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Preface to the second edition

Our intention in preparing the first edition was to provide a comprehensive coverage
of the product development process—from conceiving a product to designing it and,
finally, manufacturing it. The coverage also included a critical aspect of the product
development process, that is, design of the facility to manufacture the final product.
We felt that such coverage was lacking; most product design books on the market tend
to be single dimensional, covering only one aspect of the product development pro-
cess. The coverage tends to focus on manufacturing, marketing, materials, quality, or
some similar aspect. The excellent reviews the first edition received from professional
journals and peers, and its adoption by many universities in their curricula motivated
us to undertake the preparation of the second edition.

As we noted in the first edition, much of the information focuses on the funda-
mentals of the product development process; it is time-tested and covers the basics
of issues such as the product design process, selection of materials, and choice of
the manufacturing method, and is, therefore, not subject to drastic changes from edi-
tion to edition. The reader will find that much of the basic information has remained
unchanged, or has undergone only minor changes in the second edition as well. We
have added and corrected material throughout the text. As new research has come
to light, we have made additions accordingly. For instance, a new chapter has been
added integrating design guidelines pertaining to concurrent consideration of product
usability and its functionality. Basic information in Chapter 1 has also been updated.
The changes in the second edition, thus, are incremental in nature.

As before, the chapters are divided into three parts. One can focus as much attention
on each part as one desires. We would like to emphasize that the product development
process involves a wide variety of expertise that simply cannot be provided by a single
individual. It is a team process rather than a singular effort. And yet there are aspects
that rely more on the creativity of an individual than the whole team—for instance, con-
ceiving the physical form or the preliminary design. In a classroom setting, therefore,
one can emphasize both individual creativity as well as team effort.

It is our hope that this revised edition will be as useful as the first edition and will
continue to provide an overview of the entire product development process to indi-
vidual practitioners, students, and researchers.

We are very thankful to our colleagues and reviewers who have encouraged us to
undertake the preparation of the second edition by providing positive feedback. This
feedback is particularly appreciated as it has come unsolicited. For this we are very
grateful. We hope the revisions included in the second edition prove to be as useful as
the materials in the first edition and that we have not failed our readers.



Preface

Manufacturing is essential for generating wealth and improving the standard of
living. Historically, developed countries have devoted at least 20% of their gross
domestic product (GDP) to manufacturing. It is unlikely that any nation would
achieve the “developed” status without a significant proportion of its GDP-related
activities devoted to manufacturing. Furthermore, the manufacturing activities must
culminate in production of high-quality products that people need and want, globally.
The emphasis on a global market is critical in today’s economy, characterized by
shrinking national boundaries and globalization of the marketplace. Not only should
the products manufactured be wanted, these should be high-quality products that are
reliable, economical, and easy to use and produce, and are brought to the market in
a timely manner.

Efforts to develop, design, and manufacture a consumer product knowledge base,
by and large, have been fragmented and can be categorized into two main domains.
The first domain primarily comprises product developers who emphasize issues such
as identifying the market, defining product features, and developing promotional
strategies for the market. The second domain comprises mainly manufacturing and
design engineers involved in the technical details of product design and manufacture.
In this context, the emphasis to date has been on only manufacturing processes; to
a very limited extent engineers have focused on issues of product assembly and
maintenance.

As is evident, the development, design, and manufacture of consumer products
entails not only the interests of people in both domains but also those of the consumer
and the user (the two are not necessarily the same). Among their interests are attrib-
utes such as a product’s usability, its functionality, and how its function can be main-
tained and repaired. From the design and manufacturing perspective, there are many
other important considerations, such as how the product components are assembled,
how the product will be disassembled during the course of routine maintenance or
troubleshooting and at the end of its life, and how the material-manufacturing—cost
configuration will be optimized. Such a comprehensive approach to product develop-
ment, design, and manufacture is lacking at present. Also, no books are available that
propagate teaching such a comprehensive product development and design approach.

This book provides a comprehensive approach to product development, design,
and manufacture and attempts to fill the existing void. While this comprehensive
approach has been outlined in archival research publications and taught at the
University of Cincinnati at the graduate level in its College of Engineering, it is yet
to become widely available to students at large. This book is intended to share our
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perspective on the entire product “development to manufacture” spectrum and empha-
sizes the “how-to” process.

Chapters 1 through 3 outline the importance of manufacturing in the global
economy, what kinds of products to develop, and what is the general product design
process. In other words, they discuss why manufacture, what to manufacture, and
how to design what to manufacture. Then Chapters 4 through 10 discuss and describe
specific methodologies dealing with the selection of material and processes, and
designing products for quality, assembly and disassembly, maintenance, functional-
ity, and usability. In Chapters 11 through 13, we cover some basics of manufacturing
cost estimation, assessing (forecasting) market demand, and developing preliminary
design of the facility to manufacture the developed product. While not directly related
to product development and design, we consider this information critical in the overall
product manufacture cycle.

While this book is intended for senior and starting level graduate students, it
should prove useful to any product designer interested in cradle-to-grave design. It
should be particularly useful to all design and manufacturing engineers, production
engineers, and product design researchers and practitioners.

We wish to thank our numerous colleagues and many former students who have
encouraged us to undertake the writing of this book, telling us time and again how
much such an effort was needed. We hope we have not failed them and have met their
expectations, partially if not fully.
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The Significance of
Manufacturing

1.1 Globalization and the world economy

Globalization of the marketplace is synonymous with, or akin to, the free flow of
goods and services, labor, and capital around the world. Aided by huge improvements
in global communication and the transport industry, the barriers to free trade are being
eroded, and most countries are advancing on the path to embracing market capital-
ism. This includes not only traditional capitalist nations such as the United States and
United Kingdom, but communist giants such as China and social republics such as
India. In countries such as India and Brazil, large pools of inexpensive and relatively
skilled workers are putting pressure on jobs and wages in the rich countries in Europe
and North America and, lately, China (a machine operator in China earns about $6405
compared to $4817 in India; Time, 2013). For consumers, the benefits of free trade
are reflected in cheaper and better quality imports, giving them more for their money.
This, in turn, forces the domestic producers to become increasingly competitive by
raising their productivity and producing goods that can be marketed overseas.

For a long time, the West (North America and Western Europe) dominated the
world economy by accounting for most of the global output of products and services.
This picture has undergone a major change in the last few years; currently over half
the global economic output, measured in purchasing power parity (to allow for lower
prices in economically poorer countries), is accounted for by the emerging world.
Even in terms of GDP (gross domestic product), the emerging world countries (also
referred to as the Third World or poor countries) account for nearly one-third the total
global output and more than half the growth in global output. The trend clearly indi-
cates that economic power is shifting from the countries of the West to emerging ones
in Asia (King and Henry, 2006; Oppenheimer, 2006). At the present time, developing
countries consume more than half the world’s energy and hold nearly 80% of the
foreign exchange reserves; China leads the pack, with nearly $3.66 trillion in foreign
exchange reserves (The Wall Street Journal, 2013). The exports of emerging econo-
mies in 2012 were approximately 50% of total global exports. Clearly, this growth in
the emerging world countries, in turn, accelerated demand for products and services
from traditionally “developed” countries. Globalization, therefore, is not a zero-sum
game: China, India, Brazil, Mexico, Russia, and South Korea are not growing at the
expense of Western Europe and North America. As individuals in emerging econo-
mies get richer, their need and demand for products and services continue to grow.

Product Development. DOI: http://dx.doi.org/10.1016/B978-0-12-799945-6.00001-6
© 2014 Elsevier Inc. All rights reserved.
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Figure 1.1 Emerging economies as a percent of the world total.
Source: Adapted from The Economist, August 4, 2011.

As the emerging economies have become integrated in the global economy, the
Western countries’ dominance over the global economy has weakened. Increasingly,
the current boost to global economy is coming from emerging economies, and
rich countries no longer dominate it. With time, industrial growth in the developing
countries, as indicated by the growth in energy demand (oil), is getting stronger.
Figure 1.1 shows emerging economies in comparison to the whole world using a
number of measures. For instance, growth in emerging economies has accounted
for nearly four-fifths of the growth in demand for oil in the past 5 years. Further, the
gap between the emerging economies and developed economies (defined by mem-
bership in the Organization for Economic Cooperation and Development prior to
1994), when expressed in terms of percentage GDP increase over the prior year
(growth rate), has widened (Figure 1.2). Between 2003 and 2013, the emerging
economies have averaged nearly 8.5% annual growth in GDP (International Monetary
Fund, 2013) compared to just over 2.5% for the developed economies. Figure 1.3,
for instance, shows the trend in the US GDP growth. If such trends continue, the
bulk of future global output, as much as nearly two-thirds, will come from emerging
economies.

When the current and anticipated future GDP growth are put in historical perspec-
tive, the post-World War II economic growth and the growth during the Industrial
Revolution appear to be extremely slow. It would be fair to say that the world has
never witnessed the pace of economic growth, it has undergone in the last two dec-
ades. Owing to lower wages and reduced capital per worker, the developing econo-
mies have the potential to raise productivity and wealth much faster than the historic
precedent. This is particularly true in situations where the know-how and equipment
are readily available, for instance, in Brazil, Russia, and India; China has been losing
the wage advantage as labor costs there are getting increasingly higher.

Associated with fast economic growth are higher living standards for the masses
and greater buying power. While, on one hand, this has increased the global demand
for products and services, on the other hand, it has created a fear of job and industrial
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Source: Adapted from International Monetary Fund, World Economic Outlook Database,
Hopes, Realities, Risk, 2011.
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Figure 1.3 United States GDP growth in recent years.
Source: Adapted from Bureau of Economic Analysis, U.S. Department of Commerce, 2012.

output migration to less capital-intensive emerging economies. Such fears are base-
less, as the increased demand in emerging economies is creating greater demand for
products and services from both internal and external sources in the newly developing
markets. The huge and expanding middle-class markets in China and India just prove
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the point. It is anticipated that the global marketplace will add more than a billion
new consumers within the next decade. And, as these consumers mature and become
richer, they will spend increasingly more on nonessentials, becoming an increasingly
more important market to developed economies (Ahya et al., 20006).

While the integration of emerging economies is resulting in redistribution of
income worldwide and a lowering of the bargaining power (lowering of wages and
shifting of jobs to low wage countries) of workers in the West, it should be realized
that emerging economies do not substitute for output in the developed economies.
Instead, developing economies boost incomes in the developed world by supply-
ing cheaper consumer goods, such as microwave ovens, televisions, and computers,
through large multinationals and by motivating productivity growth in the West
through competition. On the whole, growth in emerging economies will make the
developed countries better off in the long run. Combined with innovation, manage-
ment, productivity improvements, and development of new technologies, the devel-
oped economies can continue to create new jobs and maintain their wage structures. If
wages remain stagnant or rise more slowly, this would have more to do with increas-
ing corporate profit than competition from emerging economies. Figure 1.4 makes
the point that corporate profits in the G7 countries have been increasing in the last
four decades (U.S. Department of Commerce, 2012). Increased competition, however,
should reduce profits and distribute benefits to consumers and workers over a period
of time. An estimate by the Petersen Institute for International Economics states that
globalization benefits every American family to the tune of $10,000 per year or nearly
10% of the family annual income (Bergsten, 2010). This translates into almost $1 tril-
lion in benefits to the American economy and a tremendous boost in output.

Corporate profits after tax (without IVA and CCAdj) (CP)
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Figure 1.4 G7 corporate profits as a percent of GDP.
Source: Adapted from Bureau of Economic Analysis, U.S. Department of Commerce, 2012.
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1.2 Importance of manufacturing

The synopsis of globalization and the state of the world economy presented in the
previous section leads to a simple conclusion: global output will continue to rise, and
at a faster pace as the consumer markets around the world get bigger and bigger. This
presents both emerging and established economies with an unprecedented opportu-
nity to boost national prosperity by efficiently producing high quality products that
are needed and wanted. Any shortcoming in achieving this outcome most certainly
is going to result in a loss of competitiveness in the global market. For emerging
economies, the stakes are much higher, as this will jeopardize the very prospect of
these economies ever achieving a “developed” status. In fact, manufacturing activi-
ties are essential for any nation for the creation of wealth, raising the standard of
living of its population and, ultimately, achieving a high economic status. In fact, no
nation in the world has ever achieved developed status without a manufacturing base
that comprises at least 20% of GDP and provides at least 30% of the goods traded
between nations (Mital et al., 1994). The importance of manufacturing in the context
of globalization is evident.

For many countries, such as Japan, Switzerland, and Taiwan, that have no natural
resources of consequence, manufacturing is the only means of survival. These coun-
tries must generate wealth by trading high value-added products with the rest of the
world and use that wealth to meet their need for energy and staples.

The manufacturing, however, must be competitive. That is, the unit labor cost must
be held down and the output must be of the high quality that consumers want. Further,
the output must make it to the global market in a timely manner. It is imperative to
realize that poor quality products can result in the loss of national prestige, and the
stigma associated with producing low quality products is neither easy nor inexpensive
to overcome. Producing innovative products of high quality also requires avoiding
intellectual stagnation and loss of creativity. These are the essential ingredients of
remaining competitive. Making lots of stuff that relies on core technologies from else-
where will not lead either to continued economic prosperity or the ability to compete
with the best in the world. Countries such as China, India, Brazil, and South Africa
must be creative, developing and mastering new technologies, training workers and
management in necessary skills, and developing product brands for global consumers.
On the other hand, to benefit fully from globalization, countries such as the United
States and United Kingdom must produce higher value-added goods and services
while keeping their markets open and flexible.

The importance of output, and thereby manufacturing, is further demonstrated by
the vigor of consumers in the developing countries. It was a commonplace belief that
American consumers, by virtue of their anemic savings culture, keep the global econ-
omy humming. It was said that, if the United States catches cold, Japan, which must
survive on the strength of its exports, gets pneumonia. This is no longer so. Japan
is no longer dependent on the United States as the primary market for its exports,
as seen in Figure 1.5. Whereas exports from the United States and United Kingdom
to emerging economies have stagnated, exports from Japan have flourished. And
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Figure 1.5 US Exports to emerging economies as a percentage of GDP.
Source: Adapted from International Monetary Fund, Direction of Trade Statistics, CEA
Calculations.

while the US GDP is on the decline, the GDP of emerging economies is on the rise
(Figure 1.2). What these trends indicate is that the emerging economies, primarily in
Asia, currently drive the world economy. The Asian countries are not only producing
more, they are consuming more. The world economy increasingly is dependent on
the growth in domestic demand in Asian markets. In terms of purchasing power par-
ity, Asia’s consumer market now is larger than America’s (The Economist, August 4,
2011). Keep in mind that the Asian markets are yet to develop fully; masses of new
consumers are yet to appear on the scene. The growth in the Asian economies also
means that the world is less vulnerable to a single economy, America’s, and is likely
to be more stable. All this makes for a very strong case for manufacturing, particularly
for manufacturing high value-added products.

While one can see that manufacturing is important, owing to the need to increase
output, it is critical to realize that manufacturing must be efficient. Approximately
five-sixths of this planet’s nearly 6 billion people live in areas considered emerging
economies. As they get richer, they want more goods that improve their standard
of living—houses, cars, home appliances, and the like. This, in turn, means a huge
increase in consumption and demand for energy and raw materials. China alone has
accounted for one-third of the increase in world oil consumption and nearly one-
fourth of the increase in world metal consumption in the last 5-10 years. While some
of this consumption is the result of shifting production operations from Japan, Europe,
and North America to China, India, Latin America, and Africa, most of it is the result
of growth in world output. As the domestic demand in China and other Asian coun-
tries, such as India, increases, the demand for oil, metals, and water increases further.
Moreover, as the standard of living in developing countries improves, demand for
energy and consumables per capita rise (currently, it is far below the per capita con-
sumption levels in the United States). Given the tight supply of oil, water, and other
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raw materials and increasing levels of demand, it is logical to expect higher prices
for energy, water, and metals. The rising prices may curb demand and slow economic
growth, with adverse consequences. This is expected to stir demand for more efficient
products, such as more fuel-efficient cars and products that can be recycled. Already,
the movement to curb carbon emissions has gained momentum. China is a case in
point: China is considering closing inefficient coal-burning power plants as opposed
to building new ones at the rate of one per week (Komnenic, 2013). The concern for
reducing greenhouse gases and conservation of resources mandates more efficient
manufacturing. For instance, the rate of water consumption in China cannot be sus-
tained at current levels. Nearly 60% of the water consumed in Chinese industry is not
recycled. According to the Chinese Academy of Social Sciences, the number of rivers
in China with a significant catchment area has been reduced from nearly 50,000 to
just about 23,000. The increase in output, therefore, must be accompanied by meth-
ods that consume less energy during production and operation and designs that allow
recycling of materials while minimizing or eliminating waste. In short, manufacturing
must accomplish at least the following objectives:

Increase the output of high value-added products

Produce high quality goods and services, economically and quickly
Produce goods that are needed and wanted

Minimize the production of greenhouse gases

Maximize recycling, eliminate waste, and conserve raw materials
Minimize consumption of energy during production

Minimize consumption of energy during product operation
Reducing industrial water consumption and increase water recycling.

S AR ol

The world does not have resources that will last forever. The needs of industriali-
zation must be met, however, and it is the manufacturing know-how that will help us
accomplish the objectives of industrialization by meeting these goals.

1.3 What is manufacturing?

Historically, manufacturing has been defined narrowly as the conversion of raw
materials into desirable products. The conversion process requires the application of
physical and chemical processes to change the appearance and properties of the raw
materials. A combination of machine tools, energy, cutting tools, and manual labor
is applied to produce various components that, when put together (assembled) with
the aid of manual effort, robots, or automated equipment, result in the final product.
Manufacturing used to be considered an evil that must be carried out to undertake
more meaningful business activities. Therefore, manufacturing was considered sim-
ply as a means to add value to the raw material by changing its geometry and proper-
ties (physical and chemical).

In the present-day context of economic survival and prosperity, it is insufficient
to simply process some raw material into desired product shapes. The transformation
must be accomplished quickly, easily, economically, and efficiently; and the resulting
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product must not only be of acceptable quality but must be desired by the end user,
the customer. Efficiency and economies of scale are critical for competitiveness in the
global market. Further, it is important that a product make it to the market quickly,
S0 as to capture as large a market share as possible. From this standpoint, a product
should be innovative and have value and utility for the customer; a “me-too” product
has a low probability of survival in today’s global market. Figure 1.6 shows the essen-
tial requirements of modern manufacturing.

The terms manufacturing and production, though often used interchangeably, are
not the same. While manufacturing generally refers to activities that convert raw
materials into finished products by using various shaping techniques, production is a
general term associated with output and can apply to the output of coal mines and oil
fields as easily as to power plants and farms.

The type of products that are manufactured generally are classified into two broad
categories: consumer products, such as automobiles, coffeemakers, lamps, and televi-
sions, and producer capital goods such as drilling machines, lathes, railroad cars, and
overhead cranes. Whereas consumer products are directly consumed by the public at
large, producer goods are used by enterprises to produce consumer goods. Enterprises
and organizations that employ capital goods to produce consumer goods are known
as manufacturing industries. Specific activities used to convert raw materials into
finished products, such as milling, grinding, turning, and welding, are known as
manufacturing processes.

Manufacturing engineering, by definition, involves the design, planning, operation,
and control of manufacturing processes and manufacturing production. A manufactur-
ing system is an organization that comprises not only the manufacturing processes
and production but also activities such as marketing, finance, human resources, and
accounting for the purpose of generating output. The entire manufacturing infrastruc-
ture involves all activities associated with generating output. Figure 1.7 shows the
entire manufacturing enterprise wheel.

As shown in Figure 1.7, the customer is the center of the manufacturing infra-
structure. Whatever technologies and resources are utilized and whatever activities
are undertaken, it is with the understanding that the customer is the center of atten-
tion. One can, therefore, restate that manufacturing is the use of the appropriate and
optimal combination of design, machinery, materials, methods, labor, and energy to
produce desirable products quickly, easily, economically, and efficiently. And this
knowledge is essential for wealth generation, global competitiveness, and economic
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Figure 1.7 The manufacturing enterprise wheel (as outlined by the Society of Manufacturing
Engineers, 1994).

survival. Just having resources is not sufficient, as is the case with many countries.

Japan and Taiwan have shown the importance of manufacturing and its impact on
economic growth.

1.4 Some basic concepts

In this section, we discuss some basic concepts that are important in the overall
understanding of the process of product development, design, and manufacture.
Specifically, we define the following terms: capital circulation or the production turn,
manufacturing capability, mass production, interchangeability, product life cycle,
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Figure 1.8 Capital circulation or the production turn.

the S curve or the technology growth cycle, simultaneous or concurrent engineering,
design for “X,” and the engineering problem-solving process.

1.4.1 Capital circulation or the production turn

Businesses exist to make money. Manufacturing and production activities are no dif-
ferent. The exceptions are nonprofit activities and government activities, such as those
undertaken in the defense of the country or for the welfare of the citizenship, such
as bridge or highway building. Even these activities must provide benefits that are at
least equal to the costs incurred.

As explained by Karl Marx, capital is utilized to acquire the means of production,
which, with the assistance of labor, produce goods that are sold. The proceeds from
the sale (revenue) are used to accumulate capital (profit). In the context of modern
manufacturing activities, a manufacturing enterprise invests capital, by borrowing
from either a bank or other source (stockholders or profits from other projects), in
a manufacturing plant, produces goods by employing manufacturing activities, sells
the manufactured goods with the help of a sales and marketing force, and generates
revenue. Part of this revenue is returned to the lending institution (or stockholders
in the form of dividends) and part is retained as profit for other ventures. Figure 1.8
shows the circulation of capital or the production turn. The cycle works most effi-
ciently when the cost of production is minimized (profits are maximized) and goods
are produced and sold quickly. The cycle obviously is less efficient when the produc-
tion costs are high, or production takes longer, or products cannot be sold easily or
quickly and inventory builds up.

1.4.2 Manufacturing capability

The combined limitations on the size and weight of products that can be processed,
the manufacturing processes available, and the volume (quantity) that can be pro-
duced in a specified period of time are collectively referred to as the manufacturing
capability of a manufacturing plant. Not all manufacturing plants are equipped with
machine tools that can undertake processing of all kinds of materials. In other words,
plants generally have only a limited number of manufacturing processes available
and, therefore, can process only a limited number of materials. A plant equipped to
manufacture airplanes cannot produce pharmaceutical products. Similarly, machine
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tools have limitations and can accommodate only products of certain shapes and sizes.
The number and variety of machine tools and the size of the labor force also limit
the number of units that can be produced in a specified time: per hour, per day, per
month, and per year.

1.4.3 Mass production

Mass production refers to the production of large quantities of the same kind of
product for a sustained or prolonged period of time. Generally speaking, the produc-
tion quantity has to be in at least thousands (preferably millions) and is unaffected
by daily fluctuations in sales. Television sets, computers, and automobiles are typical
examples of products of mass production. Mass production is associated with a high
demand rate for a product, and the manufacturing plant typically is dedicated to the
production of a single type of product and its variations (e.g., production of two-door
and four-door automobiles in the same plant). The machine tools involved are special
purpose tools that produce only one type of part quickly and in large numbers and
generally are arranged sequentially in a line and in the order in which manufacturing
operations must take place (some variations, such as cellular layouts, also exist). The
product flows through these machine tools until completed. The layout of machine
tools is called a product layout.

1.4.4 Interchangeability

When the tires of a car wear out, we simply go to a tire shop and replace the old
worn-out tires with new ones. We assume that, if we provide the size of the tire, not
only can the replacement tire be easily obtained, it would fit the car wheel prop-
erly. This is possible as a result of the concept of interchangeability, which requires
that parts must be able to replace each other and, as much as possible, be identical.
Interchangeability is achieved by ensuring that each part is produced within a speci-
fied tolerance so that replacement can be undertaken without the need of perform-
ing any fitting adjustments. In other words, the production of a part is standardized
by minimizing variation in size between parts; the variation must be acceptable, as
defined by an acceptable level of tolerance. Since interchangeability has dire eco-
nomic consequences, many countries have established national standards to promote
interchangeability. In many instances, the standards are international in nature and
adopted by most countries.

1.4.5 Product life cycle

The time period between conceiving a product and the point at which manufacturing
it no longer is profitable is defined as the product life cycle. As shown in Figure 1.9,
the sales volume for a new product rises after its introduction. Once the customers
recognize and accept the product, sales increase rapidly (growth). This is followed
by a maturity period, when sales increase further. Eventually, competitive products
appear on the market and sales decline. As the market saturates and the product no
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Figure 1.9 The product life cycle.
Source: Adapted from Kotler, 1988.

longer is fresh, sales and profits decline further and it no longer is profitable to pro-
duce the product. During this period, profits should be maintained by making minor
modifications to the product and relaunching it as new and improved. Businesses
(designers and manufacturers) must understand this cycle to maximize profits. Efforts
should focus on extending the maturity period as much as possible. Also, for busi-
nesses to grow, they must launch new products in such a way that a new product
approaches sales maturity just when the ones launched earlier are in decline.

1.4.6 The S curve of the technology growth cycle

The growth of technology is an evolutionary process, following an S curve. It has
three phases: a slow growth phase, followed by a rapid growth phase, and finally a
leveling off phase. The progression of these three stages looks like letter S stretched to
the right (Figure 1.10). Once the third stage is reached and growth is exhausted, a par-
adigm shift occurs and new technology evolves. Initially, it takes a lot of effort (time)
to understand and master the technology, but as knowledge and experience accrue,
progress becomes rapid. Eventually, however, technology is fully exploited and a state
of exhaustion is reached; little is gained in performance (new product development),
even with considerable effort. It is critical for any research and development (R&D)
program to recognize this moment of paradigm shift and come up with new technol-
ogy on which newer products can be based. A successful R&D program is able to
negotiate this technological paradigm shift successfully by introducing new technolo-
gies just when the older ones are becoming exhausted. This is a dire necessity for the
continual growth of the enterprise. Companies that are unable to provide continuity
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from one $ curve to another lose market to their competitors. Cincinnati Milacron is
a good example. At one time, the company owned nearly three-fourths of the world
robot market; it has been out of the robot manufacturing market now for many years
as it failed to realize that market needs shifted from general-purpose robots to special
purpose robots. Companies that provide continuity are able to make the transition
from one S curve to another successfully and thrive (e.g., Boeing, IBM, Motorola,
and Microsoft).

1.4.7 Simultaneous or concurrent engineering

A product that functions in a limited, unexpected, or unsatisfactory manner does
not enjoy consumer confidence. With this in mind, over the years, the following two
primary criteria have dominated the thinking of product designers: functionality and
performance. However, in today’s competitive marketplace, consideration of func-
tionality and performance alone in product design and manufacture is insufficient.
A designer must deal with realistic market constraints, such as costs, timing, and the
current state of technology; the availability of technology (material, process, etc.)
frequently is dictated by factors such as production volume and production rate.
For instance, production processes such as die casting, which are suitable for large
volumes, are totally unsuitable for small volumes; methods such as those involving
metal removal (machining from a solid) may have to be used for smaller production
volumes.

While many of the factors mentioned previously have conflicting requirements (e.g.,
cost containment needs may dictate the selection of a cheaper material), it has been
contended that manufacturing is the most significant factor in product design and must
dominate trade-offs when conflicting requirements of various other factors are consid-
ered. It is also contended that a product designed for manufacturability is most likely to
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be dependable, perform satisfactorily, and succeed commercially (Corbett et al., 1991).
This is so because the design for manufacturability (DFM) philosophy requires design-
ers to aim at designing products users want and that can be produced economically,
easily, and quickly, and can function reliably. Further strengthening this statement are
the needs to optimize production, buyers’ expectations of product variety, concerns for
the environment (green design), and compliance with product liability laws.

