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Preface

The third volume of the fourth edition of the Mechanical Engineers’ Handbook comprises
two parts: Manufacturing and Management. Each part contains 12 chapters. Contributors
include business owners, consultants, lawyers, librarians, and academics from all around the
United States.

Part 1 opens with a chapter from the second edition on Product Design for Manufacturing
and Assembly (DFM&A). The centerpiece of Part 1 includes the chapters that in earlier editions
of the handbook have been called “the handbook within the handbook.”

Developed by a team at Louisiana State University and the University of Louisville, these
six chapters, which have been updated, span manufacturing topics from production planning,
production processes and equipment, metal forming, shaping, and casting, statistical quality
control, computer-integrated manufacturing, to material handling. The chapter on classification
systems remains unchanged from earlier editions; the chapter on mechanical fasteners has been
revised extensively. Part 1 has three chapters entirely new to the handbook: a chapter on physical
vapor deposition, one on environmentally conscious manufacturing, and one on a new approach
to dealing with process technology in the context of design, tooling, manufacturing, and quality
engineering. The latter chapter is indicative of how much contributors can give of themselves.
Its content is the lifeblood of its author’s consulting practice.

Part 2 covers a broad array of topics. The 12 chapters can be broken down into four
groups. The first two chapters cover project and people management. The first of these chapters,
on project management, deals with a subject that has appeared in previous editions, but the
chapter is entirely new, to reflect advances in this field. The people management chapter has
been revised. The following three chapters deal with fundamentals of financial management
and are unchanged. The next three chapters, contributed by a team led by Jack ReVelle, treat
a set of management issues, including total quality management; registrations, certifications,
and awards; and safety engineering. Two chapters cover legal issues of interest to engineers,
including patents. The final two chapters cover online and print information sources useful to
mechanical engineers in their daily work. The chapter on online sources is a new version of the
chapter that appeared originally in 1998.






Vision for the Fourth Edition

Basic engineering disciplines are not static, no matter how old and well established they are.
The field of mechanical engineering is no exception. Movement within this broadly based disci-
pline is multidimensional. Even the classic subjects, on which the discipline was founded, such
as mechanics of materials and heat transfer, keep evolving. Mechanical engineers continue to
be heavily involved with disciplines allied to mechanical engineering, such as industrial and
manufacturing engineering, which are also constantly evolving. Advances in other major dis-
ciplines, such as electrical and electronics engineering, have significant impact on the work
of mechanical engineers. New subject areas, such as neural networks, suddenly become all
the rage.

In response to this exciting, dynamic atmosphere, the Mechanical Engineers’ Handbook
expanded dramatically, from one to four volumes for the third edition, published in November
2005. It not only incorporated updates and revisions to chapters in the second edition, pub-
lished seven years earlier, but also added 24 chapters on entirely new subjects, with updates
and revisions to chapters in the Handbook of Materials Selection, published in 2002, as well as
to chapters in Instrumentation and Control, edited by Chester Nachtigal and published in 1990,
but never updated by him.

The fourth edition retains the four-volume format, but there are several additional major
changes. The second part of Volume I is now devoted entirely to topics in engineering mechan-
ics, with the addition of five practical chapters on measurements from the Handbook of Mea-
surement in Science and Engineering, published in 2013, and a chapter from the fifth edition of
Eshbach’s Handbook of Engineering Fundamentals, published in 2009. Chapters on mechani-
cal design have been moved from Volume I to Volumes IT and III. They have been augmented
with four chapters (updated as needed) from Environmentally Conscious Mechanical Design,
published in 2007. These chapters, together with five chapters (updated as needed, three from
Environmentally Conscious Manufacturing, published in 2007, and two from Environmentally
Conscious Materials Handling, published in 2009) in the beefed-up manufacturing section of
Volume I1I, give the handbook greater and practical emphasis on the vital issue of sustainability.

Prefaces to the handbook’s individual volumes provide further details on chapter additions,
updates and replacements. The four volumes of the fourth edition are arranged as follows:

Volume 1: Materials and Engineering Mechanics—27 chapters

Part 1. Materials— 15 chapters

Part 2. Engineering Mechanics— 12 chapters

Volume 2: Design, Instrumentation and Controls—25 chapters

Part 1. Mechanical Design— 14 chapters

Part 2. Instrumentation, Systems, Controls and MEMS —11 chapters
Volume 3: Manufacturing and Management—28 chapters

Part 1. Manufacturing— 16 chapters

Part 2. Management, Finance, Quality, Law, and Research— 12 chapters
Volume 4: Energy and Power—35 chapters

Part 1: Energy— 16 chapters

Part 2: Power— 19 chapters

xi



xii

Vision for the Fourth Edition

The mechanical engineering literature is extensive and has been so for a considerable
period of time. Many textbooks, reference works, and manuals as well as a substantial num-
ber of journals exist. Numerous commercial publishers and professional societies, particularly
in the United States and Europe, distribute these materials. The literature grows continuously,
as applied mechanical engineering research finds new ways of designing, controlling, mea-
suring, making, and maintaining things, as well as monitoring and evaluating technologies,
infrastructures, and systems.

Most professional-level mechanical engineering publications tend to be specialized,
directed to the specific needs of particular groups of practitioners. Overall, however, the
mechanical engineering audience is broad and multidisciplinary. Practitioners work in a
variety of organizations, including institutions of higher learning, design, manufacturing, and
consulting firms, as well as federal, state, and local government agencies. A rationale for a
general mechanical engineering handbook is that every practitioner, researcher, and bureaucrat
cannot be an expert on every topic, especially in so broad and multidisciplinary a field, and
may need an authoritative professional summary of a subject with which he or she is not
intimately familiar.

Starting with the first edition, published in 1986, my intention has always been that the
Mechanical Engineers’ Handbook stand at the intersection of textbooks, research papers, and
design manuals. For example, I want the handbook to help young engineers move from the
college classroom to the professional office and laboratory where they may have to deal with
issues and problems in areas they have not studied extensively in school.

With this fourth edition, I have continued to produce a practical reference for the mechan-
ical engineer who is seeking to answer a question, solve a problem, reduce a cost, or improve
a system or facility. The handbook is not a research monograph. Its chapters offer design tech-
niques, illustrate successful applications, or provide guidelines to improving performance, life
expectancy, effectiveness, or usefulness of parts, assemblies, and systems. The purpose is to
show readers what options are available in a particular situation and which option they might
choose to solve problems at hand.

The aim of this handbook is to serve as a source of practical advice to readers. I hope that
the handbook will be the first information resource a practicing engineer consults when faced
with a new problem or opportunity—even before turning to other print sources, even officially
sanctioned ones, or to sites on the Internet. In each chapter, the reader should feel that he or she
is in the hands of an experienced consultant who is providing sensible advice that can lead to
beneficial action and results.

Can a single handbook, even spread out over four volumes, cover this broad, interdisci-
plinary field? I have designed the Mechanical Engineers’ Handbook as if it were serving as a
core for an Internet-based information source. Many chapters in the handbook point readers
to information sources on the Web dealing with the subjects addressed. Furthermore, where
appropriate, enough analytical techniques and data are provided to allow the reader to employ
a preliminary approach to solving problems.

The contributors have written, to the extent their backgrounds and capabilities make pos-
sible, in a style that reflects practical discussion informed by real-world experience. I would
like readers to feel that they are in the presence of experienced teachers and consultants who
know about the multiplicity of technical issues that impinge on any topic within mechanical
engineering. At the same time, the level is such that students and recent graduates can find the
handbook as accessible as experienced engineers.
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CHAPTER 1

ORGANIZATION, MANAGEMENT, AND
IMPROVEMENT OF MANUFACTURING
SYSTEMS

Keith M. Gardiner
Lehigh University
Bethlehem, Pennsylvania

1 INTRODUCTION: WHAT IS 8 WORKFORCE
THIS CHAPTER ABOUT? 3 CONSIDERATIONS: SOCIAL

ENGINEERING, THE
2 NATURE OF MANUFACTURING GIN NG

DIFFICULT PART
SYSTEM: ARENA FOR OUR
IMPROVEMENT 4 9 ENVIRONMENTAL
CONSCIOUSNESS:
3 EVOLUTION OF LEADERSHIP MANUFACTURING EMBEDDED
AND MANAGEMENT: IN SOCIETY
HAN]?:CéP 01; 9.1 Sustainability
HIERARCHIE 6 9.2 Principles for Environmentally
4 ORGANIZATIONAL Conscious Design
BEHAVIORS, CHANGE, AND 10 IMPLEMENTATION:
SPORTS: FRUITLESS QUEST CONSIDERATIONS AND
FOR STABILITY 8 EXAMPLES FOR COMPANIES
5 SYSTEM OF MEASUREMENT OF ALL SIZES
AND ORGANIZATION: 10.1 Vertical Integration
STIMULATING CHANGE 10 10.2 Real-World Examples
10.3 Education Programs
6 COMPONENTS OF 10.4 Measuring Results
MANUFACTURING SYSTEM:
SIMPLIFIED WAY OF 11 A LOOK TO THE FUTURE
LOOKING AT SYSTEM 12 REFERENCES

7 IMPROVEMENT, PROBLEM
SOLVING, AND SYSTEMS
DESIGN: ALL-EMBRACING
RECYCLING, REPEATING,
SPIRALING CREATIVE
PROCESS 13

1 INTRODUCTION: WHAT IS THIS CHAPTER ABOUT?

15

17
18

19

20
20
20
22
23

24
26

There are many books, pricey consultants, guides, expensive courses, and magazine articles
telling us how to improve. Improvers tell us how to do everything from diet, exercise, staying
healthy, relaxing, sleeping, investing, fixing our homes, and growing vegetables to bringing up
our children—there are recommended fixes available for every human condition! This trend is

3



4 Organization, Management, and Improvement of Manufacturing Systems

nowhere more prevalent than in business and industry and most especially in manufacturing.
The challenge for this chapter is to deliver meaningful content that, if applied diligently, will
enable readers to improve their manufacturing systems.

