps,
and can be developed m a simple table, as shown m Figure 11.32:

Step 1: Identify the Function Affected. For each function identified m the
evolution of the product, ask, “What if this fimetion fails to occur™ If functional
development has paralleled form development, this step is easy; the fimctons are
already 1dentified. However, if detailed functional information 1s not available,
this step can be accomplished by histing all the functions of each component
or assembly. For products being redesigned, the fimctions of a compenent or
assembly are found by examuning the connections or component mierfaces and
identifying the flow of energy, mformation, or matenals through them. Additional
considerations come from extending the basic question to read. “What 1f this

function fails to occur at the nght ime?” “What 1f thas fimetion fails to oceur n
the rnight sequence?” or “What if this fimction fails to occur completely?”

Step 1: Identifv Failure Modes. Foreach finction, there can be many different
failures. The failure mode 15 a desciption of the way a failure occurs. It 15 what
15 observed. what can be detected when the fimction fails to ocour.

Step 3: Identify the Effect of Failure. What are the consequences on other
parts of the system of each failure identified m step 17 In other words, if this
failure occurs, what else might happen? These effects may be hard to idenhfy
n systems in which the functions are not independent. Many catastrophes result
when one system’s bemgn failure overloads another system m an unexpected
manner, creating an extreme hazard. If fimctions have been kept independent, the
consequences of each failure should be traceable.

Step 4: Identify the Failure Caunses or Ervors.  List the changes or the design or
mamuifactunng errors that can cause the failure. Orgamze them nto three groups:
design errors (D), manufacturmg errors (M), and operational changes (0).

Step 5: Identify the Corrective Action. Cormrective action requires three parts,
what action 15 recommended, who 15 responsible, and what was actually done.
For each design error listed n step 3, note what redesign action should be taken
to ensure that the error does not occur. The same 15 true for each potential man-
ufactunng error. For each operational change, use the mformation generated to
establish a clear way for the fallure mode to be detected. This 1s important, as it
15 the basis for the diagnosis of problems when they do occur. For operahonal
changes 1t may also be important to redesign the device so that the failure mode
has a reduced effect on the function. This may include the addibion of other de-
vices (for example, fuses or filters) to protect the function under consideration;
however, the failure potential of these added devices should also be considered.
The use of redundant systems is another way to protect against failures. But

redundancy might add other failure modes as well as increase costs.
FAMF A 12 hezt mzed az a hattrmnoom tandl Thie meane farmeme nnoa detanlsd



11.6.2 FTA—Fault Tree Analysis

Fault Tree Analysis (FTA) can help in finding failure modes. FTA evolved in the
1960s duning the development of the Minuteman Missile System and has gained
muse ever since. The goal of this method is to graphically develop a tree of all the
faults that could happen to cause a system failure, and the logical relationships
among these faults. Further, there are analytical methods to compute probabilities
of faults, but we will only give a basic, usable introduction to the method here.
Fault Trees are lult from symbols that signify events and logic. The most
basic of these are listed in Table 11.2 and used m an example Fault Tree for
the MEF. (Fig 11.33). Tlus Fault Tree 1s a parhal analysis for the event “Loss of
Fover Mobality.” The full Fault Tree had hundreds of events identified. Fault Trees
are bwlt from the top down, begmmng with an undesired event (loss of Fover
mobility) taken as the root (“top event™). The steps for building a Fault Tree are

Step 1: Identify the top event. There should be only one top event.
Step 1: Identify the events (1.e., faults) that can pessibly occur to cause the top
event. Ask the question “What can go wrong?” repeatedly until all the events that

Table 11.2 Basic Fault Tree symials
Event block FTA symbaol Drescription

Event Anp event, something that happens to
something and causes a function to Sl

Basic Event ( > A basic initisting fault or a failore event.
Undeveloped Event <> An event that is not further developed.

Logical operation FTA svmbal Description

AND The oufput event ocours if all input events
OCCur

OR The onfput event eccurs if at least one of the
inpmt events aCours.
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11.6.3 Reliability

Once the different potential fallures of the product have been 1dentified, the relia-
bility of the system can be found and expressed i umts of reliability called Mean
Time Between Failures (MTBF), or the average elapsed iime between failures.
MTBF data are generally accumulated by testing a representative sampling of the
product. Often these data are collected by service personnel, who record the part
number and type of failure for each component they replace or repar.