It is now widely recognized that the design and manufacturing functions must
be closely associated if these goals are to be met. This close, and now inseparable,
association is referred to by many names in the published literature: design for
manufacturability (manufacture), design for excellence, concurrent engineering,
or simultaneous engineering. The term integration engineering is popular in some
circles. Under the simultaneous or concurrent engineering, the design of a product is
based on concurrent integration of the following major activities (Chang et al., 1991):

Design conceptualization and design axioms

Identification of product functions

Product modeling and CAD (graphical and analytical representation of the product)
Material selection (material properties and associated manufacturing processes)

Design for efficient manufacturing (minimizing positional requirements and considering
assembly)

6. Specification of dimensions and tolerances (selection of machinery).

R W=

1.4.8 Design for “X"

It is our belief that terms such as DFM, concurrent engineering, and simultaneous
engineering, as defined in the published literature, even though considerably more
detailed than the conventional product design process (where only the form, func-
tion, material, and process are considered) still are not detailed enough to yield the
maximum benefits of the overall philosophy. As shown in Figure 1.7, competitive
manufacturing requires clearly understanding the needs of customers, which way
the market is heading, how to design products that fulfill the needs of customers,
how to utilize materials and processes so that high quality products can be manufac-
tured quickly and economically, and how to design and fabricate products that are
safe, usable, and easy to inspect and maintain. In addition to how a product should
be built, product designers must ponder the question, How should it function? The
product designers must also be sensitive to the fact that the product design process
takes into consideration the issue of mass production. Equally important is the issue
of market demand. Specifically, the goal of a product design team should be to design
a product that meets the users’ needs and, over the life of the product, can be sold
economically. The DFM concept must also include careful and systematic study of
all these issues and should mandate concurrent integration of all relevant information
(a strategic, or systematic, approach to product design). It is much more than manu-
facturing processes. It is an effective integration of user and market needs, materials,
processes, assembly and disassembly methods, consideration of maintenance needs,
and economic and social needs.
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Figure 1.11 An integrated approach to product design.

Remanufacturing

Recycling

Figure 1.11 shows a considerably more detailed and integrated approach to product
design and reflects more accurately the DFM philosophy. We call it DFX or design
for “X.” The major activities included are
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User and market needs and function

Concept designs and choice of design principles
Identification of materials and processes

Design and process analysis and design modification
Quality requirements

Analysis of assembly and disassembly methods
Engineering models and detailed engineering designs
Economic analysis and production cost estimation
Development of a prototype

Engineering testing and redesign

. Design feasibility

Production

. Production and distribution control.
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Figure 1.11 indicates that the product design process (DFX) is very interactive,
with feedback required during its various stages. The arrows in the flowchart not only
show the feedback, they indicate the direction of the design progression.

1.4.9 The engineering problem-solving process
The basic engineering problem-solving process, outlined by Krick (1969), has five steps:

Formulate the problem

Analyze the problem

Search for alternative solutions

Decide among the alternative solutions
Specity the solution.

R W=

Unless a problem is recognized and clearly defined, it is not possible to solve it, for
we must know what we are trying to solve. Engineers as problem solvers must deter-
mine if the problem is worth solving. That is, determine the consequences of ignoring
the problem—minor to major expense. Next, the problem must be analyzed in detail
by gathering as much information as possible, both quantitative and qualitative. This
helps in developing a clear understanding of the problem.

Once the problem has been clearly understood, one must seek alternative solu-
tions. Engineers often are satisfied with a single solution; they must seek alternatives
to determine the economic attractiveness of various solutions. The final solution must
not only solve the original problem, it must be affordable (economically attractive).
The goal is to solve the problem in the least expensive manner.

The final step is to specify the solution by properly documenting the steps of the
solution. This perhaps is the most important step in the entire process. A poorly docu-
mented solution is ineffective and the problem, for all practical purposes, will persist.

1.5 Summary

Manufacturing is critical for the economic well-being of nations. A country rich in
resources but without the manufacturing know-how is unlikely to prosper, while



The Significance of Manufacturing 19

countries that are resource poor but have this knowledge will grow rich. Globalization
is leading the surge for output, and only the countries that have the knowledge to
apply manufacturing technologies efficiently will remain competitive.

In this chapter, we provided a synopsis of the world economy and the impact of
globalization. We discussed why it is important to pay attention to manufacturing.
We also discussed the broad meaning of manufacturing; it is much more than simply
converting some raw materials into finished products by means of processes. Finally,
we defined and discussed some of the basic terms that are important in the overall
understanding of the product design, development, and manufacture process.
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Developing Successful Products

2.1 Introduction

Successful companies in the business world constantly operate in a state of innova-
tion in terms of products they manufacture, frequently introducing new products or
modifying and improving existing products as needed and desired by the custom-
ers. The overall process of conceptualizing a product and designing, producing,
and selling it is known by a generalized and comprehensive process called product
development. In this chapter, we discuss the initial steps of the product development
process; Chapters 4—11 are devoted to the designing and manufacturing aspects of
product development, while in Chapters 12—-14 we discuss components of the overall
industrial process associated with the product development process. The marketing
and sales aspects of the product development process, while important, are considered
beyond the scope of this book and are mentioned in this chapter only in passing.

The key to new product development is the information that indicates what people
want, what features of the product are considered absolutely essential, what price
they are willing to pay for it, what features are desirable but can be sacrificed for a
lower price, current and potential competitors, and likely changes in the market size.
Knowing what the market needs is essential in order to develop innovative new prod-
ucts; this knowledge is what leads to developing a successful business strategy. Any
product development strategy that is not based on market needs will lead to failure.

Before a successful product can be developed, someone has to come up with, or
develop, an idea for conceptualizing it. There cannot be just one idea; several prom-
ising ideas need to be developed and analyzed before the detailed plans for a new
business activity can be generated. Figure 2.1 shows the progression of actions in the
development of a new business activity.

In developing the overall business strategy, a company has to develop and manage
its entire product portfolio. Such a portfolio includes not only new-to-market products
but also modifications of the existing line of products as well as products that are in
the maturity part of sales (Figure 1.9). Concurrently, the company has to ensure that
research and development of new technological platforms continues so that the transi-
tion from one S curve to another can take place smoothly.

In the following sections, we discuss the attributes of a successful product devel-
opment process, what successful new products have in common, what steps are
necessary to develop a successful portfolio of products, how to identify customer and
market needs, and how to develop plans for a new product development.

Product Development. DOI: http://dx.doi.org/10.1016/B978-0-12-799945-6.00002-8
© 2014 Elsevier Inc. All rights reserved.
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Figure 2.1 Progression of actions in a new business activity.

2.2 Attributes of successful product development

Products that sell well and make a healthy profit (measured by the minimum attractive
rate of return a business establishes for itself) reflect a successful product develop-
ment process. However, as shown in Figure 1.9, sales grow slowly; consequently, it
takes time to assess profitability. As a result, we must rely on the definition of manu-
facturing (Figure 1.6) to establish the attributes of a successful product development
process.

According to Figure 1.6, a business should develop the high quality products the
market desires quickly, economically, easily, and efficiently. This definition leads to
the following attributes that define a successful product development process:

1. Cost: Both the cost of producing the product and the total cost of developing it.
2. Quality: The quality of the product.

3. Product development time: From assessing market needs to product sale.

4. Development of know-how: The ability to repeat the process for future products.

The product cost determines its selling price and, to a large extent, its market
attractiveness. This is not to say that price is the sole determinant of what the buyers
find attractive about a product; cheaper but inferior quality products tend to fall by
the wayside. The price does determine profitability, however, and it is in this context
that product cost is important. Product cost is a function of both fixed costs, such as
tooling and capital equipment costs, and variable costs, such as material and labor
costs. How much money the business spends on developing the product, from concept
to prototype, also determines the profitability. A product does not become profitable
until the development costs are fully recovered. Figure 2.2 shows the relationship
between the cumulative cash flow and product life cycle.

Unless a product satisfies customers’ needs and is considered dependable, it will
not succeed in the marketplace. The quality of the product, therefore, is the ultimate
determinant of the price customers are willing to pay for it. The share of the market
a product gains is reflected by its quality. For instance, there is a growing movement
to seek products that make less noise. As many as half of all consumers may be will-
ing to pay more for less noisy products (The Economist, 2013). In this case, reduced
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Figure 2.2 Relationship between cumulative cash flow and product life cycle.
Source: Modified from Corfield, 1979.

noise emitted by a product is not only associated with a better quality product, it is
in reality cheaper to operate as it consumes less energy. According to Boeing, its 787
Dreamliner is not only the most fuel-efficient airplane; it is the quietest aircraft in
that size class.

How quickly a product makes it to the market also determines the overall economic
returns on the investment and can be used as a measure of the success of the develop-
ment effort. Quickness to market, however, cannot come at the cost of the quality.

In contrast to “one-time wonders,” development of successful innovative products
one after the other reflects the know-how a business has acquired over a period of
time. Such companies are able to perform efficiently, effectively, and economically.
This, in turn, is reflected in reduced development time, lower development costs, and
products that capture significant market share and become profitable.

2.3 Key factors to developing successful new products

To succeed, a business must develop and market new products. However, not all new
products that are developed succeed in the marketplace. What separates successes
from failures? Cooper (1993, 1996) and Montoya-Weiss and Calantone (1994) identi-
fied several factors from a large number of studies that make new product winners.
We discuss each of these factors briefly.
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2.3.1 Uniqueness

Products that succeed in the marketplace are unique and clearly superior to reactive
“me-too” products, which lack any distinguishing characteristics and provide only
marginal benefits. The winners

« Provide excellent value for the money spent not only to buy the product but to operate it
as well

» Have excellent quality in comparison to their competition as perceived by customers

»  Meet customers’ needs more fully than competing products, have unique features, and avoid
problems associated with similar other products

» Have highly visible and perceived useful benefits and features.

The product development process, therefore, must aim at developing products that
are superior in value, distinct in features, and provide clear and unique benefits to the
user. Top successful brands tend to excel in this regard.

2.3.2 Customer focus and market orientation

Focus on customer wants is critical to the development of successful products. Such
focus improves success rates and profitability (developing economies must focus on
the international consumer in order to become globally competitive, economically;
this requires product and technology innovation). To achieve a strong market orienta-
tion during the product development, businesses must

+ Develop a thorough understanding of the nature of the market. As markets differ from
region to region, a one-size-fits-all philosophy is very likely to fail.

+  Understand the competition, which can be local, regional, or global. Maintain the market
orientation.

«  Devote resources to activities that determine customers’ wants. Marketing activities are
critical in this regard.

» Develop a relationship between product attributes and user needs.

+ Seek customer input throughout the product design, development, prototyping, testing, and
marketing (e.g., Boeing in the development of its 777 and 787 aircraft).

The purpose of a strong market orientation is to leave nothing to chance by seeking
customer inputs and incorporating them in product design.

2.3.3 Doing the homework

Work preceding actual product design is critical in determining if a product will be
successful. This includes the decision to proceed with the project, a quick study of
the market for the product, technical assessment of the capabilities and requirements,
detailed market research, and the in-depth financial analysis (developing the pro
forma: capital needed, sources, potential sales, etc.). According to Cooper (1996),
only about 7% of developmental money and 16% of development effort are devoted to
these “critical” activities. This lack of attention to predevelopment work significantly
increases chances of product failure; company’s name, reputation, and size of the
sales force do not necessarily help if the “homework” is skipped.
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2.3.4 Sharp and early product definition

Predevelopment work, or homework, leads to a sharp and early product definition and
is essential for reducing the time to market. A product definition includes:

« An outline of the concept and the benefits to be provided

+ A list of product attributes and features, ranked in the order “essential” to “desirable,” and
how these compare with competitors’ products

» A description of potential users and attributes of the market (size, demographics, etc.)

« An outline of the business strategy (how the product will be placed vis-a-vis competitors).

In the absence of a clear product definition, the chances of failure increase by a fac-
tor of 3 (Cooper, 1996). A sharp product definition forces attention to predevelopment
work and sets clear goals for product development. It also forces all parties involved
in the development to commit themselves to the project.

2.3.5 Execution of activities

Product development teams that succeed consistently do a better job across the
activities identified under homework and market orientation. These teams do not skip
market studies and do undertake trial sales (using test markets to see how the products
will fare). There is no rush to market to capture that illusive share which maximizes
profits. Some exceptions to this practice exist, however; Sony, for instance, primar-
ily believes in “creating” a market rather than identifying one. In general, the com-
pleteness, consistency, and quality of predevelopment work are crucial to reducing
development time and achieving profitability. The quality of execution is not limited
to predevelopment work, however; it has to be an integral part of all development
activities, from concept development to delivery to market.

2.3.6 Organizational structure and climate

For product development teams to succeed, they must be multifunctional and empow-
ered. This means that

+ Teams comprise members from all basic functions: research and development, engineering
design, production, quality, sales and marketing, and so forth.

+ Each member of the team represents the team and his or her “function,” not the department
and its “territory.”

+ Teams devote most of their time to project planning and product development.

« Team members share excellent communication and are in constant contact with each other.

« The entire team is accountable for the entire project.

+ The team is led by a strong and motivating leader.

» Company management strongly supports the project, the team, and the team leader.

Although these points seem obvious, many businesses do not get the message.
It is important that the operating climate be supportive, recognizing effort and
rewarding success. The urge to punish failure or discourage risk taking should be
avoided. Further, top management should trust the team and the team leader and avoid
micromanaging the project; once it has appointed a strong team leader and picked
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qualified team members, it should provide proper encouragement and make the nec-
essary resources available. The corporate structure should encourage employees to
provide ideas for new products, new technological platforms, and new ventures.

2.3.7 Project selection decisions

Many companies are involved in too many projects at one time, scattering valu-
able resources among many candidate projects. However, not all projects are likely
to materialize. Product selection helps narrow down the choice of projects so that
resources may be directed to those projects most likely to succeed and become prof-
itable. This requires making tough “go” and “no-go” decisions, where projects that
have only marginal value are “killed” so that those with merit may get the necessary
resources and focus so good products are developed. Superiority of the product in
comparison to competitors’ products, product attributes that meet consumers’ needs,
and market attractiveness are some of the factors that need to be considered in making
selection decisions.

2.3.8 Telling the world you have a good product

Having a good product is not enough; it must be promoted properly in the mar-
ketplace. New products must be launched at appropriate forums and adequate
resources must be allocated to market them. The launch and marketing efforts must
be supported by a professional staff that can troubleshoot and service the product
promptly if needed (ideally, if the product is designed properly and has high qual-
ity built in, this would not be an issue). It would be foolhardy to assume that a good
product will sell itself by word of mouth. The launching of the iPhone and iPad by
Apple is a case in point. The launch had wide publicity and was covered by major
media worldwide.

2.3.9 Role of top management

As stated under Section 2.3.6, the primary role of top management is to support the
product development team and provide it with the necessary resources. Management
must realize that lack of time, money, and human resources are the main causes of
failure. Top management must also clearly articulate the strategy for the business as it
pertains to the development of the new product. It must define the goals for the new
product. These goals typically include types of product, percentage of market share to
be captured, profits from the new product, technologies on which to focus, direction
of research and development, and long-term goals. It is also worth emphasizing, again
that micromanagement can have a very negative effect, as can pushing the develop-
ment team in the direction of a favorite project.

2.3.10 Speed without compromising quality

The quickness with which a product makes it to market is an important determinant
of profitability. The advantage of speed is lost, however, if it means compromising
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product quality or the quality of executing essential activities. Since time to market is
important, it can be reduced without sacrificing quality by

+ Performing many activities concurrently; the lines of communication among the team members
and management must be kept open. It is critical not to have just one form of communication
(e.g., only written).

+  Mapping out the entire project development on a time scale, ensuring that all activities are
given adequate time and the precedence of activities is not violated (some activities cannot
be performed unless other activities are completed first, e.g., estimating product cost with-
out first completing details of materials and processes).

« This activity—time map is sacrosanct and not violated.

It must be realized that violation of the timeline represents a lack of discipline,
needed resources, or both. Regardless, this means delaying the delivery of the prod-
uct. Also, there is no assurance that the timeline will be violated only once. What
stops it from being violated again and again once the process starts? It is better to
redirect more resources to the project than to violate the timeline; the timeline must
be considered sacred.

2.3.11 Availability of a systematic new product process

Cooper (1993) outlined a stage gate process adopted by many companies. This pro-
cess formalizes the new product development process, from concept development to
launch, by dividing it into logical steps (stages) with strict go and kill decision criteria
(gates). These criteria are established by the project team and generally are listed in
terms of deliverables for each stage. Each stage can include several concurrent activi-
ties, but each activity must meet certain criteria to proceed to the next stage. These
criteria, or gates, serve as the quality control checkpoints (ensuring the quality of
execution of activities) and cannot be violated or deferred to the next stage. According
to Cooper, this sort of strict action to enforce the product development plan results
in many advantages, including improved teamwork, early detection of failure, higher
success rate, better launch of the product, and a shorter time to market.

2.3.12 Market attractiveness

The market for launching the new product should be attractive; however, this is easier
said than done. Nevertheless, some market attributes can help identify an attractive
market. Among the desirable market attributes are:

» The market is large and the product is essential for customers (it is important to realize that
consumer needs may vary from region to region).

» The market is growing rapidly or has the potential for rapid growth.

» The market economic climate is pro-product (positive).

» The market demand for the new product is not cyclic (seasonal) or unstable.

» The customers are receptive to adopting the new product (typically younger customers) and
can easily adopt the product in their lifestyle (e.g., smart phones and electronic books).

« The customers are more eager to try new products and less concerned about their price.

« The customers have sufficient disposable income (the size of the middle class is frequently
discussed in this regard).
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While it is desirable to have an attractive market, the success of a new product
is less sensitive to external environment than to what the development team does to
understand the market and customer needs and incorporate them into the product
design. These positive actions are more responsible for success.

2.3.13 Experience and core competencies

It is very unlikely that a business will succeed right away in a totally new area of
expertise. Some experience in the basic technologies needed, management capa-
bilities, knowledge of product category, market needs for the nature of the product,
resources necessary for developing newer products in the area is necessary for suc-
cess. This requirement may be termed synergy or familiarity with the business. In
general, the stronger the fit between the requirements of the new product development
and core competencies (expertise) of the business, the greater are the chances of suc-
cess. Specifically, the fit must be in terms of

» Technical expertise, both in terms of production capabilities and future research and
development

+  Management capabilities, particularly the ability to handle complex projects in different
business climates

»  Marketing, selling, and customer service resources

»  Market and customer needs in different regions.

In general, it is easier for a business to succeed if it is on familiar territory.
However, this does not mean that a business does not or should not venture into
different fields. If such a need arises, it should be pursued cautiously. One way to
acquire core competencies in a new area is to acquire existing businesses in that area.
This kind of action has become quite commonplace in the world today. Numerous
examples of businesses acquired other businesses in the same and totally different
fields. Sony’s venture in the entertainment business, TATA business house, involving
ventures ranging from automobiles to management consulting to running hospitality
business, and GE’s involvement in manufacturing activities ranging from aircraft
engines to medical devices are some prominent examples of companies acquiring
core competencies by buying other businesses.

2.3.14 Miscellaneous factors

Some of the factors listed in this section have unexpected effects on the success of a
new product. Among these factors are order of entry, innovativeness, and the nature
of benefits.

Order of entry has mixed results as far as success in the marketplace is concerned.
While a very innovative new product may have some initial success, in general it is
better to introduce a high quality product rather than be the first on the market. A poor
quality product may capture some market initially, but the bad experience associated
with it can have a lasting effect on customers, which may not be possible to overcome,
ever. Obviously, it is highly desirable that an innovative, high quality product be the
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first to market—such as, for instance, the Chrysler minivan. This example also rep-
resents a situation where the competition simply followed with me-too type products
instead of offering innovative variations, such as minivans with two sliding doors; it
was left up to Chrysler to come up with that variation. There is a myth that highly
innovative products are risky. In fact, if a new product offers an innovative solution
to customers’ needs, there is no reason for it to fail. Some caution here is necessary:
products that have less innovation or too much innovation are less likely to succeed
than products with a moderate degree of innovation; customers are more likely to
accept such products, treating products with little innovation as me-too products and
those with a very high degree of innovation as fancy gadgets.

A business simply cannot introduce a product and, on the basis of price advantage
alone, expect to succeed. Unless a new product provides good value for the price, it
is bound to fail, as price alone is an inadequate benefit for success.

In summary, successful consumer products have the following attributes:

They offer entirely new benefits that existing products do not.

They offer a new secondary benefit in addition to the new primary benefit.
They are comparable to what the competition offers.

They eliminate an important negative in existing market products.

They offer a higher quality features than available in the market.

They harness contemporary societal trends.

They offer a price advantage in comparison to the competition.

R ol

2.4 Strategy for new product development

The primary objective in establishing a strategy and a business plan for developing a
new product is to ensure that all concerned parties “buy into” the effort and a consensus
is reached on the fundamental inputs to the plan. As mentioned earlier, these inputs
include information regarding the market, sources of capital, business pro forma, infor-
mation about the nature of the product, and information about the market. However,
before a development plan can be put together, certain activities must be performed in
order to develop an overall new product development strategy. These activities include:

Determining the company’s growth expectations from the new products

Gathering information of interest regarding capabilities, market, and the customers
Determining what opportunities exist

Developing a list of what new product options exist

Setting criteria for inclusion of new product(s) in the company’s portfolio of products
Creating the product portfolio (new, modified, and existing)

Managing the product portfolio to maximize profitability.

AR o

2.4.1 Determining the company’s growth expectations from
new products

A company’s mission typically provides some insight into its business objectives.
The business objectives and the overall business plan delineate the role the company
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expects new products to play in its growth. The company 3M, for instance, expects
products developed in the last 5 years to contribute 25% to its profits. The role of new
products can be a similarly worded target, indicating what new products are expected
to contribute to the overall business goals. Setting such a target is important in decid-
ing what resources to direct to new product development. It also helps in reviewing
a company’s technical and financial capabilities, what product concepts are within
company’s ability to develop and are attractive to its customers, what are the risks
and how these risks can be spread by diversifying product portfolio, and how well the
company’s short-term and long-term goals are being met.

2.4.2 Gathering strategic information

While the company may already have information regarding its customer base,
market needs, business and technical capabilities, and the competition, it helps to
periodically update this information. New market research, information on emerging
competition, development of new markets, updating internal documents on customer
needs, and so on must be carried out from time to time. Most useful is the compilation
of all this information in a meaningful form, for instance, comparing the company’s
technical capabilities and product and sales profiles with those of its competition
(benchmarking). This building of the corporate knowledge base is not a one-time
effort but a dynamic process that allows the company to constantly update its strategic
and business plans.

2.4.3 Determining existing opportunities

As mentioned already, the challenge is to present the information gathered in a mean-
ingful form so that strategic and business plans may be revised and new opportuni-
ties identified. The presentation of information should be such that different product
options and opportunities are easily identified. Two tools are helpful in this process:
a matrix scoring model and a map of the opportunities.

The matrix scoring model is useful in situations where a number of options are
available and the best one must be chosen. An example of this kind of analysis is
comparing different sites for locating a facility using a number of selection criteria. In
choosing a potential product concept for development from among several possibili-
ties, the concepts can be compared using a variety of criteria with weights assigned to
each criterion. The scores for each criterion of each concept are added and the totals
compared to make the final selection. Table 2.1 shows how the matrix scoring model
works.

The scoring scale used in Table 2.1 ranges from 1 (poor) to 10 (excellent) and is
somewhat arbitrary; a 5-point, 7-point, or other scale with fewer or more gradations
can be used. A larger scale with more gradations increases the sensitivity of the evalu-
ation process; shorter scales with fewer gradations reflect lower evaluation sensitivity.
The weights chosen for different criteria indicate the relative importance of the vari-
ous criteria. One can use a 10-point total, a 100-point total, or different total points
for weight as long as the distribution among the criteria is relative. The method also
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Table 2.1 Matrix scoring model
Product concept scores
Criteria Weight (w) A B C
Financial 3 3x3=9 2x3=6 2x3=6
Customer needs 4 8x4=32 5x4=20 7x4=28
Production ease 2 4x2=8 3x2=6 5x2=10
Core competency 2 3x2=6 4x2=8 8x2=16
Total score 55 40 60
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Figure 2.3 Mapping of events and trends in global warming to point out opportunities for
energy efficient and alternative energy products (times are approximate; not all events are
shown; some events are anticipated).

allows using as many criteria as one chooses as long as it is realized that more crite-
ria reduce the relative importance of each, as the weight then gets distributed over a
larger number.

The second method for identifying opportunities for new products requires devel-
oping a map of all events and trends and linking them on a time horizon. This method
was developed by Motorola (Willyard and McClees, 1987); it helps a company
identify new product opportunities. Figure 2.3, for instance, shows opportunities for
developing energy efficient products by linking events and trends associated with
global warming.
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Figure 2.4 Forecast revenue to be generated from sales of new products.

The event map can be used to make decisions regarding which products a com-
pany should pursue to achieve forecast revenues (generated from existing products,
modified and improved products, products from existing technological platforms, and
totally new products). This is known as gap analysis; gaps in forecast revenue are to
be filled by sales from new products (Figure 2.4).

2.4.4 Developing a list of new product options

After mapping trends and events and reviewing sales goals for new products, the
company is ready to develop a list of new product ideas and options. These have to
be consistent and compatible with core competencies and the strategic information
gathered. The list should be as complete as possible so that all available product
options may be considered before selection is finalized. The possible options should
be listed in an easy-to-compare format (Table 2.1 shows one option). Important
information includes, but is not limited to, information on the financials (investment,
cost of production, etc.), risks, available technologies, production capabilities, status
of the concept, uniqueness of the features, production goals, expected profitability,
product lifespan, potential for derivatives, development team expertise, and synergy
with existing products and programs.

2.4.5 Setting criteria for product inclusion in the portfolio

The company expects that including a new product in its portfolio of products will
increase its sales revenue and profitability. Typically, all businesses expect a minimum
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return on investment (ROI). If a product option fails to meet the economic criteria
established by the company, it should not be considered any further.

In addition to economic criteria, the company should also look at how well the
new product option conforms to its short-term and long-term goals. Can the company
develop other products from the technology developed for this product? Is the product
concept so new that it exposes the company to unacceptable risks? Are the investment
requirements disproportionate? Would the option open new markets to the company?
Answers to these kinds of questions help the company develop portfolio criteria.
For the final selection, both economic and portfolio criteria must be established and
considered.

2.4.6 Creating the product portfolio

As shown in Figure 2.4, the company’s product portfolio includes existing, modified,
and new products. New products that meet the selection criteria fulfill the new product
target, address customer and market needs, promote the company’s mission, and meet
its business objectives should be included in the portfolio. The final decision should
be taken by appropriate people from management and the project development team
and should be based on the best information available. A consensus among the par-
ticipants is necessary so that everyone buys into the process.

2.4.7 Managing the portfolio

Managing the portfolio typically includes assembling the right product development
teams, making resources available, ensuring that research and development efforts
are focused on developing technological platforms from which new products can be
developed, developing appropriate marketing and sales strategies, and the like.

2.4.8 Developing new product plans

Once the preceding activities (also known as strategic development activities) are
completed, it is time to develop plans for a new product. The first step in this process
is the development of a statement of customer needs. This, in turn, requires under-
standing the customer. In this regard, customer connection and the early definition of
customer value are the two most important practices that separate high-performance
companies from low-performance ones (Deck, 1994).

2.4.8.1 Understanding consumers and their needs

The key question here is: Will the new product excite consumers into spending
money? To answer this question, we have to understand the customers. We have to
know at least the following:

«  What are their critical needs and how well are these being met at present?
* Who are the consumers, what products do they use, how do they use products, and under
what conditions are the products used?
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» How are current market products received and perceived with respect to meeting their
needs?

+  How do consumers know that a product is working, what signals covey that a product is
working?

+ Are products being used for physical reasons (e.g., hammering a nail), emotional reasons
(e.g., feel-good products), or both?

Market research techniques help in understanding consumer needs. These tech-
niques can be broadly classified into two categories: qualitative techniques and quan-
titative techniques.

Under qualitative techniques, the following techniques generally are included:
focus group interviews, one-on-one or in-depth interviews, and in-home visits. The
focus group approach is used most frequently. Typically, a group comprising 6-10
individuals of similar background and demographics, led by a moderator, discusses
a topic. The one-on-one, or in-depth, interview focuses on one individual at a time
in order to learn his or her habits, motivations, needs, and so forth. In-home visits
allow for a closer interaction with consumers in their own environment. However,
to be effective, households have to be representative of the general population or the
population that is to be the focus of the new product development.