We must go beyond the acronyms and buzzwords, and here there are strong parallels
with self-improvement. To be successful, self-improvement and a diet or exercise regimen first
requires admission, recognition, and consciousness of the necessity for improvement. The next
step required is to realize that improvement is possible; then there must be a willingness and
eager enthusiasm to meet the challenges and commence the task or tasks; this can be very diffi-
cult. It is too easy for managers or erstwhile change agents to place placards by the coffee and
soda machines and in the cafeteria with messages like “Learn today and be here tomorrow.”
Inspirational posters, T-shirts, and baseball caps with logos and slogans are often made avail-
able as promotional incentives. This is ignorant folly and can rapidly turn any improvement
project into a cliché and workplace joke.

A leading slogan (maybe some slogans are unavoidable) is continuous improvement. Here
the models from sports or the arts are appropriate. Athletes and musicians practice, learn, and
train, almost as a way of life. Similar approaches and habits must be introduced to the manufac-
turing regimen. Here, management must lead by example and act as coaches while at the same
time accepting that they also must be engaged in continuing endeavors to improve. Commitment
and the enthusiasm of management, accompanied by visible participation, are essential. In fact,
no improvement initiative should be launched without a prior thoroughgoing and preferably
independent objective analysis to assess the morale of the whole operation or enterprise. Incor-
rect assumptions by leadership will result in poor planning, possibly inappropriate emphasis,
and ineffective implementation. As a consequence there could be negative effects on workplace
morale, and the initiative could be destined for failure.

Beyond this it is wise to recognize that any initiative will inevitably have a life cycle.!
Thus, planning and implementation must be very careful and deliberate. Initiatives of this nature
should not be considered as once and done. There must be long-range plans for continuation,
revitalization, and refreshment. To be successful, the improvement initiative(s) must become
embedded into the culture and practices of the enterprise. It must become a habit, and resources
must be allocated to support successful implementation and on-going maintenance.

Improvement can be an abstract notion, but any improvement must be accompanied by a
thorough analysis and understanding of exactly what is to be improved. An athlete has many
performance metrics, such as resting pulse, heart and lung capacities, treadmill and weight per-
formances, times for standard tests, and ultimately, of course, competitive results. Practice and
training regimens are developed to focus on areas of weakness and to develop greater capabili-
ties in zones of opportunity. Time is spent in counseling, measuring, and planning with develop-
ment of very specific exercises on a continuing basis. It is rare to discover this kind of detailed
attention being paid to the improvement of individuals, teams, or their performance in manu-
facturing enterprises. Nevertheless this is an essential concomitant to any improvement regions.

2 NATURE OF MANUFACTURING SYSTEM: ARENA FOR OUR
IMPROVEMENT

Systems for manufacture, or production, have evolved appreciably in the last 4000 or so years.
The achievements of the Egyptians, Persians, Greeks, Romans, and others must not be ignored.
They were able to leave us countless superbly manufactured artifacts and equip their military as
efficient conquerors. It is interesting and worthwhile to define the production or manufacturing
system in this context. Our system can be viewed as “a system whereby resources (includ-
ing materials and energy) are transformed to produce goods (and/or services) with generation
of wealth.”? Our current systems, recent developments, and, particularly, prejudices can be
best appreciated and understood by taking a brief glance back in time to review the nature,
management, and characteristics of some of these early production systems.
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Most early systems were directed and under the control of local rulers. In many locations
these pharaohs, princes, chieftains, or tribal leaders levied taxes for defense and other purposes
of state and also to support their military, social, and manufacturing systems. In Europe, after
the fall of the Roman Empire, a distributed regional, state, or manorial system arose that was
hierarchical. The local earls, dukes, princes, or lords of the manor owed allegiance and paid
taxes to the next levels, the church, and/or threatening despots. This manorial system relied
on a tiered dependent and subservient vassal or peasant society. The manor, district, or local
manager (or seigneur) gave protection and loans of land to the vassals proportional to percep-
tions of their contribution to the unit.? Products required for daily living, agriculture, clothing,
food, meat, and fuel were produced as ordered, assuming weather and other conditions were
satisfactory.

Major large-scale projects to meet architectural, marine, defense, societal, and funereal
purposes (harbors, fortifications, aqueducts, and memorial structures) involved substantial
mobilization of resources and possibly the use of slaves captured in wars. Smaller artifacts
were made by single artisans or by small groups working collectively; agricultural production
was also relatively small scale and primarily for local markets. In these early days the idea
of an enterprise was synonymous with the city or city-state itself. When the armies needed
equipment, swords, and armor, orders were posted and groups of artisans worked to fill them.
Organization during these periods was hierarchical and devolved around the state and a ruling
class. Religion also played a major role in structuring the lives of the populace.

The artisan groups organized themselves into guilds establishing standards for their craft,
together with differentiation, fellowship, and support for those admitted to full membership.
There was training for apprentices and aid for widows and orphans when a member died. Guilds
participated actively in the religious life of the community, built almshouses, and did charitable
works.* It can be surmised that guild leaders of the miners in Saxony, for example, would have
the power, experience, and qualifications to negotiate working conditions with the lord of the
manor or leader of the principality and mine owner. The guild would also claim some share in
the revenues of the mining and metal winning operations. Mining and manufacturing operations
in Saxony were described extensively in De Re Metallica, a notable text by Agricola in 1556
translated into English by the Hoovers.?

The guild workplaces, mines, smelters, waterwheel-powered forges, hammers (described
by Agricola), grist mills, and the like were the early factories. The existence of a water-powered
paper mill in England is recorded as early as 1494. The printing operations of Gutenberg in what
was to become Germany and of Caxton in England in 1454 and 1474, respectively, were small
factories. Early armorers must have worked in groups supported by cupolas, furnaces, hearths,
and power systems. A most renowned early factory was the Arsenale (arsenal) in Venice. This
was a dockyard operated by the city-state that opened around the eighth century, with major
new structures (Arsenale Nuovo) started in 1320. At its height in the sixteenth century, the
arsenal was capable of producing one ship per day using an assembly line with mass produc-
tion methods, prefabrication of standardized parts, division of labor, and specialization.6 Power
sources during these periods were limited to levers, winches, and cranes driven by human or
animal power, wind, or water. To a large extent these systems were reasonably sustainable but
were vulnerable to unpredictable social, climatic, or other disasters.

During the period marked as the Industrial Revolution, available power densities increased
markedly. Improvements in engineering and materials increased the efficiency and size of
waterwheels and their associated transmission systems. There is a tendency, certainly in
the United Kingdom and United States, to mark the improvement of the steam engine by
Boulton and Watt and the discussions of the Lunar Society as the inception of the Industrial
Revolution.” In fact, effective production systems were already extant and evolving as the
result of global influences. The scale and scope increased as a result of this major change in
available power density. Factories grew up around sources of power, materials, and potential
employees.
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3 EVOLUTION OF LEADERSHIP AND MANAGEMENT: HANDICAP OF
HIERARCHIES

History has given us effective models for the organization of our manufacturing systems. The
notion of the paid worker as a vassal has tended to predominate, notwithstanding the wise
thoughts of Adam Smith, predating W. Edwards Deming* by almost 200 years.® He expressed
the need for the workforce to be positively integrated as a factor engaged in the furtherance of
the objectives of the manufacturing system as follows:

But what improves the circumstances of the greater part can never be regarded as an inconvenience
to the whole. No society can surely be flourishing and happy, of which the far greater part of the
members are poor and miserable. It is but equity, besides, that they who feed, clothe, and lodge
the whole body of the people, should have such a share of the produce of their own labor as to be
themselves tolerably well fed, clothed, and lodged. The liberal reward of labor, as it encourages
the propagation, so it increases the industry of the common people. The wages of labor are the
encouragement of industry, which, like every other human quality, improves in proportion to the
encouragement it receives. A plentiful subsistence increases the bodily strength of the laborer, and
the comfortable hope of bettering his condition, and of ending his days perhaps in ease and plenty,
animates him to exert that strength to the utmost. Where wages are high, accordingly, we shall always
find the workmen more active, diligent, and expeditious than where they are low.

It is clear that an understanding of physical, economic, social, organizational, and behav-
ioral processes are an important aspect for the whole manufacturing or production enterprise.