These data aid in the design of a new product. For example, a manufac-
turer of ball beanngs collected data for many years. The data showed an MTBF
of 77,000 hr for a ball beanng operating under manufacturer-specified condi-
tions. On the average, a ball bearing would last 8.8 years [77,000/(365 » 24)]
under normal operating condifions. Of course, a harsh environment or lack of
lubnicahion would greatly reduce this hfetime. Often the MTBF value 15 ex-
pressed as its mverse and called the failure rafe L, the mumber of failures per
unit time. Failure rates for common machine components are given in Table 11.3,
where the failure rate for the ball beanng 15 177,000, or 13 failures per 1 million
hours.

Table 11.3 Failure rates of common componants

Mechanical failares, per 10° hr Electrical failures, per 10° hr
Bearing Metar 26
Eall 13 Bamery
Fooller 200 Laad acid 0.5
Sleeve 23 Mercary 0.7
Brake 13 Circuit board 0.3
Cluich 2 Connector 0.1
Compressor 65 {Fenerator
Diiffersntial 15 AT 2
Fan G DeC 40
Haat exchanger 4 Heater 4
(raar 0.2 Lamp
Pump 12 Incandsscent 10
Shock absorber 3 MNeon 0.5
Spring 5 Motor
Valve 14 Fractiomal hp i
Largs 4
Solencid 1
Switch G

11.7 DFT AND DFM—DESIGN FOR TEST
AND MAINTENANCE

11.8 DFE—DESIGN FOR THE ENVIRONMENT
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12.2 DESIGN DOCUMENTATION
AND COMMUNICATION

In the previouns chapters, many design best practices were infroduced to aid in
the development of a product. The documentation generated by these techniques,
along with the personal notebooks of the design team members and the drawings
and bill of matenals, constitute a record of a product’s evelution. Additionally,
summarnies of the progress for design reviews alse exist. All of this mformation
constitutes a complete record of the design process. Most companies archive
this information for use as a history of the evolution of the product, or in patent
disputes or liabihity itigation.

Beyond the information generated dunng the process, there 1s shll much to
be done to commumicate with those downstream in the product’s life. This section
briefly describes the types of additional documents that need to be developed and
commumcated.

12.2.1 Quality Assurance and Quality Control

Even 1f quality has been a major concern dunng the design process, there is
still a need for Quality Confrol (QC) mspections. Incoming raw matenals and
mamufactured components and assemblies should be mspected for conformance
to the design documentation. The industnal engineers on the design team usually
have the respensibility to develop the QC procedures that address the questions,
What 15 to be measured? How will it be measured? How often will 1t be measured?

Quality Assurance (QA) documentation must be developed if the product 15
regulated by government standards. For example, medical products are controlled
by the Food and Drug Admunistration (FDA), and manufacturers of medical de-
vices must keep a detailed file of qualify assurance information on the types of
matenals and processes used in thewr products. FDA mspectors can come on site
without prior notification and ask to see thus file.

12.2.2 Manufacturing Instructions

A good drawimg should have all the mformation needed to manufacture a compo-
nent. Nonetheless, each plant has a certam set of manufacturing equipment, jigs
and fixtures, and processes to make each component. Industnal engineers have
the major responsibility for developing these manufactuning imstructions. In very
small compamnies, those with no industnal engimeers, mamifactuning instractions
may become the responsibility of the product designers.



12.2.3 Assembly, Installation, Uperating,
and Maintenance Instructions

We have all purchased products, opened the box, and seen that there was “some
assembly required.” Then, on reading the direchions, found that they were unin-
tellimble. Simlarly, most software user manuals are mpossible to decipher. In
smaller orgamizations, engineers often get to write assembly, installation, operat-
mg, and maintenance mstructions. In larger orgamzations, engineers may work
with professional wrters to create these documents. Either way, it 1s important to
understand what 15 required to develop a good set of mstructions.