Qualitative techniques, while providing information that can be quite enlightening
and creative in nature, are limited by small group size or numbers. In such cases, it
is better to use quantitative techniques. Among the widely used quantitative tech-
niques are brand image research, segmentation research, and conjoint analysis. Brand
image research, using a scale of “important” to “not at all important,” attempts to
determine which attributes are most important to customers, their opinion of all key
brands regarding these attributes, and which attributes tend to best predict overall
brand opinion. In segmentation research, consumers are grouped into segments and
their response patterns examined. Conjoint analysis is based on the concept that a
brand, product, or concept can be considered as a bundle of attributes that make some
contribution to overall customer acceptability. In contrast to qualitative techniques,
quantitative techniques provide objective and reliable information leading to an
understanding of the consumer.

To test the concept idea among consumers, it is important to know how many
consumers are likely to buy the product in order to try it. This number of consumers
who will try the product is determined as follows:

Consumer trial = Interested universe X Consumer awareness X Retail distribution

The interested universe is determined by using the purchase interest scale
(a weighted 5-point scale from “definitely would buy” to “definitely would not buy”).
This universe is adjusted downward by multiplying by factors for the expected con-
sumer awareness and retail distribution the company expects to achieve.

It is also important to know how many consumers who try a new product will
buy it. Consumer behavior research indicates that consumer buying behavior is both
regular and predictable (Uncles et al., 1994). Their loyalty, however, is greater in the
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Table 2.2 Laundry detergent purchase trends in the
United States (Information Resources, Inc., 1985)

Brand Market share (%) Repeat purchase (%)
Tide 25 71
Wisk 10 62
Bold 8 58
Era 6 55
Cheer 5 55
A&H 5 57
All 5 53
Ajax 2 50
Dash 1 54

Table 2.3 Customer needs statement for rechargeable electric
toothbrush

Small, compact, good fit in hand, nonslip grip

Attractive modern styling

Easy to charge; charge should last at least 7 days

Solid base; to double as charger

Both 110 and 220V operation

Brushing head to have rotational and reciprocating movement
Interchangeable and variable size cleaning heads

Price to be <$100

Attractive colors and packaging

Brand name

case of big brand name customers than small brand name customers, as shown by
laundry detergent purchase data gathered by Information Resources, Inc., shown in
Table 2.2.

The market research techniques described here should lead to a clear and concise
statement of customer needs from a customer perspective. Table 2.3 shows an exam-
ple of customer needs statement for an electric toothbrush. Another example of a
customer needs statement is shown in Table 2.4.

2.4.8.2 Understanding the market

To properly evaluate the potential for new product success, it is necessary to under-
stand the market. This market understanding should clarify how the product will
benefit both the consumer and the company and should focus on the following factors:

1. Market fit with the overall mission of the company
2. Synergy between the market and the company
3. Attractiveness of the market.
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Table 2.4 Customer needs statement for blender

Ability to puree

Ability to mix ingredients evenly

Ability to crush ice

Sturdy base to prevent tipping

Variable-speed motor (three to five speeds) and quiet operation
Attractive styling and availability in assorted colors
Easy to use

Easy to disassemble and clean

Dishwasher safe components

Detachable, nonrusting blades

Weight <2.5 pounds

Motor not to overheat quickly

Pulse grind operation

Easy operating controls

Wide mouth jar for easy loading

Pour spout on jar for easy pouring

Easy to read English and metric graduations on jar
40-60 ounce capacity

Spill-proof lid

Clear jar for easy visibility

Cord storage area

110/220V operation

Price under $35

While the first factor is obvious, synergy between the market and the company is
determined by answering a series of questions, such as

Is the market new to the company?

Will the company have to learn a new business?

How well do its management, talent, and skills apply to this market?

Can the company use its technological skills in this market? Its production facilities?

Will the company have to learn new technologies?

Have the technologies been acquired by acquisition? How well does the acquired manage-
ment fit with the market?

Are significant capital investments required to enter the market?

Can the existing marketing and sales forces and strategies be used? Or must new ones be
developed?

A poor fit between the core competencies of the company (knowledge, experience,
and capability bases) and unfamiliarity with the market is a recipe for disaster. Davis
(1996) provides a couple of examples: Fruit of the Loom, a well-known garment
manufacturer, introduced the Loom laundry detergent in 1977 and discontinued it in
1981, and Procter & Gamble acquired the Orange Crush business but had to with-
draw from it as it never understood the role of bottlers in the market. Both examples
indicate that it is important for survival that the relationship between the old and new
business be properly understood.
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Attractiveness of the market is also determined by answering a series of questions:

Is the market a large one? How large? Geographical and population sizes?

What are the past market trends? Growing? Stagnant? Shrinking?

What competitors are already in the market? What are their strengths and weaknesses?
Does one competitor dominate the market? Which one?

What are the cost and sales profiles of the leading competitor? Marketing and sales strate-
gies? Technologies? Patents? Reaction to new competition?

How do consumers perceive the competition? How well are their needs being met?
What market share is held by the competition?

What are the trends in consumer needs? What are the features of the new product?
How are the pricing and features likely to attract the consumers?

Is the timing of new product introduction good?

Responses to these questions can be weighted to determine the market attractiveness
and market share one expects to gain, initially and over a period of time.

2.4.8.3 Product attributes and specifications

Once the assessment of customer needs and market conditions is complete, it is time
to develop product specifications. The elements that should be included in product
specifications include the following (Rosenthal, 1992):

« Performance: Primary operating characteristics of the product
» Features: Characteristics of the product

+ Reliability: Mean time between failures

* Durability: Product life estimate

« Serviceability: Ease of repair, part replacement, maintenance
- Esthetics: Look, feel, sound

- Packaging: Packaging requirements, labeling, handling

+ Perceived quality: Subjective reputation of the product

«  Cost: Manufacturing, servicing.

The details pertaining to all elements are tabulated, resulting in product specifications.
Table 2.5 shows product specifications for an electric toothbrush.

2.4.8.4 Schedules, resources, financials, and documentation

Developing an agreeable schedule is the next step in the product development plan-
ning effort. While the schedule and achievable milestones should be realistic, attention
should be paid to competition and profitability realities. Tools such as the program
evaluation and review technique (PERT), critical path method (CPM), and Gantt charts
should be used to determine a realistic working schedule. The schedule also should be
kept in mind in allocating and phasing resources (types, quantity, timing, etc.).

The next logical step is the development of financial data, also known as product
pro forma in some circles. The kinds of financial details needed are

+ Developmental cost: investment, hours, people, and so forth
»  Cost of developing prototypes
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Table 2.5 Product specification for rechargeable
electric toothbrush

Performance

Effective cleaning effects; 2-min cleaning cycle time
Long-lasting battery life (rechargeable); at least 30 min

Features

Capability to reach different areas with ease

Small, lightweight design; no more than 1.3 ounce

Ergonomic grip, comfortable; 1.5-in. circumference

Exceeds the American Dental Association requirements for storage and replacement
Timer

Waterproof assembly

Reliability

Effective cleaning each use
Cleaning head to last 12 weeks

Durability: All components to last 2 years under normal usage

Serviceability

Easy to replace head design
Easy to replace floss design

Esthetics: New ergonomic styling concept

Packaging

Small and compact box packaging

Lightweight package design and packing material; no more than 11b

Attractive labeling and graphics

RFID (radio frequency identifier) for added security and easy inventory tracking

Cost

Manufactured cost <$80
Service and warranty cost <$15

« Capital costs, tooling costs, setup costs, training costs, and the like

+ Direct labor, materials, and overhead costs

« Packaging, distribution, marketing, and sales costs

» Product manufacturing cost estimate, selling price determination

» Production volume, revenue, profits, and so on

« RO, profitability, time frame for recovering investment, and the like.

Putting all this information in a concise form, preferably on a single sheet of paper, is
a product plan. Tables 2.6 and 2.7 show examples of product plans.
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Table 2.6 Product plan for rechargeable electric toothbrush

Customer needs

Small, compact, attractive styling
Easy to use

Easy to clean

Price <$100

Key product attributes

Rotating and reciprocating head design

Overall weight <1.3 ounce

Overall length no more than 8in.

Polymer-based ergonomic contoured handle

Soft bristles, pressure sensor limiting force 1.5 newtons

Dual head: front, brushing; rear, tongue cleaning

Rechargeable battery with 1-h life cycle

LCD screen for charge display, brushing cycle time, sanitization status
Quiet (<60dBA)

Product financials

Development costs, $1,781,000

Tooling and capital, $3,500,000
Manufacturing cost, $70.70

Distribution and administration costs, 15%
Margin for profit, 20%

Market and competition

Gain >25% of market share
Penetrate all leading retail chains

Development schedule

Phase Completion
1. Customer needs February
2. Product concept May
3. Product design August
4. Prototype development September
5. Manufacturing October
6. Product release December
Resource requirements
Weeks Phase
6 Marketing and product management
24 Design engineering
12 Computer-aided design
16 Manufacturing engineering
10 Quality and test engineering

Key interfaces

Marketing
Research and development




40

Product Development

Table 2.7 Product plan for blender

Customer needs

Ability to puree, crush ice, mix, grate
Fast, quiet, and safe operation

Easy to use, disassemble, clean

Price <$35

Heavy-duty motor

Clear, wide mouth jar with spout

Key product attributes

Mixes ingredients evenly

Overall weight <2 pounds

Overall height no more than 15in.

Quiet (75dBA) and fast operation
Five-year life

Available in various colors

Automatic shutoff if motor reaches 150°F
Dishwasher safe, nonrust blade

Product financials

Development costs, $575,000

Tooling and capital, $4,070,000
Manufacturing cost, $21

Service cost, $10

Distribution and administration costs, 15%
Rate of return, 10.4%

Market and competition

Gain 5% of market share
Advertise on TV

Market to young

Use wholesale outlets

Development schedule

Phase Completion

1. Customer needs January

2. Product concept February

3. Product design March

4. Prototype development May

5. Manufacturing August

6. Product release December

Resource requirements

Hours Phase

500 Marketing

5000 Design engineering

4000 Computer-aided design
8000 Manufacturing engineering
2000 Quality and test engineering

Key interfaces

Marketing in India and China
Research and development
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2.5 Summary

In this chapter, we attempted to lay out a step-by-step procedure for developing new-
to-market products. The critical steps in this procedure are developing a consumer-
and market-friendly business strategy, identifying consumer needs, and recognizing
market conditions. The outcome of the process is a concise, preferably a single page,
product development plan. It should be recognized that this process requires the
participation of a number of individuals with a wide range of expertise. It would be
foolhardy to think that one individual, single-handedly, could accomplish this task.
No matter how capable an individual, the key lies in recognizing that people must
buy into the final outcome and the outcome must have synergy with the company’s
mission and business objective.

It is also worth mentioning at this point that information technology (IT) now is the
dominant technological item with which the younger generation defines itself. How
this technology is handled in the development of new products and how it is custom-
ized, to a considerable extent determines the success of a company in developing
products people like. For instance, cellular telephones today are fashion items. What
sort a person has defines that person. People nowadays have a tendency to replace
their cell phones long before they wear out. In that regard, cell phones are like cars.
These products not only define people, they bring them together and, for the younger
generation, serve as symbols of independence, lifestyle, and mobility. Cars and cell
phones are examples that suggest how the development of products may proceed in
the future. Here, one should consider at least two phenomena: the product features
are as much a function of social factors as technological factors and there is no con-
vergence in product design.

The first phenomenon dictates that, as technology develops and becomes more
affordable, features once limited to high end items, such as touch screen and cruise
control in cars, become widely available. Color screens now are common features in
cell phones and cameras. The second phenomenon, convergence in product design,
suggests that there is no point in looking for an ideal product. Should all cars converge
in the direction of a single ideal car—and look identical? How about telephones,
cameras, televisions, lamps, furniture? People are different with different needs,
tastes, and preferences. As long as individuals differ, there will be a need for diverging
products. The question is: How do we manufacture divergent products that address
consumer needs and make these products profitable?
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The Structure of the Product
Design Process

3.1 What is design?

Design is the act of formalizing an idea or concept into tangible information. It is
distinct from making or building. Taking the concept for an artifact to the point just
before the process of converting it into a physical, or embodied, form begins may be
described as the process of designing it. According to Caldecote (1989), design is the
process of converting an idea into information from which a product can be made.

From an engineering perspective, the application of scientific concepts, mathemat-
ics, and creativity to envision a structure, a machine, a system, or an artifact that per-
forms a prespecified function is the definition of design. Design is used pervasively,
its meaning being somewhat different for an engineer than for an industrial designer.
While an engineer is more concerned with the arrangement of parts, the mechanics
of the arranged parts, and their functionality when put together, an industrial designer
is more concerned with the appearance of an artifact. Since, in designing consumer
products, both form and function are important, both disciplines (engineering and
industrial design) are crucial in the development of the final information from which
a product can be made. The degree to which a product design depends on engineering
or industrial design is determined by the product itself. A product that relies mostly on
esthetics, such as textile products, greeting cards, and furniture, is within the design
spectrum of an industrial designer, while products that are function dominant, such
as automobile engines, building foundations, and gear trains, are within the domain
of engineers. Consumer products depend on both engineers and industrial designers
for success—on engineers for function and on industrial designers for esthetics. The
degree to which each discipline dominates the design varies from product to product.
Figure 3.1 shows the design spectrum for both disciplines.

In general, the relative cost of products determines the extent to which a discipline
contributes to the overall design. The design of a fighter plane is going to depend
more on the principles of aerodynamics than on requirements of appearance or what
pleases the eye. The design of fabric, on the other hand, is dominated by needs of
appearance. Most consumer products, however, have significant contributions of both
industrial and engineering design content. Figure 3.2 shows the relative cost shares of
engineering and industrial designs in a typical product design. Generally, engineering
design costs tend to be 10- to 100-fold more than industrial design costs, due to the
very nature of engineering design: investment in functionality, reliability, and the like.

The outcome of the design process is the information that can be used to build it.
The format of this information has changed over the years. It used to be informal
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Industrial designer Mechanical designer

Consumer products

Aesthetics Function

Figure 3.1 The design spectrum for most consumer products.
Source: Adapted from Caldecote (1989).

Slope is 1:10 to 1:100 or greater
Industrial design: Engineering design

$ Industrial design

$E

ing design

Figure 3.2 Relative costs of engineering and industrial designs.
Source: Adapted from Caldecote (1989).

drawings, leading to formal blueprints, to design drawings, to drawings in electronic
format (CAD) that can be stored on electronic media. Some of the information
formats, such as CAD drawings, can be fed directly to machines to produce the object
(e.g., CAM-CAD interfaces).

3.2 The changing design process

In a primitive society, people designed things without being conscious of the effort.
Stone Age tools, doors to mud dwellings, and protection for the feet are examples
of products that were developed with no formal drawing or awareness of the design
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Figure 3.3 Leonardo da Vinci’s flying machine.

process. Things were created without anyone designing them; the existence of tech-
nology was not a necessity.

The modern design process emerged with the growth of the industrial society.
While design by drawing or sketching has existed in some form or the other for
more than 5000 years, it became more formalized with time. Figure 3.3 shows the
sketch of a flying machine by Leonardo da Vinci. With the growth of the industrial
society, this process has become more sophisticated. Figure 3.4, for example, shows
a typical engineering drawing from the twentieth century. In the last few decades,
humans have been aided by computers; and computer-aided drawings, such as the
one shown in Figure 3.5, have become commonplace. These days, the design draw-
ings need not even be on paper; storage of drawings on electronic media has become
routine.

It has been argued, for instance by Jones (1970), that design by drawing provided
a designer much greater flexibility to manipulate the design compared to the prein-
dustrial society craftsmen. This flexibility allows manipulation of the design without
incurring the high cost of building the product and then changing it. The design-
by-drawing process, however, does not guarantee success. According to Alexander
(1969), this self-conscious process is limited, creates misfits and failures, and can-
not replace centuries of development and adaptation in the preindustrial society that
led to necessary inventions. Further, the extent of innovation required is beyond the
average design-by-drawing designer and, therefore, a new design process, something
totally different from design by drawing, is needed. Jones (1970) recommends that we
shift our emphasis from product design to system design to avoid the design failures
that created large, unsolved problems such as pollution and traffic congestion. Jones
recommends a hierarchy of design levels, from components to products to systems
to the community.
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Figure 3.5 A contemporary computer-generated design drawing.

The views of Jones are foreshadowed by Schon (1969; quoted by Cross, 1989)
who argued that we are experiencing a postindustrial emergence as indicated by the
following elemental shifts:

+  From component to system to network

+  From product to process

« From static organizations and technologies to flexible ones
« From stable institutions to temporary systems.

In the context of design process changes, this means design becomes a central cor-
porate function open to all in the corporation, instead of just the designer. This exter-
nalization of the design process allows all stakeholders (e.g., users and businesses) to
see what is going on and to contribute to it in a way that is beyond the capabilities,
knowledge, and experience of the designer. In a way, this shift is as significant as the
shift from craftwork to design by drawing. For the corporation, such a shift means
that it need not commit itself to a single product line or technology; its commitment
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could be to a major human function and the technologies and organizational rela-
tionships necessary to carry it out. Both Schon and Jones argued that we are in the
midst of this changing design process, and increasingly the designers have to focus
on designing the systems and subsystems (e.g., transportation systems instead of
automobiles) instead of just products, which become obsolete. Corporations such as
General Electric, Siemens, and Boeing, to some degree, reflect this changing design
process philosophy.

3.3 Design paradigms

Design paradigms are models or quintessential examples of designed solutions to
problems. The term design paradigm is used within engineering design to indicate
an archetypal solution. Thus, a Swiss Army knife is a design paradigm illustrating
the concept of a single object that changes configuration to address a number of
problems. Design paradigms can be used either to describe a design solution or as an
approach to design problem solving. In this section, we briefly discuss the following
important concepts (based on Petroski, 1994) through some unfortunate but classic
examples:

» The need for a model

» The need for redundancy

+ The scale effect

+ Avoiding starting problem analysis in the middle
+ Avoiding confirming a false hypothesis

+ Avoiding tunnel vision.

3.3.1 The need for a model

In sixth-century Crete, large stone columns needed to be moved across long distances.
These columns were too heavy for the axles of four-wheel carts, putting too much pres-
sure on roads. A six- or eight-wheel cart presented problems in distributing the load over
the axles. Sledges were an alternative, but wider wheels were considered better, wid-
est being the best. Wider stone columns were thought to provide a workable solution.
Chersiphron, an architect, cut out the center of the column at each end, fitted lead/iron
pivots into the cut out center, and put a wooden frame around the column for pulling it.

The scheme worked well for round columns but not for rectangular ones.
Chersiphron’s son, Metagenes, used the entire column as an axle by building wide
wheels around it at each end. Since this concept worked well too, Paconius, an almost
contemporary Roman engineer, bid on the job of moving the pedestal for a statue of
Apollo. The pedestal was a stone block, 12 x 8 X 6ft.—about 50 tons of stone. The
job was unusual, and Paconius had his own scheme for handling the stone block.
He built a great 15-foot-diameter horizontal wooden spool around the pedestal and
wrapped it with rope. The end of the rope came over the top of the spool and was
attached to several yokes of oxen. As the oxen pulled the rope, the spool was to roll
forward, playing out the rope. It seemed to make sense. As the rope uncoiled, it did



The Structure of the Product Design Process 49

indeed cause the wheels to turn, but it could not draw them in a line straight along the
road. Hence, it was necessary to draw the machine back again. Thus, by this drawing
to and fro, Paconius got into such financial embarrassment that he went bankrupt. Had
Paconius built a model, he could have tested his concept and avoided the embarrass-
ment as well as the financial ruin.

3.3.2 The need for redundancy

In 1961, the first of many “tower blocks” began to be built to accommodate the hous-
ing needs of the thousands of local people of West Ham in east London, an area badly
damaged during World War II. The design chosen was the Larsen-Nielsen method of
using precast reinforced blocks “slotted” into place on site, then bolted and cemented
together. This was seen as a safe, quick way to provide new homes while minimizing
on-site construction. To avoid shoddy construction and expensive work delays, all
walls, floors, and stairways were precast.

On the morning of May 16, 1968, a freak gas explosion caused the collapse of one
corner of a 23-story block of the Ronan Point apartments in Clever Road, Newham, in
east London. The construction of Ronan Point began on July 25, 1966, and the build-
ing was handed over to Newham Council on March 11, 1968; it cost approximately
£500,000 to build. It was 80 x 60ft. in area, 210ft. high, and consisted of 44 2-bedroom
apartments and 66 1-bedroom apartments, five apartments per floor. However, at
5:45 a.m. Thursday morning, an explosion occurred in apartment 90, a southeast cor-
ner apartment on the 18th floor of the new building, blowing out sections of the outer
wall. The modern design apparently proved to have a major fault (insufficient support)
which allowed a domino-style collapse of wall and floor sections from the top of the
building to the ground (Figure 3.6). Officially, the design faults were investigated and
took the blame for much of the disaster. It was determined that there was no redun-
dancy; there was a need to effectively join all components of the structure to take up
the load during such an eventuality as a gas explosion.

3.3.3 The scale effect

In the late 1800s, a railway bridge across Scotland’s Firth of Tay swayed and collapsed
in the wind. Seventy-five passengers and crew on a passing night train died in the
crash. It was the worst bridge disaster in history. So, when engineers proposed bridging
the even wider Firth of Forth, the Scottish public demanded a structure that looked like
it could never fall down. Chief engineers Sir John Fowler and Benjamin Baker came
up with the perfect structural solution: a cantilevered bridge, with a span of 8276ft.
The Firth of Forth Bridge (Figure 3.7) is made of a pair of cantilevered arms “sticking
out” from two main towers. The beams are supported by diagonal steel tubes project-
ing from the top and bottom of the towers. These well-secured spans actually support
the central span. This design makes the Firth of Forth Bridge one of the strongest—and
most expensive—bridges ever built. The bridge was opened in 1890.

The Firth of Forth Bridge, which was thought to have been overdesigned, was the
basic model for the Quebec Bridge. This bridge across the St. Lawrence River was
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Figure 3.6 The collapse of the Ronan Point apartment complex in the United Kingdom.

Figure 3.7 The Firth of Forth Bridge was completed in 1890 in the United Kingdom.
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Figure 3.8 The Quebec Bridge under construction in 1907.

the brainchild of the Quebec Bridge Company. In 1903, the Quebec Bridge Company
gave the job of designing of the bridge to the Phoenix Bridge Company. The company
also contracted a renowned bridge builder, Theodore Cooper from New York, to over-
see the engineering design and construction.

The peculiarities of the site made the design of the bridge most difficult. Because
the St. Lawrence was a shipping lane, the 2800-foot bridge was required to have a
1800-foot single span to allow the oceangoing vessels to pass. Further, the bridge
was to be multifunctional and 67ft. wide to accommodate two railway tracks, two
streetcar tracks, and two roadways. The key to the cantilevered bridge design was the
weight of the center span.

In late 1903, P.L. Szlapaka of the Phoenix Bridge Company laid out the initial
drawings for the bridge. His design, which had the background of the overdesigned
Firth of Forth Bridge, was approved with very few changes. The estimated weight
of the span was calculated based on these initial drawings. In 1905, the working
drawings were completed and the first steel girder was bolted into place. These work-
ing drawings took over 7 months for final approval. In the meantime, the work had
begun. It was not until Cooper received the drawing that he noticed that the estimated
weight of the span was off, on the low side, by almost 8 million pounds. Cooper had
two choices: condemn the design and start over or take a risk that there would be no
problem. Telling himself that the 8 million pounds was within engineering tolerances,
Cooper let the work continue (Figure 3.8). After all, he wanted to be known as the
designer of the greatest bridge in the world. Also factored into the decision was that
the Prince of Wales (later to be King George V) was scheduled to open the bridge in
1908 and any delay in construction would upset the planning.
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Figure 3.9 The collapsed Quebec Bridge.

On June 15, 1907, an inspecting engineer noted that two girders of the anchor were
misaligned by a quarter of an inch. Cooper called this a “not serious” problem. In
the inspection report in August 1907, it was noted that the girders had moved out of
alignment a bit more and “appeared bent.” Although this condition was a bit more dis-
concerting, the work continued. On August 27, 1907, the warning bells finally went
off when the inspection team noted that, over the weekend, the girders had shifted
a “couple of inches” and were more obviously bent. At 5:32 p.m. on August 29, the
girders trembled with a grinding noise and gave way. The bridge structure plunged
over 150ft., taking with it the lives of 75 workers (Figure 3.9).

The members of the Royal Commission of Inquiry investigating the collapse wrote
in their 1908 report, “A grave error was made in assuming the dead load for the cal-
culations at too low a value... This error was of sufficient magnitude to have required
the condemnation of the bridge, even if the details of the lower chords had been of
sufficient strength.” The lower chord members had a rectangular section of 5ft.,
7.51n., not much smaller than the overdesigned Firth of Forth Bridge chord’s circular
intersection. The load at the center span was much greater than anticipated, and even
though the lower chord section was comparable to the Firth of Forth Bridge chord, it
was not sufficient due to the size of the middle span. Clearly, the scale of the center
span should have been considered and the chord section enlarged. Extrapolation from
other bridge data simply did not work in this case. The bridge finally was completed
with the help from the British engineer who had worked on the Firth of Forth Bridge.
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The significance of the scale factor also is reflected when we wonder why we do
not have any giants. To be able to stand up, the bones of a 40-foot giant must support
a load that would require bones of much bigger size or of a different material; larger
bones would also interfere with limb movements.

3.3.4 Avoiding starting problem analysis in the middle

Liberty ships were cargo ships built in the United States during World War II.
Eighteen American shipyards built 2751 Liberties between 1941 and 1945. They were
British in conception but adapted by the United States, cheap and quick to build. The
ships were used primarily for carrying troops.

The initial design was modified by the U.S. Maritime Commission to conform to
American construction practices and to make it even quicker and cheaper to build.
The new design replaced much riveting, which accounted for one-third of the labor
costs, with welding. No attention was paid to how welding would affect the structure.

Early Liberty ships suffered hull and deck cracks. Almost 1500 instances of sig-
nificant brittle fractures were recorded. Nineteen ships broke in half without warning.
Investigations focused on the shipyards, which often used inexperienced workers
and new welding techniques to produce large numbers of ships quickly. A researcher
from Cambridge University demonstrated that the fractures were not initiated by
welding but instead by the grade of steel used, which suffered from embrittlement. It
was discovered that the ships in the North Atlantic were exposed to low temperatures
that changed the mechanism of cracking from ductile to brittle, causing the hull to
fracture easily. The predominantly welded (as opposed to riveted) hull construction
then allowed cracks to run large distances unimpeded. One common type of crack
nucleated at the square corner of a hatch that coincided with a welded seam, with both
the corner and the weld acting as stress concentrators. Had the effect of welding on
structural stiffness been considered, the problem could have been avoided.

Similar was the case with NASA’s shuttle booster joint. The design was based on
Titan III joint and included two O-rings instead of one. This was thought to be safer.
The outcome indicated otherwise. After the 1986 space shuttle disaster (Challenger),
the booster rocket was redesigned with three O-rings (Figure 3.10).

Both examples indicate that it is unwise to solve a problem by beginning in the
middle; it is important not to lose sight of the goal and start the process at the very
beginning.

3.3.5 Avoiding confirming a false hypothesis

It is easy to validate a hypothesis by means of several examples. However, only one
counterexample is necessary to invalidate it. It is inevitable in a data-driven statisti-
cal study that some false hypotheses will be accepted as true. In fact, standard sta-
tistical practice guarantees that at least 5% of false hypotheses are accepted as true
(the probability of type I error being 5%). Therefore, out of the 800 false hypotheses
40 will be accepted as true, that is, statistically significant. It is also inevitable in a
statistical study that some true hypotheses will not be accepted as such. It is hard to
say what the probability is of not finding evidence for a true hypothesis, because it
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Figure 3.10 The redesigned solid rocket booster for the space shuttle (NASA).

depends on a variety of factors, such as the sample size. Our goal, therefore, should
be to collect as much data as possible to reduce the probability of accepting a false
hypothesis or to come up with a proper explanation, such as why a failure occurs. It
is not uncommon in the field of medicine to find a clinical study whose conclusions
are proven to be false when a larger study is undertaken later. In engineering design,
similar occurrences are known to happen.