And, of course, if we combed the words of Machiavelli in The Prince or Sun Tzu, The
Art of War, we would find that the idea of treating workers with care and respect is not orig-
inal.>-'® Management, to be effective, must also comprise leadership. Frederick Taylor, in his
work The Principles of Scientific Management, brought important attention to the importance
of managing the numbers but also took care to mention that the workers should earn a share of
the prosperity resulting from improving the efficiency of their labors.!! Henry Ford is remem-
bered for his drive for the efficiencies of mass production and his groundbreaking $5-a-day
announcement in 1914 that aimed to enable his employees to acquire their own vehicles.!? The
worst and—unfortunately —most remembered aspects of using a moving production line and
managing the numbers were first described graphically in 1906 by Upton Sinclair in his book
The Jungle, about the meat-packing industry.'3 Hounshell’s work From the American System to
Mass Production 1800—1932 provides an excellent account of the development of these early
manufacturing systems. !4

The styles of management that developed fertilized the growth of the union movement and
an inimical separation between workers and management. The unions did to some extent follow
the pattern of the earlier guilds in providing qualification metrics and welfare for their members,
but a principal role was as negotiators with management. A further unfortunate consequence
was a proliferation of job descriptions that later inhibited cross-training, job sharing, and worker
transfer. The leadership and management of any enterprise wishing to succeed must take note
of the historical and linguistic baggage accompanying the words like management and workers
and develop alternatives. Today, associate is a popular synonym for employee or worker.

In the second half of the last century a majority of the U.S. workforce enjoyed tremen-
dous prosperity by comparison with workers in war-ravaged Europe and Asia. Nevertheless,
there were strikes, hard negotiations, and, more latterly, waves of downsizings and reengineer-
ing causing lost jobs as foreign competitors grew more aggressive. However, the economy was
generally robust, and some current opinions suggest that U.S. consumers were held to ransom

* Renowned for contributions to quality improvement worldwide and most especially in Japan, every text
on quality offers ample descriptions of Deming’s principles.
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as both management and their workforce gained large pay and benefit packages. This was sus-
tainable when the United States possessed a quasi-island economy, importing and exporting
almost at will and with a positive balance of trade. As the economies, productivity, efficiency,
and manufacturing prowess of competitor nations grew, conditions became arduous. Now major
union tasks are to negotiate tiered pay scales, health care, pensions, and working or lay-off con-
ditions. Since 1983 union membership has declined from 17.7 million, or 20.1% of a workforce
of approximately 88 million, to 14.8 million, or 11.8% of a substantially larger 2011 workforce
totaling 125.4 million. '3

It is likely that union affiliations and power will continue to decrease. More workers are
being empowered and given opportunities to become increasingly multiskilled. In fact, the
workplace is forced to become much more collaborative, and “team” oriented. Additionally,
the vision of lifelong employment—adoing one task serving one enterprise—has faded as mar-
ketplace pressures together with technological change create a need for greater flexibility and
faster responsiveness in the value chain from product/service concept out to customer satisfac-
tion.

Traditionally, enterprises became accustomed to large hierarchical operations with rel-
atively specialized division of labor and aggregation into functional groups for purposes of
command, communication, control, and planning. These large and often “vertical” organiza-
tions took advantage of ideas of process simplification that were successful with lesser skilled
labor. They enabled effective production and had few requirements for expanding the skill base
of the employees. In unionized plants there was a profusion of job descriptions as well as levels
and possibility of conflicts among workers with different crafts or unions. In a general sense,
the skills became embedded in the tooling and in the fitters who set up the tools. This system
was far from optimum, but based on theories of the time, skills available, social needs, and
economics, it generated a reasonable level of prosperity. In a comparative sense, the long era
of this style of mass production brought higher levels of wealth and prosperity to many more
people and societies than any previous system.'*

In the latter part of the twentieth century it became obvious that large hierarchical struc-
tures were a great hindrance to decision processes. There are many conflicts and appreciable
difficulties in handling innovative ideas and change. Certain modifications were adapted from
the military practice of creating special task forces, or teams with specific focused missions,
operating outside the traditional reporting structures and management envelope. The “success”
of task forces led to the adoption of many variations of matrix structures, disposing employees
from different functional groupings into project- or program-focused teams. These matrix meth-
ods are contrasted with functional groupings in numerous treatises dealing with management.

A current example is the spectacular transformation at Ford from that of a confused chaotic
episodic organization with many internal and warring fiefdoms described by author Bryce Hoff-
man in New American Icon. Hoffman relates new CEO Alan Mulally’s current efforts at Ford.!®
Mulally has eliminated many reporting levels, introduced weekly and accurate status reporting
sessions, and in flattening the structure has gained the confidence of a much reduced work-
force, the board of directors, and the Ford family and their descendants, which is no mean feat.
Admittedly, this is a work in progress; the marketplace, the tenuous global financial situations
of 2013, and the ultracompetitive nature of the automotive industry will undoubtedly be factors
influencing an enduring success. Nevertheless, the account of what Mulally achieved at Boeing
and now initially at Ford describes some effective modern management principles. '

As mentioned above most large organizations are unavoidably dyslexic; they become
bureaucratic and fossilized. Any organization eventually develops to preserve forms, stabilize
activities, and provide secure protocols for our interpersonal behavior. Organizations of their
nature inhibit change and restrict the development of ideas leading to continuous improvement.
To be successful in the future, organizations must be structured with a recognition of the
ineluctable life cycle of inception, growth, and maturation, with a, perhaps, evanescent stability
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preceding the inevitable decline. A similar cycle is shared by every process, product, and
individual associated with an enterprise, although with varying time constants. Organizations
must be structured (and restructured) with a facility to accept and adapt to continuous and
often unpredictable change.! Fresh paradigms must be evaluated and welcomed continually.
There is need to create a pervasive awareness that stability is unwelcome.

In developing our ideal organization structure that is accepting of change and improve-
ment, it must be recognized that the success of the earlier hierarchical pyramids was associated
to a great extent with the colocation of individuals with similar affinities. Cross-disciplinary or
matrixed cross-functional teams are a wonderful idea, but it is important to recognize that few
individuals choose their career paths and disciplines by accident. These choices are related to
their own social or psychological attributes. The most successful individuals, it can be assumed,
are those who attain the closest match between their internal psyches and their professional
activity. For example, there are appreciable differences in the communication and perceptual
skills of many electrical and mechanical engineers. Such contrasts and potentials for conflict
and team disruption become even greater as the needs of a team call for involvement from
additional disciplines, such as accounting, economics, ergonomics, finance, industrial design,
manufacturing engineering, marketing, materials management, safety, waste management, and
the like. These interpersonal factors are exacerbated when different divisions of any large enter-
prise must collaborate or when international cultures are represented. All individuals have
differing interpretations of the world as well as their own responsibilities to the enterprise and
to the project at hand. The integration, management, and leadership of diverse multifunction
teams require skills equal to those of the best counselors and therapists.!”

4 ORGANIZATIONAL BEHAVIORS, CHANGE, AND SPORTS:
FRUITLESS QUEST FOR STABILITY

It seems implicit in the human psyche that we assume tomorrow will be a close approximation
of our “ordinary” yesterday. Both as individuals and as groups in organizations, we assume
that “if only we can get over this workload hump, or this crisis, and past the next checkpoint
and deadline, then we will enter a domain of calm and a plateau of stability.” In the main, our
organization structures, measurements, and expectations are based on this idea that stability is
an attainable and virtuous state. In the affairs of man this is patently untrue. At no time has
history been free of change and of concerns for the unstable future. Explaining and forecasting
this future occupy many economists. Kondratieff produced his ideas of waves following inno-
vations or major changes in 1924. Joseph Schumpeter, expanding the initial idea that Werner
Sombart (1913) derived from Marx’s Das Kapital (1863), further explained the idea that new
methods or technologies resulted in the creative destruction of older systems.!8

Notwithstanding these ideas about change, it is clear that from the earliest of times the
human race has endeavored to organize itself to achieve surprise-free environments. We tend
to gravitate to those groups that we know, where we will be safe, sheltered, understood, and
free of surprises. In general, both individuals and organizations shun change. Enterprises create
organizations to prosecute their objectives and to advance their interests. Every organization,
if it embodies more than a few people, is compelled to develop bureaucratic structures to han-
dle routine matters uniformly and expeditiously. Organizations of their nature strive to create
surprise-free environments for their customers and employees. Thus, we see that people and
the organizations in which they arrange themselves are highly change resistant.!

Studies exist that demonstrate extraordinary productivity results when people are placed
in self-managed teams with significant challenges in highly constrained environments. An idea
and personnel are isolated and left alone and brilliance emerges, notwithstanding an awful
environment and severe constraints. This has been called a mushroom effect because spores,
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or ideas, are left in a dark corner on a pile of metaphorical horse manure and almost forgot-
ten. There is substantial literature relating tales of bandit or pirate operations working against
impossible deadlines with minimal resources, thereby becoming extraordinarily motivated and
sometimes flouting the expectations of a mature parent organization. Stories of the success of
small entrepreneurial endeavors abound, but there are many failures. Some of these projects
are poorly structured but, nevertheless, succeeded as a result of the personalities of the leaders.
Memorable examples have been excellently described by Kidder in The Soul of a New Machine,
a book about the development of a new Data General computer model, and Guterl with his
Apple Macintosh design case history.!?-2 Subsequent technological transformations have been
stimulated by variously charismatic leaders initially starting companies or projects with small
footprints and few historical traditions as handicaps. These originators include, but are certainly
not limited to, Google founders Sergey Brin and Larry Page, Bill Gates (Microsoft), Steve Jobs
(reviving Apple), Mark Zuckerberg (Facebook), and Elon Musk (SpaceX, Tesla, and earlier
PayPal), among others.