For many products, assembly insirucifions are part of the total design package.
These mstrachons spell out, step by step, how to assemble the product. Ths 15
necessary whether the assembly 1s done by hand or by machine. The generation
of assembly instructions, whle tedious, can be enlightening in that the assembly
itself 15 refined. the assembly sequence (Section 11.5) 1s refined. and jigs and
fixtures for holding the assembly are developed. Installation instructions mmclude
mstmuctions for unpacking the 1tems and making the necessary connections for
power, support, and environmental control. Instmctions for mmtial start-up and
testing may also be ncluded. For many systems, these are major parts of the final
product package. Operation instructions mclude mstructions on how to operate
the device over the normal range of activity. Vanous modes—start-up, standby,
emergency operation, and shutdown—may be descnbed. Instructions on how to
determimne when the equupment 15 failing may also be included. Finally, all prod-
ucts need mamtenance. Maintenance instructions may be included with operating
mstmctions. Mamtenance can range from somethng as simplistic as cleamng the
surface of the product to total disassembly and mspection.

Although wnting mstructions may not seem like a task swited for an “eng-
neer,” writing them can help you understand your product in a unique way. It
forces you to assume the role of assembler, mstaller, operator, and maintainer. In
fact, wnting mstructions 15 helpful to understanding your product if you begin to
write them early in the design process.

Some gmdelines for wrniting mstmictions are

1. Eead as many similar mstruction manuals as you can. Many mmpames- post
their manuals online, or you can obtain one by calling a company’s head-
quarters and requesting a copy.
Organize mstructions info sections to make 1t easy to find answers. Do not
write in the order you developed the product, write in the order in which it
will be assembled mnstalled operated, or maintained. A good way to under-
stand the difference 1s to walk through assembling. mstaling. operating, or
maintaining the product while pretendmg you have no knowledge beyond
that which you assume the readers of the mstructhons to have.
3. EBecnut members of the user community not fanmliar with the produoct to test
your instruction manuals. It 1s best if you hand them the instructions and then
watch them assemble, mstall, operate, or mamntain the product using what

W
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you wrote. It 1s important not to say anything while observing. It 1s amazing
to witmess how much you have assumed. You need to observe whether or not
the mstructions are easy to follow, or if searching, rereading, and interpreting
are required? Instuctions should consist of short paragraphs explammg the
process, plus accompanying numbered or bulleted hists, figures, photographs,
or screenshots, and steps for users to follow. Text mstuctions embedded
long paragraphs are extremely difficult to follow.
4. Make mstmictions activity centered. Explain the most basic acivities and
how to accomplish them. Make the explanations short and simple and do not
explam every knob and button and menu 1tem.
Put legal warmings in an Appendix. When mstructions are needed, they are
needed right away, and having to work one’s way through pages of legal
warmngs only mcreases the anxiety level and decreases the pleasure of the
product. Moreover, people skip these anyway, so they are ineffective. Consult
with a lawyer to make sure you include the nght wording to protect your com-
pany and employees from potential habihity. This 15 especially important if
you have to write mstructions for products that may be potentially dangerous.
6. Hire an excellent technical wnter. The instruction wnters should be a part of
the design team. Ideally, mstructions are written first, to help understand the
volce of the customer.

12.3 SUPPORT

Although not usually thought of as part of the design process, support for down-
stream activities often takes a sizable portion of engineermg time. It has been
estimated that about 20 to 30% of all engineerng tume 135 spent supporting exist-
g products. Support mcludes mamtaiming vendor relationships, interfacing with
customers, supporiing manufactunng and assembly, and maintaming changes (see
Section 12 4).

12.3.1 Vendor Relationships

Very few products are made solely m house. In fact, many companies make no
components themselves and only specify, assemble, sell, or distnbute what others
make. Others only specify and make nothing themselves. Thus, for most com-
pamies, relabonships with thewr vendors are crucial. Prior to 1980, many large
compamies had thousands of vendors, each chosen for its low bad to make a com-
ponent or assembly. These companies realized, however, that this was a poor way
to do busimess, because the cheapest components were not always of the highest
gquality even if they met the specifications. Addifionally, managing thousands of
vendors proved very expensive and difficult.
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Guidelines that can help you build and maintamm geod vendor relationships

nclude:

1.