The jet transportation age began on May 5, 1952, when the de Havilland Comet 1
(Figure 3.11) began scheduled flights from London to Johannesburg. The Comet had a
cruising speed of 490 mph at 35,000 ft. and a range of 1750 miles with a payload of 44
passengers. The cabin was pressurized equivalent to 8000ft. at an altitude of 40,000 ft.
This gave a pressure differential of 8.25 psi (56 kPa) across the fuselage, twice the value
previously used. De Havilland conducted “many tests” to ensure the structural integrity
of the cabin. However, three accidents occurred in which Comet aircraft disintegrated
in flight, and all Comet 1 aircraft were subsequently withdrawn from service:
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Figure 3.11 The unfortunate de Havilland Comet airplane of BOAC.

«  G-ALYV after leaving Calcutta (now Kolkata) in May 1953. Violent storms were thought to be
involved and some wreckage was recovered. No firm conclusions were drawn as to the cause.

*  G-ALYP over Elba in January 1954 after 1286 cabin pressurization cycles. Little wreckage
was recovered and no major problems were found in fleet inspection. Fire was assumed to
be the most likely cause and modifications were made to improve fire prevention and con-
trol. The aircraft was returned to service.

« G-ALYY, flying as SA 201, after leaving Rome in April 1954. About 70% of the aircraft
was recovered and reconstructed at Farnborough. The engines were recovered more or less
intact, showing that engine disintegration was not the cause of the accident, and neither was
any evidence of fire found.

The Comet G-ALYU, which had experienced 3539 flying hours and 1221
cabin pressurization cycles, was subjected to full-scale flight simulation testing at
Farnborough. The fuselage was hydraulically pressurized in cycles, while the wings
were flexed with jacks to simulate the flight loads. Water was used for this pres-
surization because calculations had indicated that the energy release under cabin
rupture with air as the pressurization medium was equivalent to the explosion of a
500-pound-force bomb in the cabin. The cabin also was supported in water to avoid
extraneous weight effects. After the equivalent of a total of 3057 (1836 simulated
cycles) flight cycles, a 2-mm crack near the escape hatch grew to failure. This was
repaired, and after 546 flight cycles, a 4.5-m section of the cabin wall ruptured due to
fatigue cracking. It was concluded that explosive cabin failure had caused the loss of
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the three Comet aircraft. Developing a detectable crack 6 mm long consumed some
95% of the cyclic life.

The Royal Navy was charged with getting the relevant fuselage piece of G-ALYP
from the sea (using simulation trials, based on the way the aircraft was now thought
to break up in flight) to establish the likely position of this part of the aircraft on the
seabed. This showed unmistakable signs of fatigue. The fatigue crack was associated
with the stress concentrations of the rather square rear ADF window cutout (stress of
315MPa at the edge of the window) and with a bolt hole around the window (although
the stress at the bolt position was only 70 MPa).

The chief designer at de Havilland had wanted to glue the windows in position, but
the tooling for the square shape was too difficult to make. A lower stress concentration
shape would have been easier to manufacture.

The manufacturer had performed fatigue tests of the forward cabin area at about
10psi (with cracking occurring at 18,000 cycles), but these were carried out after
static tests of to up to 16.5 psi (twice operating pressure) had previously been applied.
Cracks also were known to be present after manufacture, and the remedy was to drill
1.6-mm holes at the crack tip to “arrest” them (such an arrested crack was present near
the rear ADF window, which had not propagated until the final failure). In the end, the
following causes were identified:

1. New technology introducing new load cases (high-altitude flight for turbojet engines requir-
ing cabin pressurization).
2. Mismatch between service loads and fatigue test procedure.
3. Possible contribution from out-of-plane bending loads (biaxial stresses) resulting from the
following design failures:
Improperly understood failure mode assessment procedures necessitated by implementa-
tion of new technology.
+ Poor configuration due to wing root engine placement (very few other aircraft have had
engines in this position), affecting uprating potential, fire hazard, and structural integrity
in the event of engine disintegration.

3.3.6 Avoiding tunnel vision

The 1940 Tacoma Narrows Bridge, a very modern suspension bridge with the most
advanced design, collapsed in a relatively light wind. The final investigation revealed
that the designers did not pay attention to the light weight of the road and supporting
system in their concern for vertical and horizontal “flexibility.”

The state of Washington, the insurance companies, and the US government
appointed boards of experts to investigate the collapse of the Narrows Bridge. The
Federal Works Administration appointed a three member panel of top ranking engi-
neers. In March 1941, the panel of engineers announced its findings. “Random action
of turbulent wind” in general, said the report, caused the bridge to fail. This ambigu-
ous explanation was the beginning of attempts to understand the complex phenom-
enon of wind-induced motion in suspension bridges. Three key points stood out:

1. The principal cause of failure of the 1940 Tacoma Narrows Bridge was its “excessive flexibility.”
2. The solid plate girder and deck acted as an airfoil, creating “drag” and “lift.”
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3. Aerodynamic forces were little understood, and engineers needed to test suspension bridge
designs using models in a wind tunnel.

“The fundamental weakness” of the Tacoma Narrows Bridge, said a summary arti-
cle in Engineering News Record, was its “great flexibility, vertically and in torsion.”
Several factors contributed to the excessive flexibility: the deck was too light. The
deck was too shallow, at 8 ft. (a 1:350 ratio with the center span). The side spans were
too long, compared with the length of the center span. The cables were anchored at
too great a distance from the side spans. The width of the deck was extremely narrow
compared with its center span length, an unprecedented ratio of 1-72.

The pivotal event in the collapse of the bridge was the change from vertical waves
to the destructive twisting, torsional motion. This event was associated with the slip-
page of the cable band on the north cable at midspan. When the band slipped, the
north cable became separated into two segments of unequal length. The imbalance
translated quickly to the thin, flexible plate girders, which twisted easily. Once the
unbalanced motion began, progressive failure followed. Wind tunnel tests also con-
cluded that the bridge’s lightness, combined with an accumulation of wind pressure
on the 8-foot solid plate girder and deck, caused the bridge to fail.

3.4 The requirements for design

Designing is the application of technical and scientific principles to arrange com-
ponents of a device. When the device is adapted and embodied to achieve a specific
result, it must satisfy the six requirements as outlined by Pye (1989). These require-
ments are as follows:

1. It must correctly embody the essential principle of arrangement.

2. The components of the device must be geometrically related to each other and to the objects,
in whatever particular ways suit these particular objects and this particular object.

3. The components must be strong enough to transmit and resist forces as the intended results
require.

4. Access must be provided.
The requirement for ease and economy is:

5. The cost of the result must be acceptable.
The requirement of appearance is:

6. The appearance of the device must be acceptable.

Design is the process of satisfying these requirements.

As Pye states, these design requirements are conflicting in nature, and therefore,
the final design, no matter what, cannot be perfect. It is the designer’s responsibility
to determine, in consultation with the client, the degree and location of “failures”
(compromises)—for instance, the conflict between the requirements for economy and
durability, between speed and safety, between usability and functionality. Since the
final design is the result of many compromises, design may be considered a problem-
solving activity; the requirement of appearance makes it an art. Therefore, design is
both a problem-solving activity and an art.
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3.5 The design process

In this section, we discuss the steps of the actual design process. However, before we dis-
cuss these steps it would be prudent to discuss the problem that confronts the designers.

3.5.1 Problem confronting the designers

A product has certain properties that make it useful to people. The properties can be
physical, such as size, weight, or strength, or chemical, such as composition, heat tol-
erance, or rust resistance. Some of the properties are intrinsic, some are extrinsic, and
some are the result of the physical form of the product (geometrical form). Table 3.1
shows the various intrinsic, extrinsic, and design properties of a product. As a result

Table 3.1 Properties of a Product

Liquidation properties
Function

Functionally determined
properties

Design Internal External System
Structure Strength Operational properties Space requirement
Form Manufacturing | Ergonomic properties Durability, life
properties
Tolerance Corrosion Aesthetic properties Weight/mass
resistance
Surface Durability Distribution properties Maintenance
Manufacturing Delivery and planning Operation
methods properties
Materials Law conformance Surface quality
properties
Dimensions Manufacturing properties Color
Economic properties Appearance

Storage space
Transportability, packing
Delivery deadline

Laws, regulations,
standards, codes of
practice

Quality

Operational costs

Price

Wastes

Recycling

Function

Reliability

(Adapted from Hubka and Eder, 1988)
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Product design Product planning process
= Price = Carry people = Transportation = Work
= Speed = Carry goods = Recreation = Health
= Load tolerance = Commuting = Self esteem
= Wind resistance = Protection from = Ego
= Safety weather = Environment

Form ——————  Propertitcs ———  Function —— Needs —— Values
A

Designer’s challenge

Figure 3.12 Link between a product’s form, its properties, its function, and human needs
and values.

of these properties, the environment in which it operates, and the geometrical form it
has, a product can perform certain functions. The fulfillment of these functions satis-
fies human wants and needs and helps the product achieve one or several values. The
achievement of these values is what makes a product useful to people. Figure 3.12
shows this progression.

Knowing the form of a product, it is possible to derive its properties, the functions
it can perform, the human needs it can satisfy, and the values it will achieve. The
process of design, however, does not require predicting properties and functions from
the form, for the form is unknown. Rather, it is to achieve an embodied form that, by
virtue of its intrinsic and extrinsic properties, performs certain functions that satisfy
human needs. In other words, the challenge for a designer is to move from right to left
in Figure 3.12. Transition from function to form, to a considerable degree, depends
on the ability, imagination, and creativity of the designer. This, then, is the problem
that confronts designers: to embody properties in a geometrical form such that the
embodied form, when used as intended in the specified environment, can perform the
intended functions.

While a specific product can perform only certain functions, it is possible to come
up with a number of forms that perform the same set of functions. Conceiving these
forms and choosing the final one is the challenge for designers. While design methods
can help, creativity and imagination are crucial in the transition from function to form.

3.5.2 Steps of the engineering design process

The basic engineering design process is not unlike the engineering problem-solving
process, described briefly in Chapter 1, as designing is not much different from solv-
ing any problem. In fact, “designing” is a special form of problem solving, as the
cycle of activities that must be undertaken to come up with a design is similar. Hall
(1968) outlined these basic activities as
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+ Problem definition: Studying needs and environment

+ Value system design: Stating objectives and criteria

« Systems synthesis: Generating alternatives

- Systems analysis: Analyzing alternatives

+ Selecting the best system: Evaluating alternatives against selected criteria
+ Planning for action: Specifying the selection.

These activities are reflected in many models of the basic design process.
Figure 3.13 shows one of the earliest such models, developed by French (1971).
A variation of the model, somewhat more detailed and shown in Figure 3.14, is
presented by Pahl and Beitz (1984). The activities in Figure 3.13 are replaced by
phases in Figure 3.14. The German professional engineers’ body, Verein Deutscher
Ingenieure (VDI) produced a general design process guideline, VDI 2221, shown in
Figure 3.15 (1987). This is a somewhat detailed variation of the engineering design
process model shown in Figure 3.14. The VDI 2221 model outlines a procedure that
first emphasizes analyzing and understanding the problem in detail, then breaking
the problem into subproblems, finding solutions to these subproblems, and finally

[ Identify the need ]

)

| Analyze the problem |

Statement of
problem

Conceptual
design

Selected
schemes

Embodiment of
schemes

)

| Detailing |

Working drawings
etc.

Figure 3.13 French’s (1971) basic engineering design process.
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Information: adapt the specification

Figure 3.14 The basic engineering design process according to Pahl and Beitz (1984).
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Figure 3.15 A general approach to engineering design (VDI 2221, 1987).

combining these solutions into an overall solution. All phases of this model require
coming up with a variety of solutions (divergence in the design phase). From this
variety of solutions, the best option is picked (convergence in the design phase). This
concept is shown in Figure 3.16.

The principles used for the solutions to subfunctions generally are basic scientific
and engineering principles. Pahl and Beitz (1984) provided examples of solution
principles to subfunctions, as shown in Figure 3.17.

3.5.3 Defining the problem and setting objectives

A problem is the result of an unfulfilled need. Unless the need is clearly defined,
the problem cannot be formulated; unless a problem is properly formulated, there is
either no solution or no guarantee that the proposed solution will solve the problem.
It is typical, however, that the need, when expressed initially, is vague. The problem,
therefore, is ill defined.
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Figure 3.16 Divergence and convergence in the design process (VDI 2222, 1987).

Since the start of the problem, and therefore the design solution, generally is
vague, the first step is to state the general objective and gradually clarify it. It is pos-
sible that, in the process, the initial objective may change or be altered significantly.
Such a change or alteration reflects a better understanding of the problem and, eventu-
ally, a more fitting design solution.

As the objective changes, from a broad goal to specific goals, the means to accom-
plish the result may change as well. With each stage of the change, the objective
should be reiterated in clear and precise language. As the objective becomes more
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Source: Examples from Pahl and Beitz (1984).
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specific or is broken down into subobjectives, the criteria for evaluating design solu-
tions emerge. These are classified as design specifications.

The objective tree method is a convenient format for developing and clarifying
objectives. Beginning with a general statement or broad objective, the intent is to
prepare a sequence of objectives and subobjectives. Some of these could be scaling
(e.g., price has to be as low as possible) and some nonscaling (e.g., the price must be
under $100); some could be in the form of requirements (e.g., the operating tempera-
ture must not exceed 210°F); and some could be standards (requirements imposed
by an external authority, such as the local, state, or federal government or industry
agreements). The objectives are arranged in a tree format showing hierarchical rela-
tionships and interconnections.

Figure 3.18 shows an objectives tree for a comfortable, safe, and attractive child
car seat. The figure represents a top-down approach, starting from a higher level
objective and progressing to lower level objectives. There is no clear end point in
the top-down approach, but achieving a lower level objective is a means to achieving
the higher level objective. When the lower level objectives are used as a means to
achieving higher level objectives (an end) and the tree is redrawn from a bottom-up
approach, the result is a means—end chain or cause—effect chain. This method helps
clarify objectives. Figures 3.19 and 3.20 show top-down and bottom-up trees for the
safety of automobile travel (Keeney, 1992).

A checklist approach may be used to develop a comprehensive list of objectives.
Pugh (1990) provided a list of 24 factors that may be used in a checklist format to
come up with a comprehensive list of subobjectives. These factors were summarized
by Roozenburg and Eekels (1995):

1. Performance: Which function(s) does the product have to fulfill? By what parameters will
the functional characteristics be assessed? Speed? Power? Strength? Accuracy? Capacity?
Noise?

2. Environment: To which environmental influences is the product subjected during manu-

facturing, storing, transportation, and use? Temperature? Vibration? Humidity? Which

effects of the product on the environment should be avoided?

Life in service: How intensively will the product be used? How long does it have to last?

Maintenance: Is maintenance necessary and available? Which parts have to be accessible?

5. Target product cost: How much may the product cost, considering the price of similar
products?

6. Transportation: What are the requirements of transport during production, and to location
of use?

7. Packaging: Is packaging required? Against which influences should the packaging protect
the products?

8. Quantity: What is the size of the run? Is it batch or continuous production?

9. Manufacturing facilities: Should the product be designed for existing facilities? Are
investments in new production facilities possible? Will the production or a part of it be
contracted out?

10. Size and weight: Do production, transport, or use put limits as to the maximum dimen-

sions? Weight?

11. Esthetics, appearance, and finish: What are the preferences of the consumers? Should

the product fit in with a product line or house style?

W
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Figure 3.18 An objectives tree for a child car seat.
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Figure 3.19 An objectives tree for safe automobile travel, top-down approach.
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Figure 3.20 A means—end tree for safe automobile travel, bottom-up approach.
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12. Materials: Are special materials necessary? Are certain materials not to be used?

13. Product life span: How long is the product expected to be produced and marketable?

14. Standards: Which standards apply to the product and its production? Should standardiza-
tion within the company be taken into account?

15. Ergonomics: Which requirements (perception, use, handling, etc.) does the product have
to meet?

16. Quality and reliability: How large may mean times between failure and mean times to
repair be? Which failure modes and resulting effects on functioning should not occur?

17. Shelf life and storage: During production, distribution, and use, are there periods of time
in which product is stored? Does it require specific measures?

18. Testing: To which functional and quality tests is the product submitted within and outside
the company?

19. Safety: Should any special facilities be provided for the safety of the users? Nonusers?

20. Product policy: Does the current and future product range impose requirements on the
product?

21. Social and political implications: What is the public opinion with regard to the product?

22. Product liability: For which unintended consequences of production, operation, and use
can the manufacturer be held responsible?

23. Installation and operation: Which requirements are set by final assembly and installation
outside the factory and by learning to use and operate the product?

24. Reuse, recycling, and disposal: Is it possible to prolong the material cycle by reuse of
materials? Parts? Can the materials and parts be separated for waste disposal?

The list of objectives should be analyzed to remove similar objectives and objectives
that are not biased. Objectives should be further stated in terms of performance and
their hierarchical relationships should be verified. Requirements and standards should
be checked for acceptable values and a means—end relationship should be drawn.

3.5.4 Establishing functions, setting requirements, and
developing specifications

Once the objectives list has been reexamined, consolidated, and edited, a function
analysis must be performed to determine what the product should achieve (not how).
For this purpose, the product can be treated as a black box that converts specified
inputs into outputs. The overall function should be as broad as possible, and this is
what the product design accomplishes: conversion of inputs into outputs. The designer
should ask questions about the inputs and outputs (e.g., What are the inputs? Where do
they come from? What are the outputs for? Stages of conversion? Sequence of conver-
sion?) to develop a complete list of inputs and outputs. These inputs and outputs can be
flows of materials, energy, and information. For instance, a coffee bean grinder takes
beans (matter), energy (electrical), and information (signal) as inputs and grinds beans.
The ground beans (matter), heat (energy), and information (signal) are the outputs. In
this case, the inputs and outputs are specified but not how the beans are ground.
Next, the function in the black box is replaced with a block diagram showing all
subfunctions and their links with each other and with inputs and outputs. There can
be no loose inputs and outputs or subfunctions. Eventually, the designer must look
for proper components for accomplishing each subfunction. The component can be a
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Figure 3.21 (A) A black box model for coffee brewing; (B) function analysis for an
automatic coffeemaker.
Source: Adapted from Hubka et al. (1988).

person or a mechanical or an electrical device. Figure 3.21, modified from Hubka et al.
(1988), shows the black box model and function analysis for an automatic coffeemaker.

The function analysis specifies what a design must achieve. However, no limits are
set. Setting precise limits on the functions is called setting performance specifications.
This means that we must set limits on the range of acceptable solutions. Performance
specifications should be neither too narrow (otherwise, normally acceptable solu-
tions are eliminated) nor too broad (which may lead to inappropriate solutions). The
design objectives and functions are the source of performance specifications. The list
of performance attributes contains all conditions the design must meet. These include
requirements (functional as well as nonfunctional) and standards. Additionally, if one
wishes, performance specifications for desired attributes may be included as well. For
each attribute, the designer must determine what the product must achieve or do as
far as performance is considered. It is most desirable to express this quantitatively, if
at all possible. For instance, the toothbrush cleaning cycle must be 120s long or the
product handle diameter should be 1.5in.; vague or qualitative specifications, such as
“approximately 10 pounds” or “as low as possible’ should be avoided. In general, per-
formance specifications should be independent of any solution. If a range would satisfy
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Table 3.2 Design specifications for a small city car

Characteristics

Required

Desired

1. General Characteristics

Car for city

Number of seats: 2(4)
Number of wheels: 4

Space utilization: Maximum
Range: >100km
Economical

XX

2. Working conditions: City area

3. Dimensions

2.5m length
1.5 m width
1.6m height

4. Weight

Maximum net: 400kg
Loading capacity: 200-300kg
Gross weight: 600-700kg

5. Luggage capacity

Minimum volume: 150 dm?
With dropped back: 359 dm?®

6. Speed

Maximum: 70 km/h

7. Motor type

8. Safety: As high as possible: active and passive

9. Pollution

Meet standards
Zero

10. Form and esthetics

Pleasing
Convertible

11. Production: 500 units/year

12. Price: $2000 to $2500

Source: Adapted from Pighini et al. (1983).
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performance specifications, it should be specified instead of a fixed number. Table 3.2
provides design specifications for a small city car developed by Pighini et al. (1983).
One way to generate product specifications is to use the method based on the prin-
ciples of quality function deployment (QFD). The method requires using the “house
of quality” interaction matrix with product attributes as rows and technical parameters
(also known as engineering characteristics), such as weight, volume, material, and
force required, as columns. The technical parameters have to be related to the basic
engineering characteristics. For instance, torque is determined by the gear ratio of the
transmission train and the motor power. These, in turn, are affected by variables such
as voltage and resistance. It is these basic variables that have to be related to product
attributes to determine the specifications. Each attribute is assigned a weight, or relative
importance, factor. Next, the relationship between the product attribute and technical
parameters is determined using notations for strong positive, medium positive, neutral,
medium negative, and strong negative, and a value is assigned to each of these rela-
tionships. Multiplying the weight and the relationship score produces a value for the
strength of the product attribute—technical parameter relationship. The sum for each
column (parameter) indicates the priority of that technical parameter in the product
design. At the bottom of the matrix, the measurement units of technical parameters are
listed. A target value for each parameter is set on the basis of its importance and how
the values of the attribute for competitors’ products would compare against the target.

3.5.5 Developing provisional designs

The methods for developing design solutions to problems are called design methods.
Any procedures, techniques, aids, or tools for designing are a part of the design meth-
ods. While some methods are informal, many are formal and rely on decision theory
and techniques used in management science. Jones (1981) outlined as many as 35
design methods. In general, the design methods are classified under the following cat-
egories: association methods, creative confrontation methods, and analytic methods.

3.5.5.1 Brainstorming

The most widely known creative association method is brainstorming. This method,
invented by Osborn (1963), is very effective in generating a large number of ideas.
Even though most of the ideas originally generated are rejected, some ideas will be
worth pursuing. The method requires a small group of people (four to eight) of diverse
backgrounds to participate in the solution-generating activity. According to Osborn,
the following four rules must be followed:

1. There should be no criticism of the ideas generated. The participants should not think about
the utility or worth of the idea and certainly should not criticize them. Such a criticism
stifles the idea generation process.

2. Any idea is welcome; no matter how outlandish. Such divergent thinking is productive. The

participants must feel secure in proposing any wild ideas they think relevant.

Adding to other ideas to improve on them is welcome.

4. The goal is to generate as many ideas as possible.

w
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The procedure requires that the problem statement be provided to the selected group
of participants in advance of the brainstorming session. Background information, some
examples of solutions, and information regarding the participation rules also should be
provided. A preliminary meeting explaining the rules and purpose may be held.

During the actual session, participants provide their ideas through the modera-
tor. Nonparticipants also can provide their ideas in writing. Once the list of ideas is
complete, participants discard silly ideas and focus on those that seem relevant. The
relevant ideas also may be elaborated by others later.

Some variations of the original brainstorming method are also practiced, for
instance, the brainwriting-pool method. In this variant, five to eight people write their
ideas on a sheet of paper in silence, once the problem has been explained. The sheet
of ideas is placed in a pool. Participants who already put their sheet in the pool pull
a sheet from the pool and add ideas to it. After about 30 min, the ideas on the sheets
are evaluated as in the original method.

Another variation of the original method is the 6-3—5 method, in which six partici-
pants write three ideas on a sheet. The sheets are passed five times among the participants,
during which ideas are added. As many as 108 ideas can be generated in this manner.

3.5.5.2 Analogies and chance

Many innovative ideas can be attributed to chance. For instance, vulcanized rubber
was invented by Charles Goodyear when he accidentally added sulfur to rubber when
working in his wife’s kitchen. Similarly, John Boyd Dunlop invented the pneumatic
tire after observing the behavior of the garden hose when watering his garden.

Cyanoacrylate, also known as superglue or Krazy Glue, developed by Harry Coover
at Eastman Kodak during World War 1II, is another example of a chance discovery.
Coover was searching for a way to make plastic gunsight lenses when he discovered
cyanoacrylate, which did not solve the problem since it stuck to all apparatuses used to
handle it. It was patented in 1956 and developed into Eastman 910 adhesive in 1958. The
new glue was demonstrated in 1959 on the television show I've Got a Secret, when the
host Garry Moore was lifted into the air by two steel plates held together with a drop of
Eastman 910. Cyanoacrylates are now a family of adhesives based on similar chemistry.

The Post-it note was invented in 1968 by Dr. Spencer Silver, a 3M scientist who
stumbled on a glue that was not sticky enough. In 1974, a colleague, Arthur Fry, who
sang in a church choir, was frustrated that the bookmarks kept falling out of his hym-
nal, so he applied some of Silver’s glue to his markers. 3M launched the product in
1977 but it failed, as consumers had not tried the product. A year later, 3M swamped
Boise, Idaho, with samples. Of people who tried them, 90% said that they would
buy the product. By 1980, the product was sold nationwide and a year later it was
launched in Canada and Europe.

The examples cited here demonstrate the role of analogy and chance in solving
problems. Bright people often can come up with a design solution when two situa-
tions are accidentally confronted. Seemingly, the two situations have nothing to do
with each other or have some indirect relationship. Gordon (1961), and later Prince
(1970), formalized the mechanics of the process which now is known as synectics.
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Synectics is different from brainstorming: instead of generating ideas, the group
tries to work collectively toward a particular solution. The session is much longer and
much more demanding. The group is pushed to use particular types of analogies by
making the strange familiar and the familiar strange. The types of analogies encour-
aged are

« Direct analogies: A biological solution to a similar problem is sought. As an example,
Velcro was designed using an analogy with plant burrs.

+ Personal analogies: The team members put themselves in the problem being solved; for
example, How would I feel if I were a transmission?

+ Symbolic analogies: The team members use metaphors and similes, such as the “jaw” of a
clamp.

- Fantasy analogies: The team members dream of an ideal solution to the problem; for exam-
ple, a child’s fantasy, such as a door opening by itself when the owner reaches it.

The synectics method involves the following steps:

State the problem (e.g., how to fly and stay in place)

Use a direct analogy (e.g., hummingbirds stay flying in one place)

Analyze the analogy (e.g., flap wings rapidly, 15-80 times per second; how to achieve this?)
Force a fit (e.g., use multiple horizontal rotors)

Generate ideas

Develop the ideas.

AR W=

In addition to synectics, other methods in this category include random stimulus,
intermediate impossible, and concept challenge. In the random stimulus method, a
word, object, or image, chosen at random, is linked to the original problem. In the
intermediate impossible method, an ideal solution to the problem is thought up, and
from it, gradually, a practical solution is developed. The concept challenge method
undermines the problem statement in order to envision a new solution.

3.5.5.3 Analytic methods

Analytic methods are also called systematic methods. The method described in this
section is a combination of function analysis (discussed in Section 3.5.4) and the
morphological chart method. A morphological chart is a summary of subsolutions to
subfunctions.

As mentioned in Section 3.5.4, the main function in the black box connecting
inputs to outputs is replaced with several subfunctions, showing interrelationships
among them as well as the inputs and outputs (Figure 3.21B); subfunctions can be
added step by step. Next, the function structure is elaborated by changing, splitting,
or combining subfunctions until the best function structure results. In the third step,
the subfunctions are replaced with general function symbols. Figure 3.22 shows the
symbols recommended by Pahl and Beitz (1984). Roth (1970) also provides general
function symbols, shown in Figure 3.23.

Figure 3.24, from Pahl and Beitz (1984), shows how the general function (harvest-
ing potatoes) in the black box is replaced with subfunctions and these subfunctions
with the general function symbols shown in Figure 3.22. Figure 3.25, from Roth (1970),
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Figure 3.22 Symbols for general functions.
Source: Adapted from Pahl and Beitz (1984).
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Figure 3.23 Symbols for general functions.
Source: Adapted from Roth (1970).



The Structure of the Product Design Process 75

. —>» Potatoes
Potatoes in B —| :
—> Reject potatoes
the ground M _—: Harvest potatoes Leaves
—» Soil, etc.