Many enterprises recognize that major improvements, such as accelerated new product
development and introduction, require a different organization. They attempt to accomplish this
by embedding specially assembled project groups within an existing but already archaic hierar-
chic framework. The transfer, or loan, of individuals with special skills into special quality circle
task forces, early manufacturing involvement (EMI), or concurrent engineering teams is often
an effective solution to overcome the dyslexic characteristics of a historic organization struc-
ture. However, it can be postulated that any success may be wholly due to the close attention
that “special” projects receive from senior executives and is likely to be transient. It is difficult
to evolve special teams into an ongoing search for continual improvement. It can be observed
that these special high-profile teams lose their adrenalin fairly rapidly, and a string of me-too
results follows. Ideally any major changes, new processes, or new product developments should
be accompanied by a reconfigured organization. Special measures and personnel rotations are
needed to ensure refreshment, revitalization, continual organizational evolution, and renewal.

When we compare practices in the arts and sports with those of industry, we can see many
parallels. Clearly extraordinary performance can be generated by organizations that may be
perceived as almost anarchist in character (cf. jazz groups). However, some form is detectable
by the team members. Many leaders talk of teams and imply analogies with sports activities;
others use the arts, and Drucker speaks of orchestral management.?!:?> In many team sports
the emphasis is often placed on moving a ball effectively. Aficionados of each different sport
know exactly what is effective in their context. In most cases, the specialties of the players rest
on either particular hitting skills or handling skills. In some cases, there are special positions
on the field or pitch with a subsidiary requirement for either hitting or delivery. For the han-
dlers, delivery becomes everything. They specialize; they practice; they examine every move
in slow motion; they visit psychologists, chiropractors, and frequently specialist surgeons to
improve and maintain their skills. They are rested, rotated, and measured with great refine-
ment. Their rewards are public record, and they are accorded the esteem of their peers. Even
with the star systems, most individuals and their management recognize the interdependencies
of an effective team.

In team sports that do not involve a ball or puck, the measure of final excellence or speed
may be easier, but integration of the individuals can be more difficult. Rowing, for example,
requires great individual ability, but this is worthless in a four- or eight-person team unless
the output of the whole team is synchronous. The bobsled event may look like the application
of brute force with pure gravity, and the margins are remarkably tight. To the nonexpert, the
contest results almost appear random. However, there is a regularity and consistency expressed
in hundredths of seconds that demonstrates the excellence of the best teams. Measurements for
attaining team excellence are demonstrably much more than just the assembly of the fastest
pushers. The ability to think and act with one’s fellows and get onto the sled at the last possible
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moment also plays a great part and cannot be measured by singular tests. However, the measure
of integrated team performance is conclusive.

5 SYSTEM OF MEASUREMENT AND ORGANIZATION:
STIMULATING CHANGE

Building on the sports analogy, an enterprise wishing to improve must consider itself as engaged
in some cosmic league of global proportion. Although continuous improvement and high pro-
ductivity are abstract concepts, they must be understood and defined in the context of the
organization seeking to excel. There must be benchmarks; some “stake in the ground” must be
established. A product cycle can be judged against historic comparisons or competitive bench-
marks, and the time to initial generation of profits can be contrasted with earlier products. A
higher productivity product cycle will reach the breakeven point faster and with less trauma
within the organization. Institutional learning or human resource development should be an
additional measure, as this has strong correlation with future prosperity.

Clearly, customers, shareholders, employees, and other stakeholders are continually mea-
suring the attributes of the enterprise with which they are involved. The sum of these measures
could be said to be the value placed on the enterprise by both the engaged communities and the
stock market. This aggregate value is a composite measure of management competence, adher-
ence to targets, efficiency of resource utilization, customer satisfaction, and product/process
elegance. Elegance is a subjective measure that could be assessed from reviews of industry
consultants, or experts. It may also be inferred from customer experiences, warranty claims,
life-cycle costs, and level of engineering change orders, or equivalent measures in service
industries. Since 1987 the extraordinarily successful implementation of the Malcolm Baldrige
Awards demonstrates that it is possible and very worthwhile to make useful measurements of
the many intangibles in business, health care, and educational environments.*

Such measures can readily be adapted for individuals and teams as well as organizations.
Criteria for the Malcolm Baldrige awards are presented in Fig. 1.

Once there is a measure of the enterprise, it is relatively simple to decompose this and
abstract a measure for every division, site, or department in the organization. This may well
relate to long-term revenue projections, short-term profitability, or volumes, new-product intro-
ductions, market share, or global rankings; the organization measure adopted is a strategic issue
for the enterprise. Any sports team or arts group possesses some intrinsic ability to judge its
standing in whichever league it chooses to play. Ultimately, this becomes a numerical tabula-
tion and is a measurement of organizational effectiveness in competing in the chosen market.
The measurement intervals used must relate to the life cycle or time constants associated with
the product cycles and the overall rate of change within the industry.

Further decomposition can be undertaken to evaluate each team and the individuals therein.
Individuals making contributions to several teams will carry assigned proportions from every
team evaluation. Individual evaluations (and rewards) should include recognition of all contri-
butions to each team with which the individual was engaged. There should also be components
acknowledging creativity, innovation, extraordinary contributions, an ability to integrate, and
development of future potential. A valuable contribution to performance measurement can be
gained by seeking reviews from the team colleagues, managers, and technical coordinators or
leaders that work with the individual being assessed. There are a variety of ways to adminis-
ter these 360° reviews and it is important that they are treated seriously and confidentially as
a potential aid for improving performance. Each employee (or associate) may nominate col-
leagues for including in her/his survey with the concurrence of the primary supervisor. The
review process must be based on data from several sources and should be dealt with one on

*The Baldrige Award scheme is administered by the U.S. Department of Commerce through the National
Institute of Standards and Technology (NIST). Details are available at www.nist.gov/baldridge.
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Malcolm Baldrige Award criteria for performance excellence.

1. Leadership—how senior executives guide the organization and how the organization
addresses its responsibilities to the public and practices good citizenship.

2. Strategic planning—how the organization sets strategic directions and how it deter-

mines key action plans.

3. Customer and market focus—how the organization determines requirements and
expectations of customers and markets; builds relationships with customers; and
acquires, satisfies, and retains customers.

4. Measurement, analysis, and knowledge management—the management, effective
use, analysis, and improvement of data and information to support key organization
processes and the organization’s performance management system.

5. Human resource focus—how the organization enables its workforce to develop its
full potential and how the workforce is aligned with the organization’s objectives.

6. Process management—aspects of how key production/delivery and support pro-
cesses are designed, managed, and improved.

7. Business results—the organization’s performance and improvement in its key busi-
ness areas: customer satisfaction, financial and marketplace performance, human
resources, supplier and partner performance, operational performance, and gover-
nance and social responsibility. The category also examines how the organization
performs relative to competitors.

Figure 1 Malcolm Baldrige Award criteria for performance excellence.

one as a coaching session. There should be no surprises (or fear) because all contributors to
a well-managed, continuously improving operation should have been encouraged to acquire
superior levels of consciousness in their relationships with other team members and leadership.
Measurement schemes must stimulate continuous lifelong learning and professional growth.
After all, the human resources of any enterprise are avowedly the most potent and responsive
resource available for enhancing quality, productivity, and continuous improvement.

In larger organizations during recent decades there has been sufficient turbulence, internal
rearrangement, and reorganization, with reassignments to new programs such that hardly
anyone had an opportunity to attain stability. Some of this churn was not productive for the
enterprise overall, although there was appreciable, often involuntary, vitality added to the
careers of affected personnel. Our new evaluation processes must recognize the life cycles of
the organization, teams, and individuals. Change must be deliberate and planned. It should
not necessarily be assumed that any individuals should stay with a project through the whole
life cycle. There should be changes on some planned matrix, relating to the performance
and developing (or declining) capabilities and interests of each employee, the needs of the
project, and the requirements arising elsewhere within the organization. It is essential for the
prosperity and success of the enterprise that any battles for resources, headcount, and budget
allocation details between different departments, functions, and divisions are dealt with swiftly
so that they do not impact morale and responsiveness. Musicians and athletes change teams
or move on to different activities. Similar career styles in engineering should be anticipated,
encouraged, and promoted by the measurement schemes adopted in all organizations that
aim for continual improvement. There is need for circumspection when there are excellent
contributions by departments, teams, and individuals to projects that fail or are canceled.
Clearly, some rewards may be merited, but only if there was useful learning consistent with
the longer term interests of the enterprise.



12 Organization, Management, and Improvement of Manufacturing Systems

Organizational maturity implies a tendency toward a stability that can impede change and
improvement. Therefore, it is essential to create measuring and management strategies that
discourage the onset of maturity. There is a clear need for the stimulation and excitement occa-
sioned by a degree of metastability. However, there is a contrasting need for security, stability,
and confidence in the enterprise to enable creative individuals to interact in relatively nonthreat-
ening environments. We are reminded of Deming’s concern for the abolition of fear—this must
be balanced by a strong touch of paranoia about competition, the onset of process or prod-
uct obsolescence, changing technology, and other factors expressed so well by Grove.?> There
should be expanding horizons and opportunities for individuals within every section in the
enterprise, accessible to all the employees. Total quality objectives, improvement, and high pro-
ductivity can only be approached when all individuals gain in stature and opportunity as tasks
are integrated or eliminated. In quasistable or service industries, there must be anticipation of
new markets as resources are released by productivity improvements.