L¥ 1 ]

Know your goals and your vendor’s goals. Building a strong vendor relation-
5]:|.1p means more than cutting product or service costs. It is about improv-
mg value provided to the business, reducing the fime to deliver solutions.
reducing staff effort. and much more. Define the goals and objectives of your
department/company and work only with vendors who are aligned with your
goals. Vendor’s gnals may nclude building a center of excellence, entering
new markets, gaining market share within a product line, developing industry
verticals, and so on. It 15 very important for your relahonship to understand
the vendor’s goals and deternune how your organization fits into thas strategy.
When the vendor’s goals are aligned with your goals, the relationship will be
more successful since you are both working toward the same end results.
Define clear relationship guidelnes. Meeting with a vendor only when there
is a problem with a product is a problem relationship from the beginning Both
organizations lose from thos relabionshop. Clearly defining a regular vendor
meeting structure with a defined agenda is the key for both orgamzations to
understand the goals, needs. wants. and actionable items of the other. Both
parties must clearly understand each others obligations, who 1s responsible,
and the expected outcomes. Clearly defining this up front 15 a key success
factor.

Involve vendors early. When dealing with vendors, you cannot afford delays
and extensive alterations. Treat them as your customers early in the product
development process, include them on teams, and enlist their expertise as
you design the product.

Establish relationships. It 15 important to have vendor pariners who under-
stand that the relationship should be win-win for both parties. If you do a lot
of business with a particular vendor, he or she will reward you for your loyalty
by offering discounts and incentives to you. They will even go out ufﬂ:teuna‘t
to help you by speeding up the shipment process if you need to quckly s]:up
some orders, for example, or receive a back order. There should be a smgle
point of contact in both organizations and they should get to know each other.
Treat vendors with respect. The Golden Fule of any relationship 1s, “Treat
others as you want to be treated, with respect and mtegnty.” Treat your ven-
dors like your customers, and they in tum will treat you like a customer. All
successful relafionships are built on mutal trust. Only work with vendors
that have a good reputation, ones that keep their word. Likewise, be honest
and forthcoming in your commumeations to vendors.

Communicate. Put everything in wnhng—responsibiliies, expected sales
volume, payment, mode of payment. and so on. Anything you think may
canse misunderstanding and strained vendor relationships later must be put
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down in wnting beforehand When in doubt, talk 1t out. What works for -
terpersonal relationships also serves as a reliable mle of thumb for fostering
healthy relahans]:ups with your vendors. Poor commumication will reduce
your relahnnsh.lp tn “It 15 not in the contract™ instead of the response “How
can we help you.”

Stay professional. Things go wrong in life. When they go wrong in a relation-
slnp the smartest thing to do is to deal with the problem calmly and factually,
n order to avold numng the relationship.

12.3.2 Customer Relationships

Although many companies isolate their engineers| from their customers, others
make an effort to close the loop with direct feedback from customers to engineers.
Most companies have a product service department that handles day-to-day cus-
tomer commumication and filters mformation reaching the engineers. This 1s both
necessary and a problem as mtermuptions slow the development of new products,
but some direct contact improves the product developer’s understanding of how
the products are being used, their good features, and their bad features.

Other companies, especially those that produce low-volume products, have
the engmeers work directly with customers. Using methods like quality function
deployment keep that commumeation pesifive and useful

12.3.3 Manufacturing and Assembly Relationships

In Chap. 1, the over-the-wall design method showed mmformation flowng from
design to production and not back agan. Most modemn companies fry to main-
tamn commumecation between the two groups so that problems in manufactunng
and assembly, those that can lead to changes, are mimmized Methods already
discussed like concem for the product life cycle, DFM, DFA, and PLM all help
break the over-the-wall way of deing busimess. For example, quoting from a Neon
design manager at Chrysler, “Ttused to be that the engineers handed off the project
to the assembly plant 28 weeks before volume production began . . . now work-
ers began meeting with engineers on the Neon 186 weeks before Job One.” At
various stages of Neon development, busloads of engmmeers traveled en masse fo
meet with manufacturing and assembly workers to ready the car for production.
These meetings focused on designing the product to be easy to manufacture and
assemble. This transformation 15 significant for a company of Chrysler’s size.