— |
! »Change |
E2 I »Change |
L |
|

| Reject potatoes

1--p---1

A A A |
Potatoes in _'_,| it |—>| Sift |—>|Separate |—>Feparate |—>| Sort |—>| Collect |—|->Potatoes
the ground ¥ | |

¥ Coarse particles
> Leaves

| » Fine particles
pa—

Potatoes

> Reject potatoes
» Coarse particles

S
AL
A 4
N

b Leaves

> Fine particles
I - —'r - |

Figure 3.24 Function analysis and structure for a potato harvesting machine.
Source: Adapted from Pahl and Beitz (1984).

using his symbols provided in Figure 3.23, shows how subfunctions can be added
step by step.

Once the function analysis is complete, the task at hand is to develop a matrix of
subfunctions as rows and possible solutions as columns. The best means to achieve
each subfunction is identified. The selected solution box is highlighted. The com-
bination of chosen solutions to subfunctions should yield the design solution to the
problem. Figure 3.26 shows the morphological chart for potato harvesting from Pahl
and Beitz (1984).

3.5.6 Evaluation and decision making

Once a number of alternative designs have been developed, the designer must choose
the best one. Consideration of the objectives is essential in making the final choice.
Since there usually are multiple objectives, each with a different value, it is necessary
to weight the objectives so that all designs may be compared objectively and across
a wide range of objectives. Generally, a matrix of objectives with associated weights
and the various evaluation criteria, such as cost, performance, and comfort, is pre-
pared. Each design is evaluated against these criteria using a scale (a S-point, 7-point,
10-point, or other). The scale graduations may be descriptive, such as excellent
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Figure 3.25 Step-by-step addition of subfunctions for an electric coffee mill.
Source: Adapted from Roth, 1970.
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Figure 3.26 Morphological chart for a potato harvesting machine.
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Table 3.3 A simplified design decision matrix

Design Design criteria Total
Cost Comfort Reliability
w S T w S| T w S T
1 0.5 9 4.5 0.3 7 2.1 0.2 8 1.6 8.2
2 0.5 8 4.0 0.3 8 2.4 0.2 8 1.6 8.0
3 0.5 9 4.5 0.3 9 2.7 0.2 9 1.8 9.0

W, weight; S, score; 7, W x S.

solution, poor comfort, and very economical design. The final score for each design is
the sum of the scores for each design weighted for each criterion. The design scoring
the highest is the winner. This, however, may not be the final design, as the designer
may incorporate features that rated higher from other designs to modify the chosen
design. Table 3.3 shows an example of automobile designs rated for various criteria.
In this case, Design 3 is selected.

3.6 Summary

This chapter outlined the structure of the product design process. It defined design and
briefly described how the design process has changed over time. We also discussed
some important design paradigms learned as a result of design failures. The basics
of design requirements were outlined, and finally, we provided a systematic, step-
by-step analytical design procedure. We realize that we have condensed a significant
amount of information in this chapter, and the reader is encouraged to consult books
devoted completely to the process of design. A number of references are provided
next. Finally, we would like to the leave the reader with the impression that the end
of this chapter is not the end of the product design process. Once the basic design
is developed, it must be refined from the standpoint of quality, materials, processes,
assembly and disassembly, maintenance, functionality, and usability. This refinement
is considered in detail in Chapters 4-11.
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Design Review: Designing to
Ensure Quality

4.1 Introduction

Creativity in product design and process selection is the critical component in ensur-
ing quality in the product and its associated processes. In previous chapters, we pre-
sented details of the design process, strategies, and tools. Now we focus on the need
to integrate quality into the product design and the design review (D—R) process.

Product quality constitutes a crucial component in the product design process,
directly affecting consumer loyalty and company profitability. Historically, manufac-
turing enterprises relied on the reactive approach of inspecting the quality of a product
to ensure it conforms to design specifications. While this approach has its advantages,
its principal limitation lies in the manufacturers’ implicit resignation to the fact that
quality needs to be inspected in since it cannot be built into the product design at the
design stage. However, there has been a gradual, yet definite, transition from a reac-
tive to a proactive strategy to managing quality by incorporating design techniques
that do away with the largely unproductive inspection process. Several leading manu-
facturing enterprises have been successful in entirely eliminating the need to inspect
by adopting a proactive approach to product design.

Quality is defined as a physical or nonphysical characteristic that constitutes the
basic nature of a thing or is one of its distinguishing features. This broad definition of
quality can be extended to the engineering and industrial realm by defining quality as
a characteristic or group of characteristics that distinguish one article from another or
the goods of one manufacturer from those of its competitor (Radford, 1992). The two
different aspects of this characteristic can be classified into objective and subjective
categories. The objective nature of quality is independent of the existence of mankind,
whereas the subjective nature of this characteristic is expressed in terms of the general
manner in which humans perceive it. Figure 4.1 shows the nine dimensions of qual-
ity and their meanings. These dimensions are relatively independent of each other;
hence, a product can be excellent in one dimension, average in another, and poor in
still another dimension. Therefore, quality products can be determined by using a few
of the dimensions of quality.

When the expression quality is used, we usually think in terms of an excel-
lent product that fulfills or exceeds our expectations. The International Standards
Organization (ISO) extends this definition to include the service industry as well.
The ISO defines quality as “the totality of features and characteristics of a product or
service that bear on its ability to satisfy stated or implied needs” (ISO Standard 9000).

Product Development. DOI: http://dx.doi.org/10.1016/B978-0-12-799945-6.00004-1
© 2014 Elsevier Inc. All rights reserved.
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Figure 4.1 Quality dimensions.
Source: Adapted from Garvin (1988).

4.1.1 Why quality control?

The American Society for Quality Control (ASQC, 1991) commissioned a Gallup poll
of over 3000 consumers in the United States, Japan, and Germany in the 1990s. The
survey pointed to significant commonality in customer thinking regarding quality.
Performance, price, and reputation were three of the most valuable attributes custom-
ers desired when selecting one company’s product over another. The importance of
customer satisfaction and loyalty to a company’s profitability and ability to compete
in a global marketplace can hardly be overemphasized. In formulating manufacturing
strategies, quality is the most important factor in determining market success (Hill,
1989). “The quality of our product is excellent, but the price is too high” does not
make a successful product marketing strategy. There must be a balance between qual-
ity loss and product price. The price represents the loss to the customer at the time of
purchase, and poor quality represents an additional loss during the use of the product.
A goal of quality control is to minimize such losses to the customer.

Given the obviously undeniable importance of incorporating quality into product
or service design, it is necessary to draw a distinction between quality assurance
and quality control. Quality assurance consists of all planned and systematic actions
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Figure 4.2 Creation and experience of quality.
Source: Adapted from Kolarik (1999).

that are necessary to provide adequate confidence that a product or service will
satisfy given requirements for quality (ISO Standard 9004). Quality control, on the
other hand, is a system whereby quality is assured economically (Japan Industrial
Standards, JISZ Standard 8101). Generally speaking, quality is created through pro-
cesses that the manufacturer develops and maintains (Kolarik, 1999). Each of these
processes plays an integral role in satisfying the eight fundamental requirements for
product or service conception, development, delivery, and disposal. Figure 4.2 depicts
the creation of quality as just described by the sequential achievement of eight funda-
mental processes. Bear in mind that this sequence of activities has to be approached
systematically if customers are to have a positive quality experience.

4.1.2 Reactive versus proactive quality control

Quality control strategies can be classified into two distinct categories: reactive and
proactive. The majority of quality control strategies are aimed at detecting and cor-
recting problems that already exist. In other words, the designer of a product, process,
or service incorporates a system of checks and measures to isolate and catch defects
as and when they occur. By their very nature, reactive quality control strategies are
better suited to identify problems and resolve them and, as such, are clearly defensive
in nature. Reactive strategies try to limit losses by incorporating the largely wasteful
inspection process. The reactive strategy emphasizes traditional loss accounting and
data-intensive statistical inferences to justify action. This course of action is comfort-
ing for a decision maker, since action can be readily justified based on historical data
(Kolarik, 1999). Traditionally, most of the classical topics of quality assurance and sta-
tistical quality control currently being taught in universities are largely reactive in nature
(Banks, 1989; Duncan, 1986; Grant and Leavenworth, 1988; Montgomery, 1991).

The proactive approach to quality control is based on the cause and effect relation-
ship and, as such, does away almost completely with historical data and related sta-
tistical analyses. This approach is based on the premise that, if a manufacturer has a
reasonably good understanding of the expectation of quality of its customers (relative
to its competitors), then processes aimed at creating high quality can be structured
in accordance with those requirements. This concept tends to reduce risk of business
failure since all operations are geared toward customer satisfaction.
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Figure 4.3 The transition from reactive to proactive quality assurance techniques.

The advantages of adopting a proactive approach to quality control, as described
here, is twofold: accelerated product and process development cycles, and avoidance,
not management, of losses. This leads to lower equipment downtime.

It is obvious that both advantages result in a keener competitive edge in an
increasingly competitive global marketplace. Quality systems and quality transfor-
mation-related strategies have proven their importance by improving productivity,
especially when appropriate leadership, training, and managerial structures are pro-
vided (Kolarik, 1999). Product and process planning strategies have myriad forms.
For instance, quality function deployment (QFD) is a product planning tool used
most commonly during the design stages of a new product. QFD has been observed
to render extremely positive results in generating customer satisfaction and enhanc-
ing market share as well as profits (Akao, 1990; Juran, 1988). Some examples of the
emergence of proactive strategies include robust design and early off-line experimen-
tal programs that support system, parameter, and tolerance design (Kolarik, 1999;
Taguchi, 1986). Mistake proofing, commonly referred to as poka-yoke in industry,
and source inspection are examples of yet more proactive strategies that stress the
prevention and elimination of quality problems (Shingo, 1986).

From the preceding discussion, it is clear that proactive quality control strategies,
when used strategically, enable the designer to design and build high quality into the
product. This does away with time, effort, and resources wasted at the end of the
production process. The proactive approach to quality control emphasizes the “do
it right the first time” approach to manufacturing, quality, and ultimately customer
satisfaction. Figure 4.3 is a graphical depiction of this transition.

4.2 Procedures for incorporating high quality
in design stages

The reactive approach to quality control is commonly associated with suboptimal use of
resources, a high amount of waste, and shrinking market share. This not only adds to the
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Figure 4.4 The DFSS approach to product and process design, DMADV.

product price but leads to an increase in the lead time from manufacturing to marketing
the product, resulting in untimely release to the market and a loss of market share. To
ensure high quality, it needs to be built into the product beginning at the design stage
itself instead of inspecting for it at a later stage. Here we discuss some of the frequently
used proactive quality control techniques used to solve problems in industry.

4.2.1 Design for six sigma

The term six sigma has several meanings. At the most encompassing level, a corpora-
tion can define it as a philosophy, a way of thinking. Technically, six sigma is a data
driven approach to reducing the defects produced due to a variation in a product or
process.

Design for six sigma (DFSS) can be described as a comprehensive approach to
product development. It links business and consumer needs to critical product attrib-
utes to product functions to detailed designs to tests and verification. This is achieved
by integrating a full suite of analytical methods from six sigma, including QFD, goal
deployment, failure mode and effects analysis (FMEA), simulation, quality loss func-
tions, and prototyping to create more reproducible, customer-driven designs faster.

Similar to six sigma, DFSS uses a structured set of steps, DMADV (define, meas-
ure, analyze, design, and validate; see Figure 4.4), to ensure repeatability and continu-
ous improvement. DFSS focuses on translating customer requirements qualitatively
and quantitatively to product specifications, then ensuring that proposed designs
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robustly meet customer-defined scorecards. The DMADV process is to fundamen-
tally redesign a process. It also may be used to design a new process or product when
requirements change. The goal of DFSS is to design a new process or product to
replace the unsatisfactory existing process or product.

DFSS can be used to maximize the performance of products as well as services.
DFSS can be utilized to enhance the speed and quality of the design processes within
an organization. Organizations use DFSS when they have to design or redesign a pro-
cess, product, service, or transaction. DFSS gets to the source of product and service
imperfections by “designing in” performance from the earliest stages of research and
development. It teaches people a methodical approach to involving the right people,
asking the right questions, and using the right tools from the very beginning of any
design project. DFSS can be applied to any industry and any product or process
design methodology. It can be used to create new products and services, streamline
software design and systems integration, or improve existing product performance.
By implementing DFSS, companies can avoid costly redesign projects by ensuring
that products and processes are designed, built, and launched with greater reliability
and a higher performance-to-cost ratio.

4.2.2 Mistake proofing (Poka-Yoke)

Mistake proofing a product’s design and its manufacturing process is an important
element of design for X. Mistake proofing also is a key element in improving product
quality and reliability and an element of the DFSS concept.

The Japanese concept of poka-yoke (mistake proofing) seeks to find and correct
problems as close to the source as possible. This is because finding and correcting
defects caused by errors costs more and more as a product or item flows through a
process. Over time, more emphasis has been placed on the design of the product to
avoid mistakes in production. Often the benefits of mistake proofing not only help
with production of the product but also contribute to correcting user operation and
maintenance as well as servicing the product.

The concept of mistake proofing involves finding controls or features in the prod-
uct or process to prevent or mitigate the occurrence of errors and requires simple,
inexpensive inspection (error detection) at the end of each operation to discover and
correct defects at the source.

There are six mistake proofing principles or methods. These are listed in order of
preference or precedence in the manner in which mistakes are addressed (Belliveau
et al., 2002):

1. Elimination seeks to eliminate the possibility of error by redesigning the product or process
so that the task or part is no longer necessary; for instance, product simplification or part
consolidation that avoids a part defect or assembly error in the first place.

2. Replacement substitutes a more reliable process to improve consistency; for example,
the use of robotics or automation that prevents a manual assembly error, or automatic dis-
pensers or applicators to ensure the correct amount of a material, such as an adhesive, is
applied.

3. Prevention engineers the product or process so that it is impossible to make a mistake.
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4. Facilitation employs techniques and combines steps to make work easier to perform; for
example, visual controls including color coding, marking, or labeling parts to facilitate
correct assembly; exaggerated asymmetry to facilitate correct orientation of parts; a staging
tray that provides a visual control that all parts were assembled, locating features on parts.

5. Detection involves identifying an error before further processing occurs so that the problem
can be corrected quickly; for example, sensors in the production process to identify when
parts are assembled incorrectly.

6. Mitigation seeks to minimize the effects of errors; for example, simple rework procedures
when an error is discovered and extra design margin or redundancy in products to compen-
sate for the effects of errors.

Ideally, mistake proofing should be considered during the development of a new
product to maximize opportunities to mistake proof through design of the product and
the process (elimination, replacement, prevention, and facilitation), because over 70%
of a product’s life cycle costs can be attributed to its design stage. Once the product
is designed and the process selected, mistake proofing opportunities are more limited
(prevention, facilitation, detection, and mitigation).

4.2.3 Quality function deployment

QFD was originally developed by Yoji Akao and Shigeru Mizuno in the early 1960s.
They extended the original “house of quality” (HOQ) approach by deploying “hows”
resulting from the top-level HOQ into lower tier matrices addressing aspects of
product development, such as cost, technology, and reliability. The basic QFD meth-
odology involves four phases that occur over the course of the product development
process. During each phase, one or more matrices are constructed to plan and com-
municate critical product and process planning and design information. The QFD
methodology flow is depicted in Figure 4.5.

Once customer needs have been identified, preparation of the product planning
matrix or “HOQ” can begin. The product planning matrix is prepared as follows:

1. State the customer needs or requirements on the left side of the matrix. These are organized
by category, based on the affinity diagrams. It needs to be ensured that the customer needs
or requirements reflect the desired market segment(s). If the number of needs or require-
ments exceeds 20-30 items, the matrix is decomposed into smaller modules or subsystems
to reduce the number of requirements. For each need or requirement, state the customer’s
priorities using a 1-5 rating. Ranking techniques and paired comparisons are used to
develop priorities.

2. Evaluate prior-generation products against competitive products. Surveys, customer meet-
ings, or focus groups and clinics are used to obtain feedback. Competitors’ customers
are included to get a balanced perspective. Identify price points and market segments for
products under evaluation. Warranty, service, reliability, and customer complaint problems
are taken into account to identify areas of improvement. Based on this, a product strategy
is developed. Consider the current strengths and weaknesses relative to the competition.
Identify opportunities for breakthroughs to exceed competitors’ capabilities, areas for
improvement to equal competitors’ capabilities, and areas where no improvement will be
made. This strategy is important to focus development efforts where they will have the
greatest payoft.
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Figure 4.5 The four-phase QFD approach to building quality.
Source: Adapted from Kolarik (1999).

Establish product requirements or technical characteristics to respond to customer require-
ments and organize them into related categories. It is important to note that characteristics
should be meaningful, measurable, and global.

Develop relationships between customer requirements and product requirements or techni-
cal characteristics. This involves using symbols for strong, medium, and weak relationships.
Develop a technical evaluation of prior-generation products and competitive products. Get
access to competitive products to perform product or technical benchmarking. Perform this
evaluation based on the defined product requirements or technical characteristics. Obtain
other relevant data, such as warranty or service repair occurrences and costs, and consider
this data in the technical evaluation.

Develop preliminary target values for product requirements or technical characteristics.
Determine potential positive and negative interactions between product requirements or
technical characteristics, using symbols for strong or medium, positive or negative relation-
ships. Too many positive interactions suggest potential redundancy in the “critical few”
product requirements or technical characteristics. Focus on negative interactions; consider
product concepts or technology to overcome these potential trade-offs or consider the trade-
offs in establishing target values.

Next, calculate importance ratings. This involves assigning a weighting factor to relation-
ship symbols and multiplying the customer importance rating by the weighting factor in
each box of the matrix. Finally, all resulting products in each column are added.

Develop a difficulty rating (1-5 point scale, where 5 means very difficult and risky) for each
product requirement or technical characteristic. Avoid too many difficult/high-risk items, as
this will likely delay development and exceed budgets. Assess whether the difficult items
can be accomplished within the project budget and schedule.
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Figure 4.6 A typical QFD model and its elements.

10. Analyze the matrix and finalize the product development strategy and product plans.
Determine required actions and areas on which to focus. Finalize target values. Are target
values properly set to reflect appropriate trade-offs? Do target values need to be adjusted,
considering the difficulty rating? Are they realistic with respect to the price points,
available technology, and the difficulty rating? Are they reasonable with respect to the
importance ratings? Determine items for further QFD deployment. To maintain focus on
the critical few, less significant items may be ignored with the subsequent QFD matrices.
Maintain the product planning matrix as customer requirements or conditions change.

The “HOQ” matrix often is called the phase I matrix. Figure 4.6 shows a typical
HOQ and its elements. In the QFD process, a phase 2 matrix translates finished product
specifications into attributes of design (architecture, features, materials, geometry, subas-
semblies, and component parts) and their appropriate specifications. Sometimes, a phase
3 matrix is used in translating attributes of design specifications into manufacturing
process specifications (temperature, pressure, viscosity, rpm, etc.). Some key elements
that determine the successful implementation of QFD follow:

+  Management must make it clear that QFD is a high priority.
» Set clear priorities for QFD activities. Specifically, management needs to allocate resources
for and insist on execution of market research and technical competitive assessment.
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»  Make QFD training available, preferably “just in time” to use QFD.
+ Insist that decisions be based on customer requirements.

«  Understand the terms used in QFD.

+ Insist on cross-functional commitment and participation.

»  Become leaders of QFD rather than managers.

One guideline for successful development of QFD matrices is to keep the amount
of information in each matrix at a manageable level. With a more complex product,
if 50 potential needs or requirements were identified and these were translated into
an equal or even greater number of product requirements or technical characteristics,
there would be more than 2500 potential relationships to plan and manage. Generally
speaking, an individual matrix should not address more than 20 or 30 items on each
dimension of the matrix. Therefore, a larger, more complex product should have its
customers’ needs further classified into lower hierarchical levels.

To conclude, a product plan is developed based on initial market research or
requirements definition. If necessary, feasibility studies or research and development
are undertaken to determine the feasibility of the product concept. Product require-
ments or technical characteristics are defined through the matrix, a business justifica-
tion is prepared and approved, and product design then commences.

4.2.4 Design review

The purpose of a design review is to provide a systematic and thorough product-
process analysis, a formal record of that analysis, and feedback to the design team
for product and process improvement. According to the Japanese Industrial Standards
JIS Z 8115-1981, design review is the judgment and improvement of an item at the
design phase, reviewing the design in terms of function, reliability, and other charac-
teristics, with cost and delivery as constraints and with the participation of specialists
in design, inspection, and implementation. The D-R process allows for an independ-
ent critique of a product and its related process at appropriate time intervals in the
product life cycle. It is an important tool to identify product-process bottlenecks using
the proactive quality control strategy.

Formal design reviews (FDRs) should be performed from an independent perspec-
tive. A key requirement for a reviewer in the FDR is that he or she be an expert in
the field and hold no vested interest in nor be directly responsible for the product or
process under review. This constraint helps the process elicit unbiased comments,
concerns, and recommendations. Development of an effective design review requires
a team of functional experts (the reviewers) and a product or process life cycle plan
or program (which is the subject of review).

Figure 4.7 shows the steps in a typical D-R process. In the conceptual D-R stage,
designers ensure that the initial design direction maps to the business goals and user
needs and review the design for alignment with broader initiatives and possible inte-
gration with other product designs. In the standards check point stage, the designs are
reviewed to meet appropriate standards for consistency, accessibility, usability, and
the like. The user interface (UI) design review is used to review specific interactions
and provide guidance to designers on problematic issues. Finally, the creative design



Design Review: Designing to Ensure Quality 93

Design standards

Figure 4.7 D-R process and product development phases.

review is used to ensure that the visual design maps to the creative direction of the
project.

Design reviews vary in both formality and structure. Reviews typically are planned
into the design process, so that often we see a number of reviews conducted in
sequence. Each design review focuses on one or more aspects of the design or plan as
it proceeds across the product life cycle, from needs assessment to disposal considera-
tions. These individual reports are fed back to the design and planning team for action
and resolution. Each stage is recorded sequentially, and actions taken are formally
entered into the record. Based on these reports, formal documentation is developed
and becomes a permanent part of the quality record.

Typically, there are two forms of design review: internal and external. The internal
D-R process looks into the manufacturability and design part of the product life cycle.
It addresses the feasibility of the design with respect to function, form, and fit; the
producibility of the design with respect to the production and process capabilities,
sales and service capabilities, cost—volume—profit estimates, and the economic feasi-
bility of the product. The external D-R process addresses the customer, target market,
and their true quality characteristic demands. This review provides input on whether
the product will provide customer satisfaction and feedback on what can be done to
improve the design accordingly.

Some problems commonly associated with the implementation of the D-R process are:

+ Unevenly matched skills and knowledge among the D-R team

+ Lack of communication between product developers and the related departments
+ No time to make D-R-based changes

« Lack of D-R experience
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Figure 4.8 The D-R sequence.
Source: Adapted from Ichida (1996).

» Each department considers design review a separate stage and not included in the initial
design process.

The D-R process, when utilized correctly, serves as a birth-to-death record of the
product, processes, and the organization’s diligence in serving its target market. A
review of the records of a product shows the major concerns or warnings, their treat-
ment and resolution records, and a record of how timely they were resolved.

Figure 4.8 shows the D-R sequence. The key elements of the D-R system are the
soft-hard (SH) review and the FMEA processes.

4.2.4.1 SH review

The SH review addresses the need to design a product for safety, that is, in terms of
the real-world conditions. The soft reviews look into the careless misuse of products
by users, beyond normal wear and tear. The hard reviews look into the loss of function
due to malfunctions or deterioration of each component over the estimated service
life. The records generated using the SH review are an important data resource to help
designers identify the various methods by which a particular product has been used
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throughout its life and make changes to design accordingly. Moreover, even though
safety standards often exist, they do not adequately address every product use situa-
tion. SH reviews help fill in the gaps. A more important advantage of SH reviews is
in determining the need for backup systems. Secondary safety backup systems might
be developed to prevent sudden breakdown of components.

4.2.4.2 Failure mode and effects analysis

FMEA examines potential failures in products or processes. FMEA helps select reme-
dial actions that reduce cumulative impacts of life cycle consequences (risks) from a
systems failure (fault). FMEA can be explained as a group of activities intended to
recognize and evaluate the potential failure of a product or a process and its effects,
identify actions that could eliminate or reduce the chance of the potential failure, and
document the process.

This method illustrates connections among multiple contributing causes and cumu-
lative (life cycle) consequences. It is used in many formal quality systems such as
QS-9000 or ISO/TS 16949 (Chrysler Corporation, Ford Motor Company, and General
Motors, 1995).

The basic method is to describe the parts of a system and list the consequences if
each part fails. In most formal systems, the consequences then are evaluated by three
criteria and associated risk indices: severity (S), likelihood of occurrence (O) or prob-
ability of occurrence (P), and inability of controls to detect it (D).

Each index ranges from 1 (lowest risk) to 10 (highest risk). The overall risk of each
failure is the risk priority number (RPN), which is the product of the severity, occur-
rence, and detection rankings: RPN = S XO XD.

A basic FMEA consists of a set of nine columns:

Function, equipment, or process identification
Function, equipment, or process purpose
Interfaces

Failure mode

Failure mechanism

Failure detection

Failure compensation

Failure effects

Preventive measures.

A AU o

FMEA is a fundamental tool, useful in improving reliability, maintainability,
safety, and survivability of products and processes. It encourages systematic evalua-
tion of a product or process, recognition of hazards and potential failures, effects of
the failures, the countermeasures to eliminate the failures or create secondary safety
systems, and their documentation.

4.2.4.3 Experimental design

The purpose of experimental design is to provide a systematic plan of investigation
and analysis, based on established statistical principles, so that the interpretation of
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the observations can be defended as to technical relevance. The objective is to deter-
mine those variables in a process or product that form critical parameters and their tar-
get values. By using formal experimental techniques, the effect of many variables can
be studied at one time. Changes to the process or product are introduced in a random
fashion or by carefully planned, highly structured experiments. Planned experiments
consist of six basic steps:

Establish the purpose

Identify the variables

Design the experiment

Execute the experiment

Analyze the results

Interpret and communicate the analysis.

AR WD =

There are three approaches to designing experiments: classical, Taguchi, and
Shainin. Most common among these is the classical approach, based on the work
of Sir Ronald Fischer in agriculture during the 1930s. In the classical approach,
relevant variables are clearly identified and defined. An appropriate randomization
and replication structure is developed within the context of the selected model. Three
major analyses are used to generate the results: descriptive (which includes summary
statistics and graphs), inferential (which includes formal hypotheses), and predictive
(which includes the models used to predict future responses).

When designing experiments, statisticians generally begin with a process model
of the black box variety, with several discrete or continuous input factors that can be
controlled. Controlling variables implies varying them at will. This is coupled with
one or more measured outputs or responses. The outputs or responses are assumed to
be continuous. Experimental data are used to derive an empirical or approximation
model linking the outputs and inputs. These empirical models generally contain what
are known as first- and second-order terms. Often, the experiment has to account for
a number of uncontrolled factors, which may be discrete, such as different machines
or operators, or continuous, such as ambient temperature or humidity.

Taguchi’s method, commonly known as robust design, improves the performance
of a product by minimizing the effect of the causes of variation, without eliminating
the causes. According to Taguchi et al. (1989), quality is the loss a product causes
to society after being shipped, other than any losses caused by its intrinsic functions.
Taguchi’s definition of quality and concept of loss minimization lead to robust design.
Robust design consists of a conceptual framework of three design levels: system
design, parameter design, and tolerance design. Within these design levels, quantita-
tive methods based on loss functions are developed.

System design denotes the development of a basic prototype design that performs
the desired and required functions of the product with minimum deviation from tar-
get performance values. It focuses on the relevant product or process technologies
and approaches. It includes selection of materials, parts, components, and assembly
systems.

Parameter design is a secondary design level, within or below the system design
level. The main focus here is to ascertain the optimal levels for the parameters of each
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element in the system, to minimize the functional deviations of the product. The point
is to meet the performance target with the least expensive materials and processes
and to produce a robust product, one that is on target and insensitive to variations. It
is the process of optimizing the functional design with respect to both cost and per-
formance. Taguchi’s method concentrates on designed experiments and specialized
signal-to-noise ratio (SNR) measures.