Organization structures and measurement intervals must relate directly to prod-
uct/customer needs. Recognition of suitable organizational time constants is an essential
concomitant to delivery of well-designed products into the marketplace, with a timely flow
and continuous improvement. The management structure that is likely to evolve from the use
of these types of measurement schemes will have some orchestral or sports characteristics.
There will be teams, project leaders, specialists, conductors, coaches, and the inevitable front
office. The relationships between different teams with alternate priorities may resemble that
between chamber, woodwind, and string or jazz ensembles in our orchestra. The imposition of
the rotation requirements, the time constants, will cause these almost cellular arrays to grow,
modify, evolve, and shrink in organic fashion responding to the demands and pressures of an
environment. The most responsive organization will accumulate skills and experience in the
manner of some learning neural network, and an organization diagram may possess somewhat
similar form.

6 COMPONENTS OF MANUFACTURING SYSTEM: SIMPLIFIED WAY
OF LOOKING AT SYSTEM

The manufacturing system provides concept implementation from design through realization
of a product and completion of the life cycle to satisfy the customer and society. The man-
ufacturing system can be said to exist for generating wealth in a societal sense.? It is useful
from a design, planning, and improvement viewpoint to break down the internal aspects of the
manufacturing system by contemplating the interactions of six major components: materials,
process, equipment, facilities, logistics, and people. These components and their integration
form the system, and their organization is affected by factors external to the system.

The manufacturing system transforms materials into products and consumes materiel
resources such as energy in doing this. There are also waste products and eventual recycling
to consider. This component embraces all physical input to the system and resulting material
outputs.

Materials are transformed by a process; this defines chemical, physical, mechanical, and
thermal conditions and rates for transformations. If properly understood, the process component
is amenable to application of computer technology for sensing, feedback, modeling, interpre-
tation, and control.

The processes require equipment or tooling. The equipment must possess the capability
for applying processes with appropriate precision on suitable volumes, or pieces, of mate-
rial requiring transformation at the required rates. The equipment must be intrinsically safe,
environmentally benign, and reliable. Today most equipment is electronically controlled, and
there may be advantages gained by interfacing with other tools through a factory network to
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facilitate communications. (Feedforward of process data can permit yield and quality enhance-
ments in subsequent processes if they are designed to be adaptive.)

Process equipment requires an appropriate environment and services to maintain proper
functionality; it may also be integrated with material handling systems and other pieces of
equipment. There are special requirements for provision of utilities, contamination control,
waste management, access for materials input, and output, which must be addressed under the
category facilities.

These components are integrated and deployed by logistics. The logistics comprise prod-
uct, process, and systems design data; forecasts; development schedules; materials manage-
ment; accounting, business, financial, marketing, and distribution arrangements; maintenance;
and service, including eventual recycling requirements. This component is information rich and
of similar nature to process, only in a more macrosense. These are factors that are subject to
change while designs are being carried out; they are also liable to suffer dramatic instabilities
after the system is brought online. The logistics component comprises a most fruitful area for
research and innovative strategies, which can be a significant commercial advantage over the
systems of competitors. There are several notable enterprises, such as Amazon, Dell, Federal
Express, Lands’ End, and Walmart, whose core competencies are primarily logistical rather
than focused on technological differentiation.?* Strategic Supply Management by Trent deals
comprehensively with logistics and management issues associated with supply chains.?

The whole system requires operating agents or people. A system is dependent on people
as employees, customers, stockholders, or owners; as suppliers or subcontractors; and as stake-
holders residing in communities affected by the system. There are, again, many unpredictable
factors involving all aspects of human behavior.

There are significant human resource, leadership, management, recognition, and reward
issues internal to the system. These also become a reflection of the expectations of the external
society that accommodates the system. All people variously seek stability with secure horizons
and shelter from turbulent times; however, in the new industrial society there can be no stability.
Stability means no growth—and eventual decline. There must be pervasive quest for continu-
ous improvement with lifelong learning. Some social parity must be equally accessible to all
who make contributions. These ideas raise questions with regard to equality of opportunities
for contributing to increasingly technological endeavors. Drucker?® postulated a population of
knowledge workers in the 1994 Edwin L. Godkin lecture “Knowledge Work and Knowledge
Society—The Social Transformations of this Century,” at Harvard. His model of the future is
certainly credible, and it places heavy responsibility on educational systems to equip individu-
als for this future. Investment in human capital is an essential aspect of all future planning. All
these matters come down to how whole societies are organized, how expectations are devel-
oped, and the development of concomitant reward structures. These factors have great impact
on improvement efforts and productivity, and there are significant differences across different
regions and cultures. The tasks of inspiring collaboration and continued workforce enthusiasm
present greater problems than the tasks of acquiring and deploying available technologies.

Although the classification into six components aids the internal aspects of the design,
many constraints to the processes and choices for the components and their integration derive
from the relationship of the new system to its environment. These systems are not closed, and
they are subject to perturbations that affect economies, social groups, nations, and continents.

7 IMPROVEMENT, PROBLEM SOLVING, AND SYSTEMS DESIGN:
ALL-EMBRACING RECYCLING, REPEATING, SPIRALING
CREATIVE PROCESS

When improving and reconfiguring the manufacturing system, it is advisable to have a final
future vision in mind. The characteristics of a globally ideal future manufacturing system must
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be founded on sound principles of thermodynamics and design. Entropy conservation and min-
imization of trauma must be the governing rules, both for systems design and for associated
organizational and social structures.? Significant emphasis must be given to quality of working
life and conservation of resources. For such systems to prevail and be successful, environmen-
tally acceptable, and sustainable, there must be recognition of the global commons, as espoused
by Hardin,?”’ the Greenpeace organization, and green enthusiasts. The systems must aim to be
environmentally benign while providing useful products that satisfy human needs and solve
human problems, meanwhile affording employment with wealth generation for the host com-
munities and all stakeholders. To meet the competition, the systems must be able to handle
frequently changing customer needs. This calls for fast design cycles, minimum inventories,
and short cycle times to afford maximum flexibility and responsiveness at least cost.

The improvement, problem solving, and design activity must recognize responsibility for
the whole system whereby a design is to be realized; design is holistic and must be total. It is
not reasonable to design or improve products, or processes, independently of the system for
realization and eventual revenue generation. Equally so, the whole manufacturing system must
be consciously integrated with the needs of the enterprise, customers, and host communities. It
should be noted that few products are everlasting, and neither are the organizations that strive
to produce them. Organizations and their structures must be designed so that they adapt with
comparable life cycles to the products that they aim to generate.

Any improvement program must be regarded as a pervasive activity embracing such divi-
sions of labor as research, development, process planning, manufacturing, assembly, packaging,
distribution, and marketing and include an appreciation for integrating the activity with the
whole environment in which it will be implemented. There must be a thorough consciousness of
all the likely interactions, both internal and external to the enterprise. Because this can become
such a vast activity, it becomes a problem how it may be best organized for outcomes with the
least trauma (and delay). There are now systems and software available for life-cycle manage-
ment (LCM); these require large-capacity servers that may be beyond the ambitions of smaller
enterprises. However, smaller business operations can now “rent” access to powerful servers
and appropriate software from major corporate subcontractors and appropriate software from
major corporate vendors. “Cloud” computing is a growing and increasingly popular strategy
whereby organizations can use the Web for fast access to their information technology needs
with a wide variety of mobile systems at many different and frequently global sites.?® Collab-
orations in the life-cycle field (LCM) between industry, universities, and research centers are
being stimulated through governmentally funded centers.?

Designing any improvement activity must involve planning, interpretation of needs,
assessment and ordering of priorities, and a definition and selection from choices. There are
measurements, and some degree of organization of resources is implicit. Design is an art of
selecting and integrating resources using diverse tactics to address problems with consciously
optimized degrees of success. It is important to gain a full appreciation of the problem; today
this is emphasized as paying attention to the needs of the customer. It should be noted that
future manufacturing systems will have many customers—and not just those purchasing
the products that are generated. To some extent, all those involved with and affected by the
systems should be regarded as customers who must be satisfied. There are both internal and
external customers, the next worker down the line, or the assembly operations across the
country or ocean and then the end-use purchaser. This is consistent with the most recent
thrusts emphasizing quality. The measurements of success may be objective (such as revenue
or profit, increased throughput, higher quality) or subjective (such as elegance). In general,
history shows that elegant but simple and economical solutions will deliver satisfaction.