12.4 ENGINEERING CHANGES

Although this book encourages change early m the design process, change may
stll occur after the product 15 released to production (see Fig. 1.5). Changes are
caused by

m Comection of a design error that doesn’t become evident untl testing and
modeling, or customer use reveals it



A change in the customers’ requurements necessitating the redesign of part of
the produoct.

A change in matenal or manufactunng method This can be cansed by a lack
of matenal availablity, a change m vendor, or to compensate for a design
ETTOL.

To make a change in an approved configuration, an Engineering Change Nofice
(ECN), also called an Engineering Change Order (ECO), 1s required. An ECN
15 an alteration to an approved set of final documents and thus needs approval
itself. As shown mn the example in Fig. 12.3, an ECN must contain at least this
mformation:

Identification of what needs to be changed This should mclude the part
number and name of the component and reference to the drawings that show
the component in detail or assembly.

Eeason(s) for the change.

Descniption of the change. This includes a drawing of the component before
and after the change. Generally, these drawings are only of the detail affected
by the change.

List of documents and departments affected by the change. The most impor-
tant part of making a change 15 to see that all periment groups are notified
and all documents updated.

Approval of the change As with the detail and assembly drawings, the
changes must be approved by management.

Instruction about when to miroduce the change—immediately (scrapping
current inventory), dunng the next produchon mn, or at some other milestone.

12.5 PATENT APPLICATIONS
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Engineering Change Notice

Design Organization:

Date:

Subject of Change:

Reascon for Change:

Description of Change (include drawings as attached pages as needed):

Impact of change: Tearn member:

O Bill of Materials Team member:

Tearn member:

Tearn member:

Prepared by

Checked by

Approved by:

The Mechanical Design Process
Copyright 2008, MeGraw-Hill

Ciesigned by Professor Dawid G. Ullman
Form # 26.0

Figure 12.3 Engineering change notice.
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Patent Specification

Design Organization:

Date:

Title of Invention

Abstract:

Background of the Inwention

Summary of the Invention:

Description of Drawings:

Claims

Attach drawings as nesded

MWotes about filing with the patent office:

Team member:

Team member:

Team member:

Team member:

Preparsd by:

Checked by:

Witnessad by:

The Mechanical Design Process

Copyright 2008, McGraw-H

Designed by Professor David G. Uliman
Form # 27.0

Figure 12.5 Patent Specification



-,
A

A tomakers

r:

Wehicles

Companiss Comipaniss
' il
h Dealers "_v“} :n%;:'*: Waste
£ *«\
E_.g Used 'E; E ‘
s car
] N [-m
E E’E 'jE:ff"' » £ 30— 55%
2 | ki |
=
E.
Users j 102 30%
p— N s t

<Iii.-:mcn':|]

Approximataly 3 million
tons (2.8 metric tons) per
vear af ASE to landfills:

= 48%: plastic

* 13% rubker

= 19% glass

= 2% oiher

EUT ASE 1.5 mefmic tons

Salimg

Engines, tires, transmissions,
batteries, catalylic converters, ebo

Fermous,
non-fermons metals

Figure 12.6 The lifs cycle of a vehicls emphasizing ELVs,

A.2 Properies of the Most Commonty Used Materizls

38

Alaterial

1020steel . . ... ... 1
1040steel L. 2
Ald40smeel ... ... L3
4340steed . 4
530400 stainless steel . . L3
5316 stainless steal . . . 8
Ol wolstesl . .. ... .. 7
Graycastimom . . .. ... B
2024 alominum . . .. . . o
00300300541 ... .. 10
5061 alominum. . . . . . 11
7075 alominum . . . . . . 12
CM58copper . . .. ... 13
Titanmm &-4 . . . . . .. 14
Maznesmm ATSIA 13
ABS. ... L. 14
Polvcarbonate . . . . . . 7
Nylon 6. . .. .. ... 18
Polypropylene . . . . . . 19
Polystyrens . . . . . . . .20
Abumina ceramic . . . . .21
Graphite ceramic . . . . .22
Douglasfir . . .. ... .23
Fiberglass . ... ... .24
Graphite/epoxy - - . . - . 25

1

Note: Longitading] value for praphite’eposy.

1 MPa=144.7 psi

Figure A.1 Tensils strength.
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