Tolerance design is the process of determining the tolerance of each parameter by
trading off quality loss and cost. The parameter design sets up the targets for the pro-
cess parameters. The tolerance design step is a logical extension of parameter design
to a point of complete specification or requirement. Obviously, this step determines
the most economic tolerances, those that minimize product cost for a given tolerance
deviation from target values.

4.3 Case studies

4.3.1 Design review case study

The design team of Z-Air Systems is facing a predicament. The newly launched space
heater system is running into rough weather due to product failures and returns from
customers. Market research indicates that about 80% of the problems are related to
product performance and quality. Analysis of the problems indicates that most issues
are due to design defects. Management formed the opinion that going back to the
drawing board can solve the problem. The design team is under pressure to produce
results, and it resorts to a comprehensive D-R program. The following details the D-R
program adopted by Z-Air Systems and its results.

Figure 4.9 shows the sequence of the D-R process adopted by the design team. The
entire process was initiated due to rejects and returns of the space heater systems by
customers. The sequence of the process includes SH review, FMEA review, analysis
of test results, performing a pilot run, reviewing design and quality, then finalizing
the product run.

All the information conveyed by the marketing department regarding the com-
plaints and reasons for rejection or return are documented and fed into the company’s
information system. These data are utilized in developing the SH tables. The SH
tables not only allow the designers to check the product for safety but also provide
inputs regarding consumer complaints, quality issues, and the like. The soft analysis
provides an in-depth view of the possibilities for careless misuse of the space heater
beyond its normal wear and tear. The hard analysis provides the various potentials for
function loss due to malfunction or deterioration over each component’s estimated
service life. These results are applied to improve products’ design for safety aspects.

The team observes no overlaps in the S and H factors in the review. This means no
possibility of any user injury from the use of the wrong part at the wrong time. Tables
4.1 and 4.2 show a sample of the team’s SH analysis table.

The next stage, after performing the SH review, is to examine the performance of
the new design. The FMEA method uses the RPN index, which is used to set priorities
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Figure 4.9 D-R sequence adopted by Z-Air Systems.

on the design and safety issues. Figure 4.10 shows a sample design FMEA for the
space heater.

The implementation of the D-R method results in a sharp drop in the defect
rate. Market data indicate that the new design, after the review sequence, results in
increased sales and revenues. Further, the rejection and return rate is reduced by over
77% compared to the older model. This measure of the sales and market performance
of the product is an indication of the success of the D-R process.

Observing the tremendous improvements in design and performance of the prod-
uct, the management at Z-Air System implemented a plant-wide requirement to
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Table 4.1 S factor analysis (careless misuse checklist)

Category Item Description Pass/fail Reason for
rejection
Performance Automatic shutoff Tip over switch (0] N/A
related activated
Overheating Motor thermal (0] N/A
fuse
Continuous operation N/A
(switch left on)
User related Instruction not N/A
followed
Left too close to wall Motor thermal (0] N/A
(or other object) fuse
Operated in damp Motor thermal (0] N/A
conditions fuse
Table 42 H factor analysis (product safety function)
Component Hazardous Automatic Comment
condition response
Motor thermal fuse Coll starts Motor shuts off Replace motor
(improper operation) overheating

Power switch

Improper use

Motor shuts off

Automatic shutoff

to inadequate hardness

(left on) causes overheating function
Timer Set at high Motor shuts off Automatic shutoff
temperature function
Design . .
- Michael J. Fischer
Part No: Part D tion: Lead: -
1250 Soace o ban FAILURE MODE EFFECT ANALYSIS vead
3C1749 Space Heater Fan Analysis
Period:
i g
£ = €
EE 2
o £
Component Function Failure Mode l;,f;;':r‘;f Causes of Failure 2 = g : Preventive Actions taken
& T £
= £ a
Provide support, . . e conting . T eontine mrocess
Frame hold motor Corrosion and Motor falls  Metallic coating 4 5 49 Change metal coating process
scale formation from frame insufficient to________
assembly
Vapor condensation due to " N
inadequate through flow of 6 4 2 48 ‘(;(;nsﬂrm with condensation
air
Improper brazing process 3 6 1 18 Use different joining process
. _ Bends and ot packaei Improve packaging and
Frame breakage breaks Improper packaging 53115 on for products
Material of frame not able ‘.
to withstand vibrations due 8 8 3192 Change material of the frame

to
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Figure 4.10 Sample design FMEA sheet.
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apply the D-R process to all products. This change in management policy has yet to
be quantitatively documented at the plant, but if past results are any indication, the
company is headed toward a brighter future and could achieve a level of quality that
would render its products superior to its competitors.

4.3.2 Six sigma case study

Classic Plastics Inc. is a leading bottling plant that supplies plastic bottles to all
leading pharmaceutical companies. Because of both quality and productivity con-
cerns, the company needs to analyze its operations and improve its output in meet-
ing the increased market demands. The current manufacturing plant has 35 bottling
machines. Cycle time was identified as the key element. The entire process is shown
in Figure 4.11.

The engineering team decided to analyze the process, using the DFSS strategy to
improve it. After outlining the schedule for the project, the team held brainstorming
sessions to determine the factors affecting the process. On close analysis, it arrived at
the tree diagram shown in Figures 4.12 and 4.13 (one- and two-level tree diagrams).
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|

Figure 4.11 High-level process mapping for the bottling plant.
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After carefully planning and conducting the experimentation, the following actions
were taken:

« Cycle time was changed from 15 to 15.5ms

« Gob length increased by 1.5mm

+  All section differentials increased by 2°

«  Cooling blower pressure increased from 700 to 740 mmWC
+ Pusher retract time decreased by 3°

«  Number of bottles per stack row decreased from 27 to 25

« Stacker forward length increased from 320 to 330 mm

% Zonewise temperature
conditioning Thermal efficiency

Shear gear mechanism

; ‘Shear control system
N Shear cutting system ()

1 Shear blade stroke
GD gear mechanism {5 ‘

5D moror JOH 0D cument
Delivery alignment
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Figure 4.12 Tree diagram: factors affecting cycle time, one level.
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Figure 4.13 Tree diagram: factors affecting cycle time, two level.

+ Stacker forward speed increased from 50% to 60%
« Lehr belt speed increased from 420 to 450 mm/min.

The results of the changed cycle time are shown in Table 4.3.
The engineers brainstorming and identifying potential problems in the process
reported the following:

Bottle falling problem can be reduced by increasing the bearing surface
Proposed action: Bar knurling instead of crescent knurling

. Hot blank can lead to blank seam and loading problems

Proposed action 1: Cooling fins in blank to be provided

Hot neck ring can lead to neck ring bulging

. Proposed action 1: Neck ring fins to be provided

Proposed action 2: Number of balancing holes to be increased.

N s wNe

The changes, when implemented, resulted in an annual savings of $370,000.
Further, they resulted in a horizontal plant-wide deployment on all 35 lines. The
secondary changes in all the factors also resulted in improved esthetics throughput
improvements.



Table 4.3 Results documented for change in cycle times (current, proposed, and achieved)

Description Actual Proposed (15.5 cycles) Achieved—G12 A 70ml
On Off On time in On Off On time in On Off On time in
ms (15) ms (15.5) ms (15.5)

Blank side

Blank Close 5 205 2222.2 4 202 2129.0 4 210 2215.0
Plunger Up In 32 92 666.7 32 92 645.2 30 92 666.7
Plunger Up 2 32 92 666.7 32 92 645.2 30 92 666.7
Plunger Up 3 32 92 666.7 32 92 645.2 30 92 666.7
Funnel Down 4 94 1000.0 3 95 989.2 6 94 946.2
1st Baffle Down 42 84 466.7 42 85 462.4 42 84 451.6
Settle Blow 42 84 466.7 42 85 462.4 48 84 387.1
Plunger Down In 100 100 0.0 100 100 0.0 100 100 0.0
Plunger Down 2 100 100 0.0 100 100 0.0 100 100 0.0
Plunger Down 3 100 100 0.0 100 100 0.0 100 100 0.0
2nd Baffle Down 118 202 933.3 118 202 903.2 118 210 989.2
Counter Blow In 147 200 588.9 145 198 569.9 148 207 634.4
Counter Blow 2 147 200 588.9 145 198 569.9 148 207 634.4
Counter Blow 3 147 200 588.9 145 198 569.9 148 207 634.4
Thimble Down In 206 30 2044.4 204 31 2010.7 210 28 1914.0
Thimble Down 2 206 30 2044.4 204 31 2010.7 210 28 1914.0
Thimble Down 3 206 30 2044.4 204 31 2010.7 210 28 1914.0
Blank Open 205 345 1555.6 200 347 1580.6 210 345 1451.6
Invert 256 312 622.2 256 312 602.1 259 312 569.9
Plunger Cool 2 347 0 144.4 347 0 3731.2 320 10 537.6
Plunger Cool 3 347 0 144.4 347 0 3731.2 320 10 537.6
Blow side

Mould Close 280 191 3011.1 280 188 2881.7 280 188 2881.7
Neck Ring Open 315 328 144.4 315 328 139.8 318 335 182.8
Revert 323 215 2800.0 323 215 2709.7 328 220 2709.7
Blow Head Down 335 202 2522.2 335 198 2397.8 335 198 2397.8
Final Blow 60 188 1422.2 60 186 1354.8 40 186 1569.9
Take Out In 228 260 355.6 228 260 344.1 228 260 344.1
Take Out Out 260 135 2611.1 260 135 2526.9 260 140 2580.6
Tong Closed 254 110 2400.0 254 110 2322.6 256 130 2516.1
Mould Cooling 15 160 1611.1 15 187 1849.5 0 186 2000.0
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4.3.3 QFD case study

PC Solutions is a minority-owned small-scale manufacturing company that builds
customized desktops and laptops and additionally provides maintenance support to
its business clients. The company intends to expand its market share by increasing
laptop sales over those of its competitors. The company’s manufacturing engineers
along with the engineering consulting team initiated the project and decided to use the
QFD method to determine what improvements needed to be undertaken to improve
its current laptop.

Figure 4.14 shows the process/steps that the company followed to arrive at the
QFD HOQ. Figure 4.15 shows a block diagram for the HOQ.

Step 1. Voice of the customer

The company conducted an exhaustive customer analysis using its current client
base and also expanded the survey to include its target market. The following tools
were utilized to provide input for the QFD:

« Customer preference/focus group survey
« Satisfaction/customer service survey

+ Competition product analysis

» Internal customer/design team survey.

.
_
_j

[comionmas |

Figure 4.14 Steps in constructing QFD HOQ.

[ Relationship matrix

Importance

Customer
requirements

Figure 4.15 Block diagram for a QFD HOQ.
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A comprehensive and detailed ad hoc analysis of the various surveys resulted in

the following customer requirements of key value:

Processor speed

= Processor manufacturer (Intel/AMD/IBM/VIA)
« Frequency (GHz)

+ Internal memory capacity (RAM Gb).

Laptop bulk

= Size (in.)

= Thickness (in.)

+ Material weight (Ibs).

HDD capacity/storage space (Gb).

Step 2. Planning matrix

In this step, we document the customer requirements and the importance ratings as per-
ceived by the customer.

Customers evaluated the importance of each product requirement using a scale—where 1 is
low and 5 is high—to indicate the relative importance of each feature that they specify.
These importance ratings were obtained during the customer focus group survey.
Customer importance ratings are also paired with competitive comparisons that are
reported.

Step 3. Technical requirements

Specified technical product requirements include those characteristics such as competitive
performance, process control data, field failure data, performance limits due to physics, and
information about standard levels of performance or product requirements.

The relative importance of each design requirement is given by the sum of each column’s
design feature-to-customer requirement indicators multiplied by its importance weight.
Potential safety hazards and environmental effects are also flagged.

In order to meet a customer need—whether it is spoken by an external or internal cus-
tomer—the team must initiate a product requirement which will become a feature of the
design.

Design features should be grouped according to functional concept in order to identify sets
of functions that will become a subassembly or module with related functionality.

Design features imply functionality in the final product. Using the FAST (function analysis
system technique) methodology, a team can determine the specific functional requirements
of each feature as well as logical relationships among design features.

Defines “how much”—or the magnitude of the design features. Specific rows will include
the following information:

+ Target values of design features

+ Competitive comparison of values

+  Trends in performance improvement

+ Physical limits of performance

- Field service return information

« Special technical requirements

+ Applicable government standards

+ Applicable industry standards

« Applicable environmental standards

« Applicable safety standards.
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Step 4. Relationship matrix

« In many products, functions of some design features may interact to some degree with
other features. This interaction may cause problems in the design and implementation of
the product or offer opportunities for more efficient designs by integrating these features. It
is always helpful to identify what features have positive or negative interrelationships.

« An arbitrary scale is used to rate the degree of relationship between the specified features:
+9 = strong positive
+3 = weak positive

0 = no apparent relationship
—3 = weak negative
—9 = strong negative.

+ A way to develop suspicions for hypotheses.

+ A one point rating difference is perceivable by customers. This means that whenever a one
point difference is achieved, then that feature may be used to differentiate a product. This
type of feature may become a “sales point” if the value perceived by customers is significant.

Step 5. Correlation matrix

+ At the intersection of each row (customer requirements) and each column (design features),
the cell is used to indicate the strength of the relationship between these factors.

« The strength of the relationship is indicated by a forced weighting scale where strong = 9,
moderate = 3, and weak = 1. A solid circle is often used to indicate a strong relationship,
an open circle usually represents the moderate relationship, and an open triangle indicates
weak relationships.

+ If more than 50% of the cells have some relationships, then the level of detail in customer
requirements or in the design features is too great.

+ Policy decisions management must make:

— Invest in product or process technology?

Proprietary or open architecture for technology?

Develop or acquire technology?

Purchase or license technology?

Barter intellectual property for technology?

Figure 4.16 shows a sample HOQ developed for the PC Solutions Company.
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Consideration and Selection
of Materials

5.1 Importance of material selection in product
manufacture

After the conception of a product idea, the questions that the research and develop-
ment (R&D) personnel must ask is: What would be the best material for the product?
More often this is closely followed by the question, Is the material selected easily
manufacturable? In other words, what would be the best material and process combi-
nation for developing a product that not only performs the indispensable functions but
is also economical to manufacture? A design criterion for the product based only on
either material or process has all the ingredients of a recipe for disaster. The choice of
material is a major determinant for the successful functioning and the feasible, low-
cost manufacture of any product.

Materials are at the core of all technological advances. Mastering the development,
synthesis, and processing of materials opens opportunities that were scarcely dreamed
of a few short decades ago. The truth of this statement is evident when one considers
the spectacular progress that has been made in such diverse fields as energy, telecom-
munication, multimedia, computers, construction, and transportation.

It is widely accepted that the final cost of a manufactured product is determined
largely at the design stage. Designers tend to conceive parts in terms of processes
and materials with which they are familiar and, as a consequence, may not consider
process and material combinations that could prove more economical. Sometimes
the designers tend to focus only on the cost aspect of materials and manufacturing
and select a combination of materials and processes that lead to products of sub-
standard quality and reduced operating life. In the long run, this leads not only to
reduced brand loyalty for the product but, in many cases, to huge financial losses as
a result of litigation and product liability lawsuits. The already difficult task of satis-
fying engineering and commercial requirements imposed on the design of a product
becomes even more difficult with the addition of legislated environmental require-
ments. A vital cog in this product design wheel is the materials engineer. The optimal
selection of material used to construct or make the product should lead to optimum
properties and the least overall cost of materials, ease of fabrication or manufactur-
ability of the component or structure, and environmentally friendly materials.

Figure 5.1 shows the various stages of the design process with their associated
activities. The material selection process consists of the property, process, and envi-
ronmental profiles considered concurrently at each phase of design. What happens
if the material selection is not considered during each stage of the design decision

Product Development. DOI: http://dx.doi.org/10.1016/B978-0-12-799945-6.00005-3
© 2014 Elsevier Inc. All rights reserved.
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Figure 5.1 The product design phase and material selection.
Source: Adapted from Mangonon (1999).

process? The designer would be unaware of any problems around the availability
of the final material, the costs associated with the manufacturing processes, or the
processability of the product to be manufactured. Consider a designer who needs to
design a product but has no idea of the material from which to make it. Suppose the
designer designs the product considering it to be metallic, but management decides to
make it of ceramics at a later stage. The processing of a ceramic product is entirely
different from that of a metallic product. Ceramic and metallic products vary in struc-
ture, strength properties, manufacturability, and so on. Therefore, it is critical that
decisions regarding materials to be used for manufacturing a product be made in a
timely fashion (Mangonon, 1999).

The selection of an appropriate material and its conversion into a useful product
with the desired shape and properties is a complex process. The first step in the mate-
rial selection process is the definition of the needs of the product. Figure 5.2 shows
the factors affecting the material selection process:

1. Physical factors: The factors in this group are the size, shape, and weight of the material
needed and the space available for the component. Shape considerations greatly influence
selection of the method of manufacture. Some typical questions considered by a materials
designer are
< What is the relative size of the component?

- How complex is its shape? Does it need to be one piece or can it be made by assembling
various smaller pieces?
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Figure 5.2 Factors influencing the material selection process.

- How many dimensions need to be specified, and what are the tolerances on these
dimensions?

+ What are the surface characteristic requirements for the product?

All the factors in this category interrelate to the processing of the material. For example,

shape and size might constrain the heat treatment of the material. The shape of the product

determines whether casting could be used. Material consideration, to a large extent, also is

determined by the space available for the component.

2. Mechanical factors: The ability to withstand stress and strain is determined by these fac-
tors. Strength, ductility, modulus, fatigue strength, and creep are some mechanical prop-
erties that influence what material needs to be used. The mechanical properties also are
affected by the environment to which the materials are exposed. Some typical questions that
designers consider while narrowing down the material to be used are
+ What are the static strength needs of the product?

+ What is the most common type of loading to which the product would be subjected dur-
ing its use (tensile, compressive, bending, cyclic)?

+ Is the loading static or dynamic? Would the product be subjected to impact loading?

+ Does the product require wear resistance?

- What temperature range must the mechanical properties possess?
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3. Processing and fabrication factors: The ability to form or shape a material falls under the
processing and fabrication factors. Casting and deformation processing are commonly used.
Typical questions that arise out of consideration of these factors are
- Has the design addressed the requirements that facilitate ease of manufacture?

Machinability? Weldability? Formability? Hardenability? Castability?

How many components are to be made? What must be the production rate?

What are the maximum and minimum cross-sectional dimensions?
+ What is the desired level of quality for the finished product?
Small objects more commonly are investment casted, while intricate shapes are produced as
castings. Powder metallurgy, or a sintering process, is commonly used for brittle materials
like ceramics.

4. Life of component factors: These factors relate to the life of the materials as they perform
the intended function. The properties in this group are external surface properties such as
oxidation, corrosion, and wear resistance, and some internal properties such as fatigue and
creep. The performance of materials based on these properties is the hardest to predict dur-
ing the design stages.

5. Cost and availability: With reduced lead times from design to market, there is a tendency to
jump to the first material that fits the selection profile. It is important to note that additional
effort determining the correct material helps optimize manufacturing costs. Also, standardi-
zation of parts and materials is related to the cost of the final product. Special processing
requirements or rare materials with limited availability increase the final cost and affect the
timely manufacture of the product.

5.2 Economics of material selection

After developing a comprehensive list of requisite properties in a material, categorize
these properties according to their level of criticality. Some property requirements
may be absolute, while others may be relative. The absolute ones cannot be compro-
mised and should be used as a filter to eliminate the materials that cannot be used.

It is apparent that no one material would emerge as the obvious choice. Here, the
knowledge of a materials engineer and the handbook-type data need to be utilized.
Also, the cost factor of materials needs to be closely analyzed here. Cost is not a
service requirement, but it plays an important part in the selection process, both the
material cost and the cost of fabricating the selected material. The final decision
involves a compromise between the cost, producibility, and service performance.

Current market and economic trends force companies to produce low-cost, high-
quality products to maintain their competitiveness at the highest possible level. There
is no doubt that reducing the cost of a product is more effective at the design stage
than at the manufacturing stage. Therefore, if the product manufacturing cost can be
estimated during the early design stage, designers can modify the design to achieve
proper performance as well as reasonable cost at this stage, and designers are encour-
aged to design to cost.

While selecting an individual operation or an entire process for producing a part
or product, engineers are faced with the dilemma of selecting and analyzing a mul-
titude of alternative methods including, but not limited to, the cost of variables such
as materials, direct labor, indirect labor, tooling, utilities, invested capital, etc. These
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variables share a very complex relationship, and selection of one factor invariably has
an effect on the determination of others.

5.2.1 Cost of materials

The unit cost of materials is a critical factor when the methods being compared
involve the use of different amounts or different forms of several materials. Selecting
the optimum combination of material and process cannot be performed at one certain
stage of product development but should evolve gradually over the different stages.
Some generic steps in material selection process are:

1. Analysis of the performance requirements

2. Development of alternative solutions to the problem
3. Evaluation of the different solutions

4. Decision on the optimum solution.

The systematic and early selection of materials and processes for manufacturing
a part or a whole product is an integral part of DFM (design for manufacturing).
Unfortunately, most designers tend to choose materials they are most familiar (com-
fortable) with. This results in exclusion of more economical material-process combi-
nations and chances of improvements in DFM are lost.

5.2.2 Cost of direct labor

Direct labor unit costs essentially are determined by three factors: the process being
used to manufacture the part or the product, the design of the part or product, and the
productivity of the worker performing the operations. The general rule of thumb is
that the more advanced the technology used to manufacture the part/product, the more
complex is the product design with closer tolerances and advanced tooling require-
ments, and hence the higher is the cost of direct labor.

There is a very strong relation between the cost of direct labor and the level of
automation and the number of steps in the manufacturing process. Typical of low
labor content processes are metal stamping and drawing, die casting, injection mold-
ing, single-spindle and multispindle automatic machining, numerical and computer-
controlled drilling, and special purpose machining, processing, and packaging in
which secondary work can be limited to one or two operations. Semiautomatic and
automatic machines of these types also offer opportunities for multiple machine
assignments to operators and for performing secondary operations internal to the
power machine time. Both can reduce unit direct labor costs significantly. Processes
such as conventional machining, investment casting, and mechanical assembly
including adjustment and calibration tend to contain high direct labor content.

5.2.3 Cost of indirect labor

Indirect labor is defined as work or tasks performed by personnel who do not pro-
duce products. Indirect labor costs are costs that cannot be specifically linked to the
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physical construction of specific products, but are necessary for producing those
products. Setup employees, inspectors, material handling personnel, tool crib attend-
ants who sharpen tools and maintain dies, janitors or housekeeping personnel, utility
workers, shipping/receiving personnel, clerical workers, forklift drivers, and mainte-
nance workers are some examples of indirect labor. Indirect labor can also apply to
the salary workforce in the office, whether clerical or executive.

There exists a pervasive belief that you cannot measure indirect labor or jobs. The
usual explanation is that these types of jobs are nonrepetitive and are therefore impos-
sible to measure. Other rationales are that indirect operations may involve groups of
people, the unit of output appears difficult to define, the job may entail numerous sub-
operations, the work cycle is long, and the operation constantly changes geographic
locations.

Advantages of an indirect labor evaluation can include operating improvements
and better worker performance, and labor loads can be budgeted. The efficiency of
indirect labor areas can be determined, and accurate planning and scheduling will
facilitate getting the job done on schedule.

The need for indirect labor in certain processes renders an economical process
more expensive. For example, the advantages of high impact forgings may be offset
partially by the extra indirect labor required to maintain the forging dies and presses in
proper working condition. Setup becomes an important consideration at lower levels of
production. For example, it may be more economical to use a method with less setup
time even though the direct labor cost per unit is increased. Single-minute exchanges
of dies (SMED) are a very important step toward reducing indirect labor (setup time).
However, there are additional costs to maintain the dies on a regular basis.

5.2.4 Cost of tooling

Tooling costs are increasingly an important area of focus for many discrete manufac-
turers today as they look for new opportunities to cut product costs without sacrificing
product quality. Special fixtures, jigs, dies, molds, patterns, gauges, and test equip-
ment can be a major cost factor when new parts and new products or major changes
in existing parts and products are put into production. With high production volume,
a substantial investment in tools normally can be readily justified by the reduction in
direct labor unit cost, since the total tooling cost amortized over many units of product
results in a low tooling cost per unit. For low-volume production applications, even
moderate tooling costs can contribute to relatively high unit tooling costs.

Manufacturers also need the ability to generate highly detailed cost estimates on
components. Some capabilities to look for include a detailed tooling bill of materials
(BoM) with information on:

+ Physical characteristics of the tool (e.g., part size, mold size, material weight, actions, lift-
ers, number of drops, etc.)

» Materials and purchased items used in the tool (e.g., core and cavity plates, ejector box,
actions and inserts, stop pins, Electron Discharge Machining (EDM) carbon, etc.)

+ Labor and machine times (design, machining, assembly, finishing, tryout, labor hours by
process, Co-ordinate Measuring Machine (CMM) inspection, etc.)
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+ Automated tooling estimates each time component is used; this provides nontooling experts
with quick access to precise estimates in real time

« Refinement tools for final adjustments by tooling experts

« Ability to amortize tooling or account for separately

» Setup and calibration to specific company, equipment, rates, manufacturing rules, and
operations for generating a specific plant’s actual costs.

5.2.5 Capital invested

The best way to determine whether a manufacturing company has a moat is to meas-
ure its return on invested capital (ROIC). The upshot is it gives the clearest picture
of exactly how efficiently the company is using its capital, and whether or not its
competitive positioning allows it to generate solid returns from that capital. Of course,
it is easier and less risky for a company to start conceptualizing a new product that
utilizes an extension of existing facilities. In addition, the capital investment in a new
product can be minimized if the product can be made by using available capacity of
manufacturing processes currently utilized. Thus the availability of plant, machines,
equipment, and support facilities should be taken into consideration as well as the
capital investment required for other alternatives. If sufficient productive capacity is
available, no investment may be required for capital items in undertaking the produc-
tion of a new part or product with existing processes. Also, if an entire supply chain
network with retailer, vendors, and distributors is readily available, it reduces the
amount of investment required.

5.3 Material selection procedures

5.3.1 Grouping materials in families

Figure 5.3 illustrates how the kingdom of materials can be subdivided into fami-
lies, classes, subclasses, and members. Each member is characterized by a set of
attributes—its properties. As an example, the materials kingdom contains the family
“metals,” which in turn contains the class “steels,” the subclass “T300 stainless steel,”
and finally particular member properties. It, and every other member of the materials
kingdom, is characterized by a set of attributes, which include its mechanical, ther-
mal, electrical, and chemical properties; its processing characteristics; its cost and
availability; and the environmental consequences of its use. We call this its property
profile. Selection involves seeking the best match between the property profile of
materials in the kingdom and the requirements of the design.

5.3.2 Grouping materials based on process compatibility

Based on the examination of material families and their properties, a tentative pool
of materials is made. If one material is clearly outstanding and fits all requirements,
then it may be selected, but in reality this usually is not the case. Further filtering is
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Figure 5.3 Materials and their attributes.
Source: Adapted from Ashby (2005).

required based on the fabrication process and suitability of each prescreened material
to each process. The shape, geometry, surface finish, detailed specifications, and the
like, to a large extent, determine which processes can and cannot be used to manufac-
ture the product. Selecting a material based on processing requirements is a complex
task because of the very large number of processing methods and sequence possi-
bilities. The task is made even more complicated with evolving process and material
combinations. Nonetheless, a decision has to be made on processing to optimize the
cost and performance of the material(s) selected.

Often screening, ranking, and cost optimization processes are used to arrive at the
best combination of materials. Screening and ranking eliminate candidates that can-
not do the job because one or more of their attributes lies outside the limits imposed
by the design. Then the manufacturing cost for a standard simple component is esti-
mated. This standard cost is modified by a series of multipliers, each of which allows
for an aspect of the component being designed. These aspects include a combination
of size, shape, material, and so on. Processes then are ranked by the modified cost
calculated. This allows designers to make a final choice. The final choice is made
with local factors taken into account. Local factors are the existing in-house expertise
or equipment, the availability of local suppliers, and so forth. A systematic procedure
cannot help here: the decision must be based instead on local knowledge (DeGarmo
et al., 1984).