By considering customers and the problem definition or statement of requirements, possi-
ble measurement strategies can be derived. The idea of success affords the converse opportunity
of failure and implies a gradation of performance levels. Problems can be defined (however
metaphysical and obscure), and the level of success can be estimated. The measurements may
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be totally subjective, absolutely commercial, or physical, like durability, size, weight, and so on.
Nevertheless, once there is a specified problem and an indication of measurements for a suc-
cessful solution, then problem-solving design activities can proceed. Brainstorming through
this matrix will result in an improved problem definition and a superior measurement structure.
Later, this measurement structure will support the evolution of organizational and administra-
tive arrangements, resource allocation, scheduling, and so on. There are a wide range of quality
tools that may be applied to aid the analysis. Most of these have greatest value for mediating
discussions and interactions among the improvement team. For smaller scale matters Pareto
plots and Ishikawa, or fishbone, diagrams may be sufficient.3® At a more complex level quality
function deployment (QFD) (otherwise known as house of quality) techniques can be valuable
or Taguchi principles can be applied to analyze system noise.*® In order to iron out problems
a Six Sigma approach may be effective.3! Many of these tools are exemplified in the vaunted
Toyota Production System.3? Smoothness and placid but rapid flow without churn are good
indicators of design solutions that are likely to lead to success.

At this point, it is important to gain an overall appreciation for the whole environment
in which the problem of improvement is being addressed. The environment can be consid-
ered as that which cannot be changed. It is there, it is unavoidable, and it must be recognized
and dealt with while undertaking the design. Next, there must be an appraisal of the sched-
ule and resources, both material and personnel. These are all primary regulators of the quality
levels attainable for the results of the project and have a substantial impact on final costs and
eventual consequences. Meticulous attention to early organizational details, responsibilities,
and communications ensures cost-efficient decisions as a project accelerates and as the rates
of investment and sensitivities to risks increase. These considerations are not necessarily pre-
scriptive, serial, or sequential, and many may be revisited repeatedly as the project progresses.
The closest analogy for these procedures is to the helical design of the chambered nautilus.
There is spiraling recycling of problem-solving processes with continual accretion, growth,
and accumulation of learning as the final solution is approached.

Design or problem solving is like a journey and, just as there are many adequate alternate
routes to a destination, there is a possibility of many different improvements or implementation
schemes of equivalent merit. If the measurement system does not give a clear answer, then some
measurement at a deeper level should be developed. The measurements should be as unambigu-
ous as possible or there is danger to the morale of the team. There must be single choices for
serious focus and further development or the explosion of options becomes too large to handle.
Something that can be of assistance here is a search for analogs, a comparison with other sys-
tems, benchmarking, and analysis of the competition. Aspects that may be intangible from a
viewpoint of strict functionality can have valuable impact in terms of brand, or corporate iden-
tification, ease of customer association, and so on. Such factors are all part of the team respon-
sibility, and ultimately they can be measured, although subjectively. The process must proceed
simultaneously (concurrently) with the development of any necessary changes in manufactur-
ing system infrastructure. Additionally, designers should contemplate a risk analysis with best-
and worst-case scenarios to cover either phenomenal success at start-up or utter failure. It is also
wise to assess market volatilities and dependencies on unforeseen influences and competitive
responses. These can range, for example, from drastic economic shifts due to oil embargos and
energy crises, including carbon taxes through environmental regulation changes eliminating
materials and processes, which could damage the ozone layer or be found to be toxic.

8 WORKFORCE CONSIDERATIONS: SOCIAL ENGINEERING, THE
DIFFICULT PART
A key requirement of a system that desires continuous improvement is that the workforce

is empowered and capable—that is, encouraged by continuous learning and with adapt-
ability and enthusiasm for change. Here the ideas of Deming and other quality experts
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are indispensable.®?"* The ideas of total quality management (TQM), quality circles, and
self-directed teams are valuable tools for operational improvement. In the case of Six Sigma
implementation, it is a requirement that the procedures are learned and introduced by senior
management. Each management level is required to be fully engaged and to collaborate in the
training of the workforce. Several levels of accomplishment and attainment are recognized by
colored belts (a judo analogy).?!

Empowerment has many faces and can be very threatening to established bureaucracies.
Teams must be empowered if they are to operate effectively, and they must be accorded author-
ity to match the responsibilities of the problem(s) they have selected or been assigned. It is
therefore mandatory to provide appropriate education and training opportunities for the whole
workforce to ensure development of capabilities matching these responsibilities. Thorough-
going empowerment should flatten organizations, eliminating many levels of management.
Faster decision making and on-the-spot improvements enhance enthusiasm and participation
of the workforce. Success engenders success. Increasing efficiencies are accompanied by qual-
ity improvements, reduced costs, improved throughput, and higher output. There are thereby
opportunities for reducing manpower while maintaining steady production levels, and alterna-
tively pricing structures can be changed aiming to deliver greater volumes and increase market
share. Ideally, surplus manpower could be diverted to the development and introduction of new
products. More customarily we hear phrases like downsizing or right sizing and reengineering.
The improvement ideas just given are as attractive as they are simple, but thorough implemen-
tation is a severe test for the leadership and management of any organization that genuinely
wants to promote change and improvement. To maintain these ideas requires the dedication
and concentration usually reserved for sports teams and their coaches. In sports there is contin-
ual measurement, evaluation, rotation, and renewals. This will undoubtedly apply in successful
industries in the future, and societies may well be compelled to adapt to continually changing
and impermanent employment prospects.

There are two main motivations for workforce reduction, the initial one being cost reduc-
tion and the other being productivity improvements. Less labor reduces total costs, but recent
analysis shows that direct labor costs rarely exceed 10% of the cost of manufacturing. Thus, any
reduction in labor costs has only fractional impact; this measure similarly implies that reloca-
tion to countries with cheaper labor may be a false economy. The other, more persuasive reasons
for involving fewer people all relate to productivity: quality, throughput, cycle times, flexibility,
and responsiveness. The only work that should be done is that which adds value for the customer
or ensures learning and future process improvement. When value engineering or reengineer-
ing is applied to customary organizations, it is found that there are many people keeping each
other busy performing obsolescent tasks. Although technology is occasionally misapplied or is
overly sophisticated, when used intelligently it enables workforce reduction and productivity
improvements that afford cost—performance benefits. There are also opportunities to improve
the quality of working life as a corollary.

As the workforce is reduced, the remaining employees become capable of working bet-
ter, faster, and more effectively as tasks are redefined. The rewards and recognition for tasks
well done are easier to determine. The elimination of layers of management, supervisors, and
other titles boosts morale and improves communications, team spirit, and the rate and quality
of results. However, depending on the levels of threat that created the need for change, it may
take some time and care to raise morale. Simultaneously, individual responsibility levels and
stress may increase as the nature of work and contribution in the workplace change totally.
Workers deserve a level of security, support, and confidence if they are to take risks in making
decisions for themselves. Further education and training become continuing life-long require-
ments. Often, the entire involvement with work may be forced to become a stressful integral

* See footnote on Baldrige Award scheme in Section 5.
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part of the life of each individual. As in preindustrial times, the needs of society for production
become inseparable from the life in the community, although machines and the intensity of
international competition dictate what may be a less optional and crueler pace.

It is easiest to introduce new systems of these types as response to severe external threats or
in times of great and imposed changes. There is instability, fear, and paranoia and, hence, a great
appetite for new solutions. However, this still requires leadership, courage, and determination.
Additionally, threats of bankruptcy or similar trauma, for example, may make conservation of
resources a more urgent priority. Thus, it may be more vital to deal with the threat immedi-
ately to gain breathing space for later improvements and reorganizations. Gerstner gives an
excellent account of his early days at IBM when securing some stability was more important
than spending time developing a vision.3® Nevertheless, his confident actions suggest that he
did have his own nascent if selfish vision! An entirely new organization and approach with
a clean slate stand the best chance for survival and prosperity. Due to prevailing conditions,
Gerstner was compelled to transform the IBM organization and restore profitability somewhat
stealthily.

Several methods have been described for developing team spirit and breaking down disci-
plinary and professional barriers that inhibit effective integration.’* The General Motors Saturn
Project broke new ground in organization structure and development of employee commit-
ment.>® The project started with a small, carefully selected cadre of employees, future asso-
ciates, representing all levels of workers. This team was given responsibility of working with
the architects and factory designers to resolve issues of equipment and facilities layout, break
area, and restroom locations. They were given coaching sessions to introduce architectural
concepts and notions of scale and space, safety and OSHA requirements, etc., so everyone
was on the same page. The initial team was then charged with interviewing and recommend-
ing hiring of their future colleagues. When Saturn vehicles were first introduced, they were a
well-received and successful team-based product. There were many new and different organiza-
tional features that carried through from design right onto the floor of the showroom. Customer
satisfaction was high, for a time sales were limited by factory capacity problems, and expan-
sion was debated. Subsequently, and most unfortunately, this grand idealistic experiment was
found to be unaffordable, and Saturn was eventually folded back into a struggling GM organi-
zation. Notwithstanding significant cutbacks, reorganizations, factory closings, and workforce
reductions, GM was compelled to seek bankruptcy protection in 2009 and a much debated
government “bail-out.”