Consider the component shown in Figure 5.4, which needs to be manufactured
with the constraints shown in Table 5.1. Using the elimination technique, the best
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Figure 5.4 Basic drawing of the component to be manufactured.

I 251041

Table 5.1 Required attributes (shape and material) for the
component to be manufactured

Attributes Condition
Shape Required
Depression Required
Uniform wall Required
Uniform cross section Required

No draft

Axis of rotation
Regular cross section
Captured cavity
Enclosed cavity
Material

Not required
Not required
Not required
Not required
Maximum temperature 500°C

Excellent corrosion resistance to weak acids and alkalis

combination of material and process can be determined. This process is shown in
Figures 5.5-5.7. The desired material-process combinations can be summarized from
the shape and material attributes and process relationship for the component under
consideration. These are shown in Table 5.2.
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5.3.3 Super materials and material substitution

As an alternative procedure of selecting materials for a product, super materials are
devised. A super material has the best attainable properties of all materials in that
category. As the product attributes and process considerations are brainstormed,
trade-offs in the properties of the super material are made and the choices of material
suitable for that process are narrowed down. The goal of material substitution may be
chosen from a combination of one or more of the following:

+ To either cease or reduce the use of hazardous raw materials, such as heavy metallic pig-
ments and dyestuffs or chlorine solvents

« Advances in technology

+ Government laws, regulations, or statutes requiring use of environmentally friendly materi-
als in production processes, to save energy, reduce waste reduction, and so forth.

Due to increasing pressure to produce high-quality products quickly, designers
tend to substitute materials without substantially altering the design. This might
result in improved levels of quality and cost, but the performance of the product may
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Figure 5.7 Final process selection based on all the shape attributes and material requirements
of the component.
Source: Adapted from Boothroyd et al. (1994).

Table 5.2 Summary of the desired material-process combination
based on the required attributes of the component under
consideration

Process Desired material Less-desired materials
Powder metal parts C-steel, alloy steel, stainless Ti alloys
steel, Cu alloys, Mg alloys,
Ni alloys
Hot extrusion C-steel, Cu alloys, Mg alloys Alloy steel, stainless steel,
Ti alloys
Machining from stock C-steel, alloy steel, stainless Ti alloys, Ni alloys,
steel, Al alloys, Zn alloys, thermoset
Cu alloys
Wire EDM C-steel, alloy steel, stainless Mg alloys, Ni alloys
steel, Cu alloys, Ni alloys
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be hampered. It is necessary that, when substitution of materials is considered, the
designers approach it as a fresh material selection problem and perform the entire due
process of revisiting all attributes and also reestablish all material-process—attribute
relations.

5.3.4 Computer-aided material selection

To be of real design value, the selection of material-process combinations and their
ranking should be based on information generally available early in the concept
design stage of a new product, for example:

+ Product life volume

«  Permissible tooling expenditure levels

+ Possible part shape categories and complexity levels
» Service requirements or environment

+ Appearance factors

+ Accuracy factors.

Due to the vast number of process—material combinations, designers often never
arrive at a single right combination but are presented with a number of permutations
and combinations. This problem could be solved to a great extent by use of computer-
aided materials and process selection systems (CAMPS). CAMPS is a commercially
available relational database system. In the selector (Figure 5.8), inputs made under
the headings of “Part Shape,” “Size,” and “Production Parameters” are used to search
a comprehensive process database to identify processing possibilities. However, it is
recognized that process selection completely independent of material performance
requirements would not be satisfactory. For this reason, required performance param-
eters can also be specified by making selections under the general categories of
“Mechanical Properties,” “Thermal Properties,” “Electrical Properties,” and “Physical
Properties.” As many selections as required can be made, and at each stage a list of

CAMPS MAIN MEN — 31 Processes meet total criteria
[A] SHAPE
[B] SIZE

[C] PRODUCTION PARAMETERS

[D] MECHANICAL PROPERTIES

[E] THERMAL PROPERTIES

[F] ELECTRICAL PROPERTIES

[G] OTHER PHYSICAL PROPERTIES
[H] OPERATING ENVIRONMENT

[I] SPECIFICATIONS COMPLETE
[J] QUIT/RESET ALL CONDITIONS

Figure 5.8 Screenshot of the main selector input screen for CAMPS.
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candidate processes is presented to the system user. Processes may be eliminated
directly because of shape or size selections or when performance selections eliminate
all the materials associated with a particular process.

During an initial search phase, when a rapid response to changes in input is
essential, it would be inappropriate to search extensive material databases to iden-
tify precise metal alloys, polymer specifications, powder mixes, and the like. This
would lead to unacceptably slow search procedures and provide information largely
irrelevant to early process and material decision making. For example, listing all
the thermoplastic resins that satisfy the specified performance requirements clearly
would be premature in early discussions of the relative merits of alternative processes,
their required tooling investments, and the likely size and shape capabilities. A more
efficient procedure is being adopted in the CAMPS system, where, for each process,
a type of super material specification, which comprises the best attainable properties
of all of the materials in the corresponding category, is provided. The super material
specifications are maintained automatically by the program (Boothroyd et al., 1991).

5.4 Design recommendations
5.4.1 Minimize material costs

« Use commercially available mill forms to minimize in-factory operations.

+ Use standard stock shapes, gauges, and grades or formulations rather than special ones
whenever possible.

« Consider the use of prefinished material as a means of saving costs for surface finishing
operations on the completed components.

+ Select materials as much as possible for processability; for example, use free-machining
grades for machined parts and easily formable grades for stamping.

+ Design parts for maximum utilization of material. Make ends square or nestable with other
pieces from the same stock.

» Avoid designs with inherently high scrap rates.

Material should be selected based not only on the operating environment but also
the temperature to which the product is exposed during the manufacturing process.
Table 5.3 shows the maximum temperatures for various metals and nonmetals, and
Figure 5.9 breaks down engineering materials by family.

5.4.2 Ferrous metals, hot-rolled steel

In choosing hot-rolled steel versus cold-finished material and in choosing the grade,
the choice should be based on the concept of “minimum cost per unit of strength.”
Often, grades with higher carbon content or low alloy content provide lower cost parts
than low-carbon grade parts, as lighter sections can be used.

When bending hot-finished steel members, the bending line should be at right
angles to the grain direction from the rolling operations. Also, provide a generous
bend radius. Both actions will avoid material fractures at the bend.
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Table 5.3 Melting point and maximum service temperatures of
selected materials
Material °C Material °C
Carbon 3700 Alloy steels 1430-1510
Tungsten 3400 Stainless steel 1370-1450
Tantalum 2900 Wrought iron 1350-1450
Magnesia 2800 Cast iron, gray 1350-1400
Molybdenum 2620 Copper 1083
Vanadium 1900 Gold 1063
Chromium 1840 Aluminum bronze 855-1060
Platinum 1773 Lead 327
Titanium 1690 Tin 231
Carbon steels 1480-1520 Indian rubber 125
Beryllia 2400 Polysulfone 150-175
Silicon carbide 2310 Nylon 80-150
Alumina 1950 Polycarbonate 95-135
Mullite 1760 Polypropylene 90-125
Cubic boron nitride 1600 Polyethylene 80-120
Porcelain enamel 370-820 Felt, rayon viscose 107
Silicones 260-320 Polyurethane 90-105
Polyesters 120-310 Acetal 85-105
Glass, soda lime 290 Polystyrene 65-105
Epoxy 95-290 Cellulosic 50-105
Glass, borosilicate 260 ABS 60-100
Fluoroplastics 50-260 Acrylic 52-95
Phenolic 90-260 Natural rubber 82
Melamine 100-200 Vinyl 55-80

Source: Adapted from Bralla (1998).

When machining a hot-rolled material, it is necessary to remove sufficient stock to
avoid surface irregularities such as scales, seams, deviations from straightness or flat-
ness, and decarburization. The design recommendations (1.5-3 mm) are liberal. For
moderate and high levels of production, it is worthwhile to test the actual condition

of the steel being used.

5.4.3 Ferrous metals, cold-finished steel

« Use the simplest cross-sectional shape possible consistent with the function of the
part. Avoid holes, grooves, and the like. Avoid undercuts, as they are more expensive

(Figure 5.10).

» Use standard rather than special shapes.

+ Avoid sharp corners, as they are more difficult to manufacture and may create assembly

problems (Figure 5.11).

+ Grooves deeper than 1.5 times the width of the part are not feasible unless the bottom radii
are generous (Figure 5.12).



Engineering

Materials
[
[ ]
Metals Nonmetals
—— | 1 |
Ferrous Non ferrous Organic Inorganic
I I
[ | [ w \
Polymers Others Ceramics Glasses Others
[
Thermoplastic Thermosetting Elastomers
Castiron | | Aluminum | Polypropylene | Phenolic | Rubber Carbon | Alumina_| Silica_| Mica |
| Copper | Polyethylene | Urethane V::atn:ral) Wood | Magnesia_ | Soda lime__| Concrete |
uty|
Ca;tb:; 1 | Brass | Polystyrene | Polyester | Silicone Fiber | Beryllia_| Lead | Plaster |
Alloy | _Bronze | Vinyl | Melarnine | Fluorocarbon Paper | Carbide_|
steel | Zinc | ABS | Alkyd | Polysulfide  Leather | Nitride |
Stainless _| | Magnesium | _Acrylic kDiaIIyI | Neoprene Steatite_ |
steel phthalate
| Titanium |_Nylon [_Epoxy | Styrene
| Tin | Acetal ;butadiene
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Figure 5.9 Family tree for engineering materials.

Source: Adapted from Bralla (1998).
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Less expensive and

Feasible hence preferred

Figure 5.10 Design recommendations for ferrous metals, cold-finished steel: use the simplest
cross sections.

Rounded comers
(as large as
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Not preferred Preferred

Figure 5.11 Design recommendations for ferrous metals, cold-finished steel: avoid sharp
corners.
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Figure 5.12 Design recommendations for ferrous metals, cold-finished steel: groove width-
to-depth specifications.

« Avoid abrupt changes in the section thickness as they introduce local concentration; for
example, cutting a credit card by bending it.

+  Specify the most easily formed materials to minimize cost and maximize precision.

+  Welded tubular sections are more economical than seamless types.
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5.4.4 Ferrous metals, stainless steel (Franson, 1998)

« Use the least expensive stainless steel and product form suitable for the application.

» Use rolled finishes.

» Use the thinnest gauge required.

+ Use a thinner gauge with textured pattern.

» Use a still thinner gauge with continuous backing (to avoid fracture).

» Use standard roll-formed sections whenever possible.

« Use simple sections for economy of forming.

+ Use concealed welds whenever possible to eliminate refinishing.

» Use grades that are especially suited to the manufacturing process such as free-machining
grades.

5.4.5 Nonferrous metals (Skillingberg, 1998)
5.4.5.1 Aluminum

+ Use largest bend radii possible when forming, to avoid tearing.

+  When attaching to other metal parts, the facing surface should be insulated to avoid galvanic
corrosion (use zinc chromate or zinc phosphate).

« Use alkali-resistant paint on aluminum parts when joining them with wood, concrete, or
masonry (this is not needed for aluminum parts embedded in concrete).

5.4.5.2 Copper and brass (Kundig, 1998)

« Use something else, as these are expensive.

» Avoid machining; use extrusion and press forming to avoid loss of material.
« Use stock sizes requiring minimum processing.

« Use the correct alloy; easily formable alloys are not easily machinable.

5.4.5.3 Titanium

+ When bending titanium sheets, generous bend radii should be provided.

+  Cross-section thickness should be 16 mm or more.

« Provide generous draft angles, at least 5-7°.

» Rib widths should be 10 mm or more, and the rib height should not exceed four times the
rib width.

« The fillet radius of the ribs should at least be 25% of the rib height.

5.4.5.4 Magnesium

+ Sharp corners, notches, and other stress raisers should be avoided.

» Strong clamping points should be provided to avoid distortion (particularly when the part
needs to be clamped).

» Sidewalls should be at least half the height of the walls up to 0.25in. and at least 13% the
height of the walls 2in. high.

» Ribs also should be fairly thick, with a top radius of at least half the thickness.

» Inside corners should be provided with a generous radius.
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+ Very thin-walled, large cross sections should be avoided. The length of the sections should
not exceed 20 times the thickness.
« For cold press forming, the bend radii should be generous.

5.4.5.5 Zinc and its alloys

+ Bends in regular commercial rolled zinc should be at right angles to the grain or rolling
direction.

» The bend radius should be at least equal to the material thickness.

 For forging zinc, use a combination of zinc and magnesium, with up to 25% magnesium.

5.4.6 Nonmetals (Harper, 1998)

5.4.6.1 Thermosets and thermoplastics

+ Shrinkage on cooling and curing of thermoset plastics must be taken into consideration
when designing parts. Table 5.4 shows the minimum and maximum shrinkage rates during
molding for various thermoset plastics and thermoplastic parts.

+ Internal undercuts in a part are impossible to mold and should be avoided. External under-
cuts can be molded but must be avoided unless absolutely essential.

+ All corners should have a radius or fillet except at set-in sections of the mold or at the part-
ing line.

« Spacing between holes and next to sidewalls should be as large as possible. The minimum
values for the holes are shown in Table 5.5.

*  Molded ribs may be incorporated to increase strength or decrease warpage of thermoset
parts. The width of the base of the rib should be less than the thickness of the wall to which
it is attached.

+ Taper or draft should be provided both inside and outside the thermoset parts. Inside surfaces
should be provided with greater draft because molded parts tend to shrink toward the mold
surface rather than away from it. Table 5.6 lists minimum drafts for common materials.

+ Internal and external threaded holes are expensive, as they increase the cost of the part being
manufactured and the mold required for manufacture.

« Thermoplastics ejector pins must be placed on the underside of the part.

Table 5.4 Minimum and maximum shrinkage rates during
molding (on cooling)

Material Percent Material Percent
Phenolic 0.1-0.9 Acrylic 0.3-0.8
Urea 0.6-1.4 Acrylonitrile butadiene styrene | 0.3-0.8
Melamine 0.8-1.2 Nylon 0.3-1.5
Diallyl phthalate 0.3-0.7 Polycarbonate 0.5-0.7
Alkyd 0.5-1.0 Polyethylene 1.5-5.0
Polyester 0-0.7 Polypropylene 1.0-2.5
Epoxy 0.1-1.0 Polystyrene 0.2-0.6
Silicone 0-0.5 Polyvinyl chloride, rigid 0.1-0.5
Acetal 2.0-2.5 Polyvinyl chloride, flexible 1.0-5.0

Source: Adapted from Bainbridge (1998).
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Table 5.5 Minimum recommended hole
spacing in thermoset parts (Bralla, 1998)

Diameter of Minimum distance | Minimum distance
hole (mm) to sidewalls (mm) between holes (mm)
1.5 1.5 1.5

3.0 2.4 2.4

4.8 3.0 3.0

6.3 3.0 4.0

9.5 4.0 4.8

12.7 4.8 5.6

Table 5.6 Recommended minimum
draft for some common materials

Material Draft (°)
Polyethylene Y4
Polystyrene %3

Nylon 0-Ya
Acetal 04
Acrylic Ya

Source: Adapted from Bralla (1998).

5.4.6.2 Rubber

Table 5.7 lists advantages and disadvantages of some rubbers.

Holes in rubber parts are the easiest to form and the most economical to produce during
molding. Drilling holes in cured rubber by conventional means is difficult due to the flexible
nature of rubber parts.

Holes should be shallow and as wide as possible consistent with the functional needs. Avoid
through holes of small size; if necessary, through holes should be at least 0.8 mm in diameter
and 16 mm in depth.

Hole-to-hole and hole-to-edge spacing should be at least one hole diameter to prevent tear-
ing the rubber.

Undercuts should be avoided as they increase both difficulties during demolding and pro-
duction costs. If they are absolutely necessary, then they should be machined on either low-
or medium-hardness rubber.

For screw threads on rubber, it is not feasible to separate fasteners from the molded rubber;
they should be placed so as to keep the rubber thickness as uniform as possible to avoid
stress concentration.

Angle inserts molded into rubber should be given generous radii at the bend to avoid cutting
the rubber.



Consideration and Selection of Materials 129
Table 5.7 Advantages and disadvantages of some types of rubber
Rubber Advantages Disadvantages Typical applications
Natural rubber (NR) Building tack, Reversion at Tires, engine mounts

resilience, and flex | high molding
resistance temperature
Styrene butadiene Abrasion Poor ozone Tires, general molded
rubber (SBR) resistance resistance goods
Ethylene propylene Good ozone Poor hot tear Door and window
diene monomer resistance resistance seals, wire insulations
(EPDM)
Nitrile butadiene Good solvent Poor building tack | O-rings and hose
rubber (NBR) or nitrile | resistance
Thermoplastic rubber | Short injection Poor creep Shoe soles, wire
molding cycle characteristics insulation

Polyurethane

Isobutylene isoprene
rubber (IIR) or butyl

Chloroprene rubber
(CR) or neoprene

Short molding
cycle and low
molding pressure
Low air
penetration in
finished parts
Moderate solvent
resistance

Adhesion to mold

Voids caused by
air trapped during
molding

Sticking during
processing and
premature cross-
linking (scorch)
with some types

Cushioning, rolls,
exterior automotive
parts

Inner tubes

body mounts for
automobiles

Hose tubes and
covers, V-belts

Source: Adapted from Sommer (1998).

The need for draft in molded rubber parts varies with both the part design and the nature of
rubber. For parts having hardness below 90 Shore A, no draft is needed. Other, softer rubber
must be provided draft of %4° to 1° perpendicular to the parting line.

Providing radii and fillets to corners is highly recommended as they reduce the stress con-
centrations in the parts and the mold. Fillet radius of at least 0.8 mm should be provided.
Shrinkage of rubber products from the mold cavity temperature to room temperature varies
from 0.6% to 4%, depending on the type of rubber and its filler content.

5.4.6.3 Ceramics and glass

Table 5.8 lists process properties of ceramics and glass.

Ceramic part edges and corners should have generous radii or chamfers to prevent chipping
and stress concentration points. Outside and inside radii should be at least 1.5 and 2.4 mm,

respectively.

Due to sagging or distortion during firing, large unsupported overhanging sections must be

avoided.



Table 5.8 Process properties for ceramics and glass, by manufacturing method

Material and Technical Technical Pressed glass Blown glass Flat glass White ware Refractories
method ceramics, ceramics,
mostly mostly pressed
machined
Normal economic Short to Medium to long | Long run Long run Long run Medium to long Medium to
production quantities | medium run run (without run long run
thickness
change)
Investment required
+ Equipment Moderate High Medium to high | Very high Very high High High
+ Tooling Low High Medium to high | Very high Very high High High
+ Lead time to tool 1 month 3—6 months 3 months 3 months 3 months 3—6 months
up for new product
« Typical output rate | Varies greatly, | 15,000/shift Up to 40,000 150,000 200 tons/day | 6-10 pieces/day/ 40,000
typically 100 pieces/day containers/day mold bricks/day
pieces/shift to 1,000,000
lightbulbs/day
+ Normal life of Cutter life very | Moderately long | Long Long run 1-2 months | Plaster molds Moderately
tooling short compared limited to long

to metal
machining

200-1000 parts
(not reclaimable)

Source: Adapted from Mohr (1998).
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+ Pressed parts must be designed with uniform wall thickness. Differential wall thickness
leads to nonuniform shrinkage, causing stress, distortion, or cracking. Sections should not
exceed 25 mm in thickness.

+ When hollow pieces are cast against a male mold, a draft angle of at least 5° must be pro-
vided to facilitate removal of the green body.

« Undercuts should be avoided in ceramic components.

« Cavities, grooves, and blind holes in pressed parts should not be deeper than half the part
thickness and preferably only one-third the thickness.

« Extruded parts must be symmetrical with uniform wall thickness.

+ Holes in pressed parts should be large and as widely spaced as possible. Thin walls between
holes, depressions, or outside edges should be avoided. These walls should be at least as
thick as the basic walls of the part.

+ Ribs and fins should be well rounded, wide, and well spaced and have normal draft.

+ Material removal rates are slow and the operations expensive. Hence, grinding after firing
of ceramic parts is preferred and provides high accuracy.

+ Holes, cavities, and deep slots can cause molding problems and should be included only
when absolutely necessary. Holes are not normally punched through in the pressing opera-
tion but machined from a thin web or hollow boss.

+  Walls must be of uniform thickness.

+ Parts must be gently curved rather than sharp edged.

« Lettering or other irregular surface features may be incorporated as long as they are aligned
in the direction of, and not perpendicular to, the mold opening.

+ Ribs and flanges can be incorporated in some items such as electrical insulators. They nor-
mally are not practicable for general-purpose design and manufacture.

+ Threads for bottle caps or similar connecting devices may be incorporated in blown glass
parts as they are with blow-molded plastics.
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Selection of Manufacturing
Processes and Design
Considerations

6.1 Introduction

The manufacturing process is the science and technology by which a material is con-
verted into its final shape with the necessary structure and properties for its intended
use. Formation of the desired shape is a major portion of processing. The product pro-
cessing could be a simple, one-step operation or a combination of various processes,
depending on the processability of the material used and the specifications for the
finished part, which includes surface finish, dimensional tolerances, and so forth. The
method of selecting the appropriate process is closely tied to the selection of material.

What leads to a successful manufacturing process? The performance of any manu-
facturing process depends on

Rate: Material flow through the system

Cost: Material, labor, tooling, equipment

Time: Lead time to procure materials, processing time, setup time
Quality: Deviation from the target.

All these factors result from decisions made in selecting the process—material—part
combination. As designers and engineers developing a new product, at this juncture, we
already have the basic part drawing and a selection of various material-process com-
binations feasible for the part. The next stage is arriving at the material-manufacturing
process combination that is technically and economically feasible. Figure 6.1 shows
the taxonomy of manufacturing processes. The processes are arranged by similarity of
function.

Manufacturing processes can be broadly classified into three categories. Based on
the desired outcome, they are primary, secondary, or tertiary processes. To discuss all
the process and their parameters in detail is beyond the scope of this book. We shall
look into the key processes, their classification, and their specific design guidelines.

6.1.1 Primary processes

The primary process generates the main shape of the final product. The primary pro-
cess is selected to produce as many required shape attributes of the part as possible.
Such processes appear at the top of the sequence of operation for a part and include
processes such as casting, forging, molding, rolling, and extrusion.

Product Development. DOI: http://dx.doi.org/10.1016/B978-0-12-799945-6.00006-5
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Figure 6.1 Taxonomy of manufacturing processes.
Source: Adapted from Groover (1996).

1. Casting: Casting is the fastest way to attain simple or complex shapes for the part from its
raw material. The casting process basically is accomplished by pouring a liquid material
into a mold cavity of the shape of the desired part and allowing it to cool. The different types
of casting methods (for both metals and nonmetals) are shown in Figure 6.2.

2. Forging: Forging is a deformation process in which the work is compressed between two
dies using either impact or gradual pressure to form the part. The different types of forging
processes are shown in Figure 6.3.

3. Extrusion: Extrusion is a compression forming process in which the worked metal is forced
to flow through a die opening to produce the desired cross-sectional shape. Extrusion usu-
ally is followed by a secondary process, cold drawing, which tends to refine the molecular
structure of the material and permits sharper corners and thinner walls in the extruded sec-
tion. The different extrusion processes can be classified as shown in Figure 6.4.

6.1.2 Secondary processes

Secondary processes, in addition to generating the primary shape, form and refine
features of the part. These processes may appear at the start or later in a sequence
of processes. These include all the material removal processes and processes such as
machining, grinding, and broaching.

Machining is the process of removing material from a workpiece in the form of
chips. The term metal cutting is used when the material is metallic. Most machining
has a very low setup cost compared to the forming, molding, and casting processes.
However, machining is much more expensive for high volumes. Machining is neces-
sary where tight tolerances on dimensions and finishes are required.
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Figure 6.4 Types of extrusion processes.

The different machining processes are shown in Figure 6.5. They are commonly
divided into the following categories:

Cutting generally involves single-point or multipoint cutting tools, each with a clearly
defined geometry.

Nontraditional machining processes utilize electrical, chemical, and optimal sources of energy.
Abrasive machining processes are categorized under surface treatment and, hence, are dis-
cussed as tertiary processes.

Tables 6.1 and 6.2 provide summary lists of traditional and nontraditional machining
processes.

6.1.3 Tertiary processes

Tertiary processes do not affect the geometry or shape of the component and always
appear after one or more primary and secondary processes. This category consists
of finishing processes, such as surface treatments and heat treatments. Selection of
a tertiary process is simplified because many tertiary processes affect only a single
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Figure 6.5 Classification of the various machining processes.

attribute of the part. Table 6.3 shows a summary of some typical abrasive machining
(both traditional and nontraditional) processes.

6.2 Design guidelines

6.2.1 Design guidelines for casting (Zuppann, 1998; DeGarmo
et al., 1984)

Shrinkages can cause induced stresses and distortion in cast components. The amount
of shrinkage varies with the type of metal used for casting but can be predicted and
compensated for by making patterns slightly oversized. Table 6.4 lists normal shrink-
age allowances for metals used in sand casting.

Although casting is a process that can be used to produce complex part geometries,
simplifying the part design improves its castability. Avoiding unnecessary complexi-
ties simplifies the mold making, reduces the need for cores, and improves the strength
of the casting.

Sharp corners and angles should be avoided, since they are a source of stress con-
centration and may cause hot tearing and cracks in casting. Generous fillets should be
provided on inside corners (Figure 6.6) and sharp edges should be blended.

Section thickness should be uniform to avoid shrinkage cavities. Thicker sec-
tions create hot spots in the casting, because greater volume requires more time for
solidification and cooling. These are likely locations of shrinkage cavities. Table 6.5
provides reasonable guidelines for minimum and desirable section thickness for dif-
ferent material-casting process combinations. Interior walls must, however, be 20%
thinner than the outside members, because they cool more slowly than the external
walls. Figure 6.7 shows a part that depicts this recommendation.



Table 6.1 Summary list of various traditional machining processes

Process Most suitable Typical Material Typical Typical surface
materials applications removal rate tolerances (mm) roughness
Turning All ferrous and nonferrous Rollers, pistons, pins, With mild steel, +0.025 125 avg.
materials considered shafts, valves, tubings, up to about
machinable and pipe fittings 21 cm’/hpmin
Drilling Any unhardened material; Holes for pins, shafts, ‘With mild steel, +0.15, —0.025 63-250
carbides needed for some fasteners, screw threads, up to about
case-hardened parts clearance, and venting 300 cm?/min
Milling Any material with good Flat surfaces, slots, and With mild steel, +0.05 63-250
machinability rating contours in all kinds of up to 6000 cm’/min
mechanical devices at 300 hp
Planing Low to medium: Carbon Primarily for flat surfaces With mild steel, +0.13 63-125
steels or nonferrous such as machinery bases up to about
materials best and slides but also for 10cm?/hpmin
contoured surfaces
Shaping Low to medium: Carbon Primarily for flat surfaces With mild steel, +0.13 63-250
steels or nonferrous such as machinery bases up to about
materials best; no and slides but also for 10cm?/hp min
hardened parts contoured surfaces
Broaching Any material with good Square, rectangular, or Max. of large surface +0.025 32-125

machinability rating

irregular holes, slots,
and flat surfaces

broaches about
1300 cm?/min

Source: Adapted from Bralla (1998); DeGarmo et al. (1984).




Table 6.2 Summary list of various nontraditional machining processes

Process Most suitable Typical Material Typical
materials applications removal rate tolerances (mm)

Chemical All common ferrous Blank thin sheets: 0.0025-0.13 mm (depth of +0.1
machining and nonferrous metals wide, shallow cuts material removed/min)

Ultrasonic Hard, brittle, Irregular holes and 30-4000cm’/h +0.025
machining nonconductive materials cavities in thin sections

Abrasive jet Hard, fragile, and Trimming, slotting, 1cm’/h +0.13
machining (AJM) heat-sensitive materials etching, drilling, etc.

Abrasive water Hard metals and Cutting reinforced plastics, 1.5-2m/min +0.25

jet machining

Electron beam
machining (EBM)

Laser beam
machining (LBM)

Electric discharge
machining (EDM)
Wire EDM

Electrochemical
machining

nonmetals

Any material

Any material

Hardened metals
Hardened metals

Difficult-to-machine
metals

honeycombed materials,
metal sheets thicker
than 13 mm

Fine cuts in thin
workpieces

Blanking parts from sheet
material; machining thin
parts and small holes

Molds

Blanking dies

For making complex
shapes and deep holes

0.05-0.12cm*h

2.5m/min in mild steel
with oxygen assist

49cm>/h
130-140cm?/h in 5cm

thick materials
Max. 1000cm?/h

+10% allowed on hole
and slot dimensions

+0.13

+0.05

+0.05

+0.05

Source: Adapted from Bralla (1998).




Table 6.3 Summary list of various abrasive machining processes

Process

Most suitable
materials

Typical
applications

Material
removal rate

Typical
tolerances (mm)

Center-type and
centerless grinding

Surface grinding

Electrochemical
honing (ECH)
Electrical discharge

grinding
Electrochemical
grinding

Nearly any metallic
material plus many
nonmetallic

Nearly any metallic
material plus many
nonmetallic

Hardened metals

Hard materials
like carbide
Hardened metals
and carbides

Dies, molds, gauge
blocks, machine surfaces

Dies, molds, gauge
blocks, machine surfaces

Finishing internal
cylindrical surfaces
Form tools

Sharpening carbide
cutting tools

With mild steel, up to about
164 cm®/min at 100hp and
high-speed grinding

With mild steel, up to about
164 cm’/min at 100hp and
high-speed grinding

3-5 times faster than
conventional honing

0.16-2.5cm’h

100cm?/h

+0 to —0.013

+0 to —0.1

+0.006-0.0125

+0.005

+0.025

Source: Adapted from Bralla (1998).




140 Product Development

Table 6.4 Shrinkage allowances for
metals commonly cast in sand molds

Metal Percent
Gray cast iron 0.83-1.3
White cast iron 2.1
Ductile cast iron 0.83-1.0
Malleable cast iron 0.78-1.0
Aluminum alloys 1.3
Magnesium alloys 1.3
Yellow brass 1.3-1.6
Gunmetal bronze 1.0-1.6
Phosphor bronze 1.0-1.6
Aluminum bronze 2.1
Manganese bronze 2.1
Open-hearth steel 1.6
Electric steel 2.1

High manganese steel 2.6

Source: Adapted from Zuppann (1998).

15T
l 05T
N % r
Poor design T Improved design

Figure 6.6 Provide generous radii to sharp corners to avoid uneven cooling and molded-in stress.

Part sections that project into the mold should have draft, depending on the type of
the casting process. Draft allowances for sand cast components are about 1° or 2-3°
for permanent mold processes. Table 6.6 recommends draft angles for the outside
surfaces of sand-molded castings.

Tolerances achievable in many casting processes are insufficient to meet functional
requirements in many applications. Almost all sand castings must be machined to
some extent in order for the part to be made functional. Typical machining allowances
for sand castings range between % and Y4in.

It is desirable to minimize the use of dry sand cores, which can be achieved by
changing the location of the parting plane.
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Table 6.5 Recommended minimum and desirable section thickness

Material Minimum (mm) Desirable (mm) Casting process
Steel 4.76 6.35 Sand

Gray iron 3.18 4.76 Sand

Malleable iron 3.18 4.76 Sand

Aluminum 3.18 4.76 Sand
Magnesium 4.76 6.35 Sand

Zinc alloys 0.51 0.76 Die

Aluminum alloys 1.27 1.52 Die

Magnesium alloys 1.27 1.52 Die

Source: Adapted from DeGarmo et al. (1984).

Z/

N

Not

recommended Desirable

Thick inner walls

Tz

Thin inner walls

Figure 6.7 Interior walls should be 20% thinner than exterior walls, since they cool

more slowly.

6.2.2 Design guidelines for forging
(Heilman and Guichelaar, 1998)

The parting line should be in a plane perpendicular to the axis of the die motion. If it is
not possible to have the parting line on one plane, it is desirable to preserve symmetry
to prevent high side-thrust forces on the die and the press. No portion of the parting
line should incline more than 75° from the principal parting plane, and much shal-
lower angles are desirable. Undercuts cannot be incorporated into forged components

since the forging must come out of the die after it is made.

Typical draft angles are 3° on aluminum and magnesium parts and 5-7° on steel

parts. Draft angles on precision forgings are close to zero. Table

6.6 provides typical
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Table 6.6 Recommended draft angles for outside surfaces of sand-
molded castings

Ramming Pattern material
method

Wood Aluminum Ferrous

Pattern quality level

Normal High Normal High Normal High

Hand 5° 3° 4° 3° - -
Squeezer 3° 2° 3° 2° - -
Automatic - - 2° 1° 1v2° 15°
Shell molding - - - - 1 Va
Cold cure 3° 3° 2° 1° - -

Source: Adapted from Zuppann (1998).

draft angle ranges for finished forgings in the various alloy families. Low-draft or no-
draft angles in products made out of aluminum and brass are possible.

Webs and ribs are difficult in metal flow as they become thinner. It is easiest when
the web is relatively thick and uniform in thickness. Hence, forging components with
deep ribs and high bosses is difficult, particularly so when these features do not taper.

Small corner and fillet radii tend to limit metal flow and increase stress on the die
surfaces during forging. Table 6.7 shows typical minimum radii for forgings. A gen-
eral rule for radii is “the deeper the impression, the larger the radius should be; both at
the fillet around which the metal must flow and at the corner that must fill with metal.”

Design features that promote easy forging add to the metal that must be machined
away. Ample draft angles, large radii, and generous tolerances can have this effect.
The machining allowance should allow for the worst-case buildup of draft, radii, and
all tolerances. Machining allowances are added to external dimensions and subtracted
from internal dimensions.

6.2.3 Design guidelines for extrusion (Bralla, 1998)

The major limitation and specific design recommendation for a part to be extruded is
that the cross section must be same for the length of the part being extruded.

Avoid sharp corners. Provide generous radii for both internal and external corners
of extruded cross sections. The minimum radii recommended for extruded sections
are listed in Table 6.8. If sharp internal corners are necessary, the included angle
should be as large as possible and always more than 90°.

Section walls should be balanced as much as the design function permits. Extreme
changes in section thickness should be avoided, particularly in case of the less extrud-
able materials like steel. With steels and other less extrudable materials, holes in
nonsymmetrical shapes should be avoided.



Selection of Manufacturing Processes and Design Considerations 143

Table 6.7 Minimum radii for forgings

Depth of rib or Minimum radius
boss (mm)
Corner (mm) Fillet (mm)
13 1.6 5
25 3 6.3
50 5 10
100 6.3 10
200 16 25
400 22 50

Table 6.8 Minimum recommended radii for extruded sections

Material Minimum radius

Corner (mm) Fillet (mm)

Al, Mg, and Cu alloys

As extruded 0.75 0.75
After cold drawing 0.4 0.4

Ferrous metals, Ti and Ni alloys

As extruded 1.5
After cold drawing 0.75 1.5

Source: Adapted from Bralla (1998).

In case of steel extrusions, the depth of an indentation should be no greater than its
width at its narrowest point. Further, for the cross-sectional length of any thin-walled
segment, the ratio of length to thickness of any segment should not exceed 14:1. For
magnesium, ratios of 20:1 are recommended.

Symmetrical cross sections are preferred to nonsymmetrical designs to avoid
unbalanced stresses and warpage. Figure 6.8 shows good and bad practices for cross
sections of parts to be extruded.

6.2.4 Design guidelines for metal stamping
(Stein and Strasse, 1998)

Ensure maximum stock utilization. Shapes that can be nested close together are preferred
because this reduces costs by reducing the scrap rate. Figures 6.9 and 6.10 show improved
material utilization.

The diameter of pierced holes should be no less than the stock thickness. In the case of alloy
steels, the diameter of hole should at least be twice the thickness of the stock.

Spacing between holes should be a minimum of twice the stock thickness. The minimum
distance between the lowest edge of the hole and the other surface should be one and a half
times the stock thickness.
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Figure 6.8 Desirable and undesirable practices in the design of cross sections to be extruded.
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Figure 6.9 Example of a part that was redesigned to provide better nesting of blanks and
thus improved material utilization.

Sharp corners, both internal and external, should be avoided. A general rule is to allow a
minimum corner radius of one-half the stock thickness and never <0.8 mm.

Designers should take into consideration the grain direction, as this determines the strength
of the component.
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Figure 6.10 Use of strip stock of the width of the part with a better utilization of material.

Long narrow projections should be avoided because they are subject to distortion and
require thin, fragile punches. Long sections should not be narrower than one and a half
times the stock thickness.

6.2.5 Design guidelines for powdered metal processing
(Swan and Powell, 1998)

Draft is not desirable and, in production, usually produces problems. Lack of draft is an
advantage because die walls can be absolutely parallel to each other, enabling component
faces to be parallel and of close tolerance. An exception is the sidewalls of recesses formed
by a punch entering the top side of a part. In these cases, a draft of 2° or more is advisable.

The minimum recommended wall thickness is 1.5mm (Figure 6.11). The minimum distance
between the sidewalls and a hole or between two holes also is 1.5 mm. The normal maxi-
mum ratio of wall thickness to length is 18:1.

Small radii at both internal and external component corners are desirable.

Holes in the direction of pressing are acceptable. The minimum diameter of the holes is
1.5mm. Holes at right angles to the direction of press cannot be achieved through this pro-
cess. It is preferable to press blind holes of 6.3 mm diameter or more (unless they are shallow).

Undercuts cannot be achieved with this process because of problems in ejecting the com-
ponent from the die.

The molding of inserts into the compact is not recommended. Trying to incorporate inserts
increases production costs and adversely affects production rates.

Figure 6.12 shows recommendations for reducing a weak punch.

6.2.6 Design guidelines for fine-blanked parts (Fischlin, 1998)

Corners in fine-blanked parts must be well rounded. The combination of the cor-
ner angle, material thickness, and type of material determines the minimum radius
required. Broad recommendations are as follows (Figure 6.13):

1. For corner angles <90°, radius = 25-30% of the material thickness.
2. For corner angles of 90°, radius = 10-15% of the material thickness.
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Figure 6.11 Design recommendations for minimum part widths.
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Figure 6.12 Design recommendations to reduce a weak punch.
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Figure 6.13 Design recommendations for slots and holes in fine-blanked parts.
Source: Adapted from Stein and Strasse (1998).

3. For corner angles >90°, radius = 5-10% of the material thickness.
4. For internal angles, radius = 66% of the external angle values.

Holes in material 1-4 mm thick can be blanked with the width of the sections from
inner to outer form corresponding to approximately 60—65% of the material thickness.
Gears, spurs, ratchets, and the like can be fine blanked if the width of the teeth on the
pitch circle radius is 60% of the material thickness or more. Countersinks and chamfers
of 90° can be introduced to depths of one-third of the material thickness without appre-
ciable material deformation (only up to a material thickness of 3mm). However, the
volume of the material to be compressed should not exceed the volume of one-third the
material thickness at 90° when countersinks of increased or decreased angles are desired.

6.2.7 Design guidelines for machined parts (Bralla, 1998;
DeGarmo et al., 1984)

6.2.7.1 Standardization

If possible, parts should be designed such that they do not need machining. If this is
not possible, then minimize the amount of machining required. In general, a low-cost
product is achieved through the use of net shape processes, such as precision casting,
closed die forging, or plastic molding, or near net shape processes such as impression
die forging.

Machined parts should be designed such that the features can be achieved with
standard cutting tools (Figure 6.14). Utilize standard preshaped workpieces to the
maximum extent.

6.2.7.2 Raw material

Choose raw materials that will result in minimum component costs, without sacrificing any
absolute functional requirements.
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Figure 6.14 Use standard cutting tools rather than special tools.

Machined parts should be designed so that they can be produced from standard available
stock. Also, use stock dimensions whenever possible, if doing so will eliminate a machining
operation or the need for machining additional surface.

Materials with good machinability must be selected for better cutting speed and hence
higher production rates.

6.2.7.3 Component design (general)
Try to design components so that they can be machined with only one machine tool.

Tolerances should be specified to satisfy functional needs, but the capabilities of a process
should also be considered. Excessively close tolerances add cost but may not add value to
the parts.

The surface finish should also be specified to meet functional needs or esthetic requirements.

Machined features such as sharp corners, edges, and points should be avoided, as they are
difficult to accomplish. Deep holes that must be bored should be avoided.

Parts should be designed rigid enough to withstand the forces of cutting and work holder
clamping (Figure 6.15).

Undercuts should be avoided, as they often require additional setups and operations or
special tooling (Figure 6.16). Undercuts could also be points of stress concentration in
components.

Avoid tapers, bent holes, and contours as much as possible in favor of rectangular shapes,
which permit simple tooling and setup.
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Figure 6.15 Design parts to be rigid enough to withstand clamping and cutting forces.

Special bottom angle Standard drill angle

Not desirable Recommended

Figure 6.16 Avoid undercuts, as they lead to expensive tooling and extra machining operation.

Reduce the number and size of shoulders, because these usually require additional steps in
operation and additional material.

Consider the possibility of substituting a stamping for the machined component.

Avoid using hardened or difficult-to-machine materials unless their special functional prop-
erties are essential to the part being machined.

For thin, flat pieces that require surface machining, allow sufficient stock for both rough
and finish machining. In some cases, stress relieving between rough and finish cuts may
be advisable.

It is preferable to put machined surfaces in the same plane or, if they are cylindrical, with
the same diameter to reduce the number of operations required.
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Provide access room for cutters, bushings, and fixture elements.

Avoid having parting lines or draft surfaces serve as clamping or locating surfaces.

Burr formation is an inherent result of machining operations. The designer should expect

burrs and therefore provide relief space, if possible, and furnish means for easy burr removal.
6.2.7.4 Rotational component design

Try to ensure that cylindrical surfaces are concentric and plane surfaces are normal to the
component axis.

Ensure that the diameters of external features increase from the exposed face of the work-
piece. Conversely, ensure that diameters of internal features decrease from the exposed
surface of the workpiece.

For internal corners, specify radii equal to the radius of a standard rounded tool corner.
Avoid internal features for long components. Also avoid components with a very large or
very small length—diameter ratio.

6.2.7.5 Nonrotational component design
Provide a base for work holing and reference.

Ensure that the exposed surface of the component consists of a series of mutually perpen-
dicular plane surfaces parallel and normal to the base.

Ensure that internal corners are normal to the base. Also, ensure that, for machined pockets,
the internal corners normal to the base have as large a radius as possible.

If possible, restrict plane surface machining (slots, grooves, etc.) to one surface of the component.

Ensure that, in flat or cubic components, main bores are normal to the base and consist of
cylindrical surfaces decreasing in diameter from the exposed face of the workpiece.

Avoid blind bores in large cubic components.

Avoid internal machined features in cubic boxlike components.

6.2.7.6 Assembly design
Ensure that assembly is possible.

Ensure that each operating machined surface on a component has a corresponding machined
surface on the mating component.

Ensure that internal corners do not interfere with a corresponding external corner on the
mating component, that is, design adequate clearances.

6.2.8 Design guidelines for screw machine parts (Lewis, 1998)

Design components such that the largest diameter of the component is the same as that of
the bar stock. Standard sizes and shapes of bar stock should be used in preference to special
diameters and shapes.
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Figure 6.17 Guidelines to avoid burr problem in threaded parts.
Source: Adapted from Engineering Staff, Teledyne Landis Machine (1998).

The design of screw machine parts should be kept as simple as possible, so that standard
tools, standard size holes, screw threads, slots, knurls, and the like can be readily machined
with available tools.

Avoid secondary operations by designing parts such that components are completed on
cutoff from the bar material.

The external length of formed areas should not exceed two and a half times the minimum
diameter of the workpiece. Sidewalls of grooves and other surfaces perpendicular to the axis
of the workpiece should have a slight draft. The minimum recommended draft is a half degree.

External or internal angular undercuts are not recommended, as they are difficult to machine
and should be avoided.

The bottoms of blind holes should have standard angles. Although deep, narrow holes can
be provided if necessary, it is better to limit the depth of blind holes to three to four times
the diameter of the work.

Rolled screw threads are preferable to cut threads in screw machine products. Providing
chamfers and drafts reduces burr problems (Figure 6.17).

Knurled areas should be kept narrow. A knurl’s width should not exceed its diameter.

Sharp corners in the design of screw machine parts must be avoided (Figure 6.18). Sharp
corners, both internal and external, cause weakness and more costly fabrication of form
tools. It is preferable to provide either a chamfer at the corner or an undercut.

When a spherical end is required on a screw machine part, it is better to design the radius
of the spherical end to be larger than the radius of the adjoining cylindrical portion. Hence,
as a rule of thumb, the end spherical radius is designed greater than D/2 where D is the
diameter of the part.
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. Sharp corners
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Figure 6.18 Avoid sharp corners by providing chamfers and undercuts.

6.2.9 Design guidelines for milling (Judson, 1998)

Components should be designed such that standard cutter shapes and sizes can be used. Slot
widths, radii, chamfers, corner shapes, and overall forms should conform to those of the
cutters available rather than ones that would require special fabrication.

Product design should permit manufacturing preference as much as possible to determine
the radius where two milled surfaces intersect or where profile milling is involved.

When a small, flat surface is required, as for bearing surface or a bolt-head seat perpendicu-
lar to the hole, the product design should permit the use of spot facing, which is quicker
and more economical than face milling. When spot faces or other small milled surfaces are
specified for casings, it is good practice to design a low boss for the surface to be milled.

When outside surfaces intersect and a sharp corner is not desirable, the component design
should allow a bevel or chamfer rather than rounding.

When form milling or machining rails, it is best not to attempt to blend the formed surface
to an existing milled surface, because exact blending is difficult to achieve.

Keyway designs should permit the keyway cutter to travel parallel to the center axis of the
shaft and form its own radius at the end.

A design that requires the milling of surfaces adjacent to a shoulder or flange should provide
clearance for the cutter path. It is recommended that the component be designed such that
milling of parting lines, flash areas, and weldments generally will extend the cutter’s life.
The component design should provide clearance to allow the use of larger size cutters rather
than small cutters to permit high material removal rates.

In case of end-milling slots in mild steel, the depth should not exceed the diameter of the cutter.

6.2.10 Design guidelines for planing and shaping (Bralla, 1998)

Parts should be designed so that they can be easily clamped to the worktable and are sturdy
enough to withstand deflections during machining.

It is preferable to put machined surfaces in the same plane to reduce the number of opera-
tions required.

Avoid multiple surfaces that are not parallel to the direction of the reciprocating motion of
the cutting tool.
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Allow a relieved portion at the end of the machined surface, because shapers and planers
can cut up to only 6 mm of the obstruction or the end of a blind hole.

The minimum size of holes in which a keyway or slot can be machined with a slotter or a
shaper is about 11in.

Due to the lack of rigidity of long cutting tool extensions, it is not feasible to machine slots
longer than four times the diameter of the hole.

6.2.11 Design guidelines for screw threads (Engineering Staff,
Teledyne Landis Machine, 1998)

External threads should be designed such that they do not terminate too close to the shoulder
or adjoining larger diameter. The width of this relief depends on the size of the thread, the
coarseness of the thread, and the throat angle of the threading tool. Internal threads should
have a similar relief or undercut.

In cases where high thread strength is not required, use of a reduced height thread form is
recommended.

It is recommended to have short thread lengths consistent with functional requirements.

All threaded products should have chamfers at the ends of external threads and a counter-
sink at the end of the internal threads.

The surface at the starting end of the screw thread should be flat and square with the thread’s
center axis.

The use of standard thread forms and sizes is economical and recommended.

Tubular parts must have a wall heavy enough to withstand the pressure of the cutting or
forming action.

Threads to be ground should not be specified to have sharp corners at the root.

Centerless ground thread should have a length—diameter ratio of at least 1:1, although a
length longer than the diameter is recommended.

Parts for thread rolling have similar requirements of roundness, straightness, and freedom
from taper and burrs.

Except for those of the largest size, coarse threads are slightly more economical to produce
than fine threads.

6.2.12 Design guidelines for injection molding

Wall thickness must be uniform wherever possible and a general rule of thumb should be
that the thickest wall should be less than two times the thinnest wall. Wall thickness should
be controlled. Thick cross sections result in slower binder removal and increased injection-
molding cycle, leading to surface depressions. Thick sections take longer to cool than thin
ones. During the cooling process, if walls are an inconsistent thickness, the thinner walls
will cool first while the thick walls are still solidifying. As the thick section cools, it shrinks
around the already solid thinner section. This causes warping, twisting, or cracking to occur
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where the two sections meet. To avoid this problem, try to design with completely uniform
walls throughout the part. When uniform walls are not possible, then the change in thick-
ness should be as gradual as possible. Wall thickness variations should not exceed 10% in
high mold shrinkage plastics. Thickness transitions should be made gradually, on the order
of 3—1. This gradual transition avoids stress concentrations and abrupt cooling differences.

One way to avoid sink marks is to core out the solid sections of the part to reduce thick
areas. If the strength of a solid part is required, try using crosshatched rib patterns inside
the cored out area to increase strength and avoid sink. As a rule of thumb, make sure that
all bosses and locating/support ribs are no more than 60% of the thickness of the nominal
wall. Also, textures can be used to hide minor sink marks.

Parts should have a draft angle on sidewalls to ensure easy part removal from the mold. Angles
of ¥2-2° per side are recommended for both inside and outside walls. Larger draft angles
should be used for deep sections, complex configurations, and when an inside core or die
section is used, the part will tend to shrink around it. Follow the following recommendations:

Use at least 1 degree of draft on all “vertical” faces

1%2 degrees of draft is required for light texture

2 degrees of draft works very well in most situations

3 degrees of draft is a minimum for a shutoff (metal sliding on metal)
3 degrees of draft is required for medium texture.

Generous radii and filets should be used as much as possible at all corners. Rounded corners
aid material flow in molds and reduce stress concentrations in molds or in the part. A sug-
gested rule is to use a corner radius of one-half the adjacent wall thickness and no <0.4 mm
(0.0151n.).

Bosses and ribs are feasible and often desirable in MIM part design. Ribs enable a part to
be designed to be strong and rigid even when wall thickness and mass must be reduced.
Since these details can be produced by the tooling, they can be incorporated into the design
at minimal unit cost.

A “parting line” is the line of separation on the part where the two halves of the mold meet.
The line actually indicates the parting “plane” that passes through the part. While on simple
parts this plane can be a simple, flat surface, it is often a complex form that traces the perim-
eter of the part around the various features that make up the part’s outer “silhouette.” Part
lines can also occur where any two pieces of a mold meet. This can include side action pins,
tool inserts, and shutoffs. Parting lines cannot be avoided; every part has them. Keep in mind
when designing your part that the melt will always flow toward the parting line because it is
the easiest place for the displaced air to escape or “vent” (Figures 6.19 and 6.20).

6.3 Manufacturing technology decisions

Advances in technology have had the greatest impact on process design decisions.
Technological advances have enabled companies to produce products faster, with
better quality, at a cheaper rate. Many processes that were not imaginable only a few
years ago have been made possible through the use of technology.

A production process consists of activities that are required in transforming an
input set (human resources, raw materials, energy, capital, information, etc.) to
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Figure 6.19 Suggested design guidelines for bosses on metal injection molded parts.
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Figure 6.20 Suggested design guidelines for bosses and ribs on metal injection molded parts.

valuable outputs with the help of processes. Table 6.9 shows the two types of produc-
tion processes based on the machinery used.

Production process selection, to a great extent, depends on the level of manufac-
turing technology. In recent decades, technologies that have influenced production
process decision making are:

+ Automation
» Automated material handling:
+ Automated guided vehicles (AGV)
+ Automated storage and retrieval systems (AS/RS)
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Table 6.9 Differences between continuous and
intermittent systems

# Decision Intermittent Continuous
production systems production systems
1 Nature of product Custom orders Based on demand
(not for stocking) forecast (for
stocking)
2 Flexibility of process Flexible Not flexible
(standardized)
3 Scale of production Small scale Large scale
4 Per unit cost High Low
5 Range of products Wide range One particular type
6 Instructions Detailed instructions Single set of
matching customer instruction
specifications
7 Location change Easy Difficult
8 Capital invested Small High
9 Product variety Large Small
10 Degree of standardization Low High
11 Path through facility Varied pattern Line flow
12 Critical resource Labor Equipment
13 Importance of work skills High Low
14 Type of equipment General purpose Specialized
15 Degree of automation Low High
16 Throughput time Longer Shorter
17 Work-in-process inventory More Less

»  Computer-aided design (CAD) software

» Robotics and numerically controlled (NC) equipment

+ Flexible manufacturing systems (FMS)

» Computer-integrated manufacturing (CIM).

The Association for Manufacturing Technology has a broader view of the technol-
ogy that determines production process selection. Table 6.10 gives this broader view
and the means of achieving the technology.

6.4 A typical part drawing and routing sheet

Figures 6.21 and 6.22 show a typical part drawing and a routing sheet, respectively.
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Table 6.10 Manufacturing technologies and means to achieve

Technology application Application medium

software

Software Computer-aided design (CAD), computer-aided
manufacturing (CAM), computer numerical control
(CNC), direct numerical control (DNC), programmable
logic control (PLC), numerical control (NC), program
optimization software, and systems integration

Material removal Turning, milling, drilling, grinding, tapping, electrical
discharge machines (EDM), broaching, sawing, water
jet cutting equipment, and laser process equipment

Material forming Stamping, bending, joining, hydroforming, presses,
shearing, cold and hot forming equipment

Additive processes 3D printing, laser sintering, and rapid prototyping
equipment

Workholding Chucks, fixtures, clamps, blocks, angle plates, and
tooling columns

Tooling Drills, taps, reamers, boring bars, dies, punches, and
grinding wheels

Material handling Conveyors, automated wire guided vehicles, die handling
equipment, robots, pallet changers, and bar feed
equipment

Automated systems Transfer machines, assembly systems, automated systems
and cells, and flexible manufacturing systems (FMS)

Biomanufacturing Use of a biological organism, or part of one, in an

artificial manner to produce a product such as
developing drugs and medical compounds
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Figure 6.21 Part drawing with some basic dimensions.
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PARTNO. P1250-2335 EFFECTIVE DATE  3/23/2005 SHEET 1 OF 1
PART NAME FRONT OUTER CASING PLANNER A.SMITH
DEPT.NO. OPERATION DESCRIPTION MACHINE TOOL smngx:sg TIME
Obtain themoplastic granules from
27 10 stock area Manual -
Injection Molding
102 20 Load granules into hopper feeder ~ #2ACBX 4.7
30 30 Activate machine Manual 5
Injection Molding
30 40 Process time #2ACBX 30
Injection Molding
56 50 Cool parts and then eject #2ACBX 30
Inspect parts as per QC-NA 11-
50 60 1230 Manual 10
29 70 Place parts in bin Manual 10

Figure 6.22 Typical routing sheet for the part shown in Figure 6.21.
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Designing for Assembly 7
and Disassembly

7.1 Introduction

7.1.1 Definition and importance of the assembly process

A consumer product often is an assemblage of several individual components. Each
component has been planned, designed, and manufactured separately. However, by
themselves, there is very little use to component parts. Only after they are assembled
into the final product can they effectively perform their intended function.

Assembly of a product is a function of design parameters that are both intensive
(material properties) and extensive (physical attributes) in nature. Examples of such
design parameters include, but are not limited to, shape, size, material compatibility,
flexibility, and thermal conductivity. It is easy to see that, when individual compo-
nents are manufactured with ease of assembly in mind, the result is a significant
reduction in assembly lead times. This leads to savings in resources (both material
and human). Designers have grappled with the problem of designing products for
assembly since at least the beginning of the Industrial Revolution.

The importance of designing for ease of assembly cannot be overemphasized.
The case of designing for easy and efficient (in terms of time as the singular metric)
assembly has been made numerous times by researchers. This is obvious in light of
the fact that a product more often than not is an assemblage of various individual
components. The spatial alignment between functionally important components is
what makes the product function. Given this background, it is imperative that each
component be designed in such a way as to align and mate efficiently. This entails