9 ENVIRONMENTAL CONSCIOUSNESS: MANUFACTURING
EMBEDDED IN SOCIETY

It is clear that manufacturing has changed profoundly in the last few decades. Formerly man-
ufacturing more closely approached the model developed from the blacksmith pounding hot
metals on an anvil. Ultimately, these and the accompanying assembly processes were automated
and became the mass production manufacturing lines of the last century. Now it is reasonable
to regard manufacturing more holistically. The success of the enterprise requires that manage-
ment satisfy the demands of the marketplace and meet the competition. These objectives no
longer mean simply the generation of revenues, profits, minimized costs, and a stream of new
products, with ever better and more comprehensive services to satisfy the customers (and stock-
holders). They also require sustainability with respect to the environment. Both require respect
for the long-term needs of the global community. A manufacturing system can be defined as
a means of transforming resources, including materials and energy, into products and/or ser-
vices to satisfy customer needs and concurrently generate wealth for society without trauma
and waste.?
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9.1 Sustainability

The definition of sustain is to keep in existence—maintain.>® Today, increasing attention is
being paid to the whole concept of sustainability. In earlier times there was little thought given
to the ideas of life-cycle engineering. Products were designed for an estimated, or forecast,
life span, and there was no consideration of subsequent retirement, reclamation, recycling, or
eventual disposal. The idea that product design must cater for the whole life cycle of any product
from concept to end of life and safe disposal or reconfiguration for further use is relatively new.
This idea also encompasses the safe disposal and/or reuse of process residues and elimination
or significant reduction of emissions into the atmosphere or into the environment, ground, and
water. In a manufacturing systems context, sustainability has the implication that any system
should be designed and implemented according to certain principles with no negative effects,
present or future.?> Additionally, the products should be as benign as possible in use, and they
should be readily capable of reuse, renewal, reclamation, recycling, or safe conversion and
disposal. If these ideas had even been contemplated a couple of centuries, or even longer, ago,
the Industrial Revolution would have been stillborn. The countries and economies that we now
know as the developed world would still be reliant upon agriculture and crafts. The movement
from agrarian and peasant-based economies to mercantile capitalism and globalization would
have been slowed appreciably.

Aspects of design for sustainability are now receiving wide attention. “Cradle to grave”
phraseology is accompanying some discussions on new products and systems. Here it is appro-
priate to encapsulate the four key strategies defined by Hawken, Lovins, and others.?”-3

Effective Use of Resources

Hawken and Lovins espouse amplification of efforts to use all resources more effectively.
The major and high-priority aims are for radical resource productivity, reduced rates of deple-
tion, lower pollution, and creation of jobs. The metrics implied are not only the immediate
bottom line but also the generation of wealth for all stakeholders and the entire host community
without traumas (present or future). This is consistent with precepts discussed in publications
by this author.

37,38

Biomimicry

A second strategy is that of biomimicry. Here the aim is to copy natural systems of biologi-
cal design and reuse (phytoremediation). In the forest, trees grow, mature, weaken, fall down,
and rot, and the decomposition gives rise to many reproducing and multiplying organisms.
Ultimately, more trees sprout up in a repeating and enduring sustainable cycle. It is worthy of
recall that the first notions of sustainability were associated with crop rotation in medieval agri-
cultural practice. Wilson, in The Future of Life, commends a case study in Guatemala where a
small local population was enabled to live sustainably by marketing natural products from a sta-
ble rainforest, as opposed to selling the timber and creating farms.>® Ben & Jerry’s ice cream
company originated with these kinds of principles. Its product remains moderately success-
ful among a growing group of other environmentally conscious offerings. Its practices follow
the concept of the Commons espoused by Hardin in 1986.%7 This is in marked contrast to
U.S. agribusiness practices in the fast-food supply chain for beef, chickens, hogs, and potatoes
described by Schlosser.*’ The idea of encouraging small, flexible, individually oriented and
entrepreneurial operations is intrinsically attractive. For people with the right skills it is possi-
ble to launch and then expand uniquely innovative firms using the Web. Nanotechnologies adopt
a somewhat parallel approach in that atoms or molecules are experimentally configured into the
form desired. Recently announced processes involve the precise patterning of an appropriate
surface and atoms, or molecules, are then caused to deposit or grow preferentially in the pres-
ence of a catalyst to produce specifically oriented arrays with extraordinary properties. These
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extremely small-scale processes are proposed for limited numbers of new and future products.
However, although these processes grow the product in a quasi-organic sense, at this point they
do not appear to be truly sustainable and there may be toxicity exposures. Meanwhile, on the
human level, organizational analogies based on studying the behavior of ants and bees are being
discussed.

Extending Manufacturers’ Responsibility

The third strategy reminds us that we exist in a service and flow economy. This revalues rela-
tionships between commercial operations and their customers. The manufacturer’s or product
originator’s task is not completed when the customer walks out of the store, showroom, or sales
office; there are responsibilities beyond the instant exchange of cash. This aligns with the idea
of extended products, which implies taking a lifetime product support perspective and includes
all services to support the product in addition to the manufacturing of the product itself, and
then retirement of the product. This may require that intelligence be embedded in the product.
Accompanying this is the idea of providing an on-going relationship that gives customers solu-
tions, experiences, and delight. There is greater emphasis on agility and responsiveness rather
than on the product itself.*!**? Tangible and intangible products and services are included. It is
a novel challenge to develop support structures for these extended products.

Conservation and Restoration
The fourth principle emphasizes the importance of conservation of everything and restoration
of the original status wherever possible.

9.2 Principles for Environmentally Conscious Design

There are several corollaries for systems design that expand on these strategies, not necessarily
in rank order. There is some inevitable overlap and redundancy:

1. There are no negative effects on the environment.

2. Conservation, elimination of waste or scrap, capability for reuse or remanufacture—

product can readily be made equivalent to new (ETN).

w

. Products or services are benign in use.

b

System should accommodate global concerns for energy, fuel, natural resources, and
degradation—preserves balance.

. The future system life cycle is considered (cradle to grave).

Quality of life of users (a “necessity factor”) is considered.

The development and future horizons of the workforce are important.

. Ergonomics and health concerns are factors.

N-IE-CNEN T N

. The effect of the system on the host communities must be determined.

10. Local, regional, national, and global ecological, economic, and financial matters are
considered. The design embraces global warming, pollution, entrained diseases, and
other factors that may affect the planet.

11
12
13
14

System should be based on smooth flows—evolutionary, organic, and nondisruptive.

The design must respect people as individuals—customers, employees, stakeholders.

There must be only positive long-term impacts.

The system overall must improve the common weal.
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10 IMPLEMENTATION: CONSIDERATIONS AND EXAMPLES FOR
COMPANIES OF ALL SIZES

Probably at no previous moment in world history have commerce and industry been so complex,
extensive, and globally interrelated. In the twenty-first century, almost all of our commercial
activities have global connotations and are increasingly digitally based. The growth of infor-
mation technology (IT) has accelerated a shift from the simple exchange of cash for products
or services to entire manufacturing or commercial systems that market solutions enabling cus-
tomer success, provide experiences, and build continuing relationships. Process execution is
critical; the process is continual and not intermittent, as it was in the past with discrete trans-
actions. The provider entity must learn metaphorically to walk continually “in the moccasins”
of the customer. Customer delight is the major metric for attention, but at the same time the
needs of the community must be recognized. Strategies that emphasize customer success are
imperative; these may often dictate collaboration with former and even present competitors.*?
In the twenty-first century successful enterprises must recognize the power of their customers
(and the market) and must endeavor to establish long-term relationships based on providing
solutions, service, and a successful ongoing experience that replaces the earlier tradition of
product delivery and cash transfer.*

10.1 Vertical Integration

Digital business (or e-business?®), together with “cloud computing” and social networks,
affords many new ways of operation.”® The factor of speed to customer delight challenges
industry strategists to incorporate many new approaches and activities.

The most successful enterprises have reorganized and refocused their activities. Vertical
integration with control of all the materials, processes, and operations that go into producing
a product is no longer preferred. This was the model adopted long ago by Henry Ford at his
Rouge plant.'* It is now important to focus on core competencies, activities that depend on spe-
cial skills, or advantages that the enterprise possesses or has developed. These are the processes
that represent the intellectual property or crown jewels of the organization and generally pro-
vide the best opportunities for revenue maximization. Subsidiary operations can be delegated
to specialist subcontractors. (Referring back to our athletic models, it can be observed that
all-rounders do not often win Olympic medals.) These tiers of subcontractors are organized
into supply chains and are managed electronically. Excellence in communications, delivery,
reliability, and quality are all key requirements to support just-in-time (JIT) manufacturing
systems.

There are risks and some disadvantages with the dependencies occasioned by lengthy
supply chains. Larger enterprises frequently insist that their suppliers build factories and/or
warehouses nearby final assembly plants. Some enterprises have specialized contractors design-
ing, developing, and manufacturing substantial proportions of major components. Boeing is a
key exponent of this technique. Its website lists worldwide contributors to the 787 Dreamliner
project (http://www.boeing.com/commercial/787family/). There are multiple reasons for dele-
gating production activities; expertise and focus are primary. Also there is cost; large organiza-
tions may carry very high overheads due to research and development, infrastructure, and legacy
costs. When these are written off against the manufacture of noncore components, parts, or sub-
assemblies, then the raw cost of these items becomes unsupportable. For example, in the early
1980s when IBM introduced its personal computer, the internal pricing of its world-class hard
drives, memory, and microprocessor chips would have made realistic market pricing impracti-
cal. IBM relied on vendors for all these components, the plastic housing, and peripherals.

10.2 Real-World Examples

Dell affords one of the best models for reliance on supply chains. Its core competency is giv-
ing customers exactly what they wish for just as quickly as Dell can have it assembled and
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Table 1 Toyota Precepts

. Fostering an atmosphere of continuous improvement and learning

. Satisfying customers (and eliminating waste at the same time)

. Getting quality right the first time

. Grooming leaders from within rather than recruiting them from the outside

. Teaching all employees to become problem solvers

A U AW N =

. Growing together with suppliers and partners for mutual benefit

Source: From Ref. 32.

shipped. It uses an array of suppliers to fulfill carefully figured inventory needs for just a few
days production. Computers and peripherals are custom-built through final assembly in direct
response to orders. Some bare chassis may receive standard boards and components, and spe-
cial models may be finished for promotional uses. The history of its initial direct-to-customer
build-to-order PC process is described in a book by Michael Dell.?* As a result of other pertur-
bations and strong competition in this business, Dell, once a leader, is now third in global market
share, with 12.1%, by comparison with HP and Lenovo, with 17.3 and 13.0%, respectively, for
2011. Dell reported revenues of $62.07 billion in February of 2012.

There are three Golden Rules: (1) disdain inventory, (2) always listen to the customer, and
(3) never sell indirect. Dell also segments so that each business unit stays “small and focused
on the needs of specific sets of customers.”?* Business information and plans are shared with
all employees. Dell is virtually integrated through the purchasing arms of its large account
customers. It continually strives to step back to examine the whole context and environment
and avoid “breathing your own exhaust.”?*

One can hardly discuss manufacturing system improvement without mentioning Toyota
(see Table 1). The Toyota Production System (TPS) has been discussed and written about at
length, and many Japanese phrases have passed into the manufacturing lexicon. Kaizen is a
watchword, and the principles of lean manufacturing are covered comprehensively in other
texts. Expressing it simply, lean manufacturing involves only doing things that add value for
the eventual customer, eliminating waste in all its forms, and not building inventory between
operations or at the end of the manufacturing line. Theoretically, a request by a customer must
pull products out of final assembly or processing, and once that product is on the way, then the
upstream processes must be instantly ready to fill the void (JIT). In the idealized case, every
internal or external unit in the supply chain must respond identically. The flow may be con-
trolled and maintained by exchange of signals, or kanbans, up and down the delivery chain.*

When we think of manufacturing systems, we tend to think of Boeing, Ford, General
Motors, IBM, Johnson & Johnson, Pfizer, and similar giant enterprises with multiple and glob-
ally distributed sites. Their actions and strategies are often drivers of the economy, but they
would be powerless without the contributions, endeavors, and support of the smaller units tiered
in the supply chain. In fact, a very large proportion of all manufacturing is undertaken by much
smaller firms. Analysis of data from the Bureau of Labor Statistics for 2008 indicates there are
almost 6 million companies with less than 500 employees comprising some 49% of the whole
workforce of approximately 121 million.” When it comes to the large companies, there are just
short of 1000 firms (981) in the United States with more than 10,000 employees that provide
just over 33 million jobs for 27% of the workforce.

More than 5 million firms have fewer than 20 employees accounting for just over 21 million
employees (18%).

* Multiple U.S. government sites offer many statistics, including www.bls.gov. The data shown here are
from www.census.gov/econ/smallbus.html.
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The importance and significance of the contributions of these many smaller companies
may often be neglected or at best underestimated in learned treatises. There may be implicit
assumptions that the latest leading edge software, systems, and associated technologies are
available, affordable, and accessible. Smaller firms suffer difficulties in this connection and may
be forced into bidding wars with OEMs that further constrict their resources and development
budgets (if they exist at all!). On the other hand, they have the potential advantages of less
bureaucracy, faster decision making, and possibility of greater flexibility with responsiveness.

The case of Liberty Brass in New York City is a model of the advantages that accrue
to a smaller nimble company with courage and imagination.** This is a 40-employee machine
shop with adroit equipment choices and reduced set-up times to turn around smaller and special
orders responsively. It improved planning and estimating using the latest software so that quotes
and eventual deliveries were accelerated and outsourced suitable jobs to specialists. Essentially,
it focused on core competencies and developing relationships for speedy customer service. Its
prices are higher than Chinese suppliers, but its quality, reliability, responsiveness, and lower
shipping costs gain Liberty Brass repeat orders.

In a similar and more recent case, Watermark Designs, a Brooklyn (New York) operation
with 45 employees, were able to invest in a 3D rapid prototyping unit and are thriving delivering
high-quality custom-designed plumbing fixtures for luxury condominiums and hotels in Shang-
hai, Macau, and Hong Kong.*> Export revenues from companies in the New York metropolitan
area totaled $105 billion in 2011.%

10.3 Education Programs

Improvement systems cannot be implemented without education and training. Any program
must have wholehearted commitment and demonstrated support by senior management (as
required by Six Sigma). There must be not only commitment but also time spent, either in
welcoming employee students to the first sessions and introducing the objectives or as a visiting
speaker for an executive overview, luncheon, or coffee break. The program must be accessible
to all qualified or selected employees without undue conflict with regular responsibilities. There
should not be any work penalty associated with attendance. All participation for work-related
technical vitality and improvement programs should be on the clock and during working hours
unless there are special exceptions. When Harley-Davidson wished to transform its operations,
its analysis showed that it needed to hire a few additional people so that everyone could be
scheduled for up to one hour per week of education or training time.

The long-range objectives to be accomplished must be clearly enunciated.

Preferably, common administrative phrases and buzz words should be avoided in all
announcements and program descriptions. Words worth avoiding include business conduct,
continuous improvement, diversity, ethics, lean, quality or quality circles, safety, sexual harass-
ment, and teamwork—these are important topics that should be embedded into programs with
newer, different, and more invigorating or imaginative titles.

Ideally, educational activities should be accessible to the whole workforce, including con-
tract workers; everyone in the workplace should be on the same playing field. Special programs
are appropriate to certain workers, levels, and technical areas. There should be some base
program for everyone on a rotating basis, with time included in regular work assignments
(maybe up to 40 min a week or every couple of weeks) for training. Consistency and regularity
are important; employee stimulation must endure after the first banners in the cafeteria fade.
Training should cover vital topics such as quality tools, assessments and appraisals, career plan-
ning, latest trends in teamwork, personal development, and investments and retirement. State
of business sessions with local executives or politicians are a useful change of pace. Special
cross-training needs can be accommodated using in-plant experts. Mixing individuals from
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Table 2 Essential Ingredients for Improvement

. Vision: aspirations and dreams

. Mission, goals, and objectives (metrics)

. Personnel and their motivation (empowerment and teams)

. Strategies and tactics (core competencies, cooperation, and partnerships)
. Customer focus (experiences, relationships, and solutions)

Communicate and listen to all stakeholders

S T Y T S e

. Priorities and resources: consistency and persistence

different departments and functions in every group and having employees introduce their new-
found friends encourage interactions. The program must be perceived as worthwhile and not a
timesink. Sessions should be short, frequent, and regular, with occasional promotional items,
badges, ribbons, or certificates. Above all, they must not be boring. The occasional use of an
outside facilitator and DVDs or tapes by speakers such as John Cleese or Tom Peters can be
very worthwhile. There are also a wide variety of materials available on the Web through TED
(Technology, Entertainment, Design, www.ted.com) and YouTube (www.youtube.com) that are
of very high quality. Make sure there is lots of action, vitality, and stimulation with immediate
value, discussion time, coffee breaks, graduation breakfasts, and similar events. Finally, mea-
sure everything to support continuous improvement of the program. Useful books for handouts
are available in bulk from suppliers such as www.goalgpc.com, a good source for memory
joggers and Six Sigma materials, and Price Pritchett at http://topics.practical.org/browse/Price
Pritchett.

10.4 Measuring Results

Successful implementation of improvements can be verified with traditional production met-
rics. The most convincing metrics are with regard to costs. Improvements and quality are not
exactly free. Investment of resources and time is required to accompany, continue, and main-
tain appropriate schemes. Customary accounting methods can needlessly introduce deceptive
chimera into cost analysis. For example, a small, extraordinarily responsive company making
custom products to order is likely to have low inventories, a small amount of work in progress,
and a limited backlog. Notwithstanding excellent revenues and decent profits, if such a com-
pany wishes to expand and seeks additional capital, it possesses few assets and apparently
limited prospects. Any banker would be skeptical of approving loans for equipment that would
facilitate growth, increased market share, or entry into a related market. Inventory and materi-
als or partially finished goods in the pipeline may be counted traditionally as assets, whereas
in the prevailing dynamic conditions they are a practical liability that must be sold off before
newer, more current products can be introduced. In fact, to the loan officer a poorly managed
operation loaded with inventory and work in progress (WIP) could be regarded more favorably
than a bare-bones, fast-turnaround, highly responsive operation. As a result, when measuring
the fiscal value of improvement schemes, it is vitally important to secure the costs and savings
numbers that truly reflect the performance of the new or improved activities. This technique is
known as activity-based costing. Once adopted, it leads directly to activity-based management
(ABC/ABM).*¢ Table 2 shows a list including some of the more intangible factors that should
also be considered among the possible assets of an organization.

Costs are very sensitive to the methods used for sharing the overhead burden. The ABC
analysis looks at the costs that are directly attributable to the component, part, or assembly being
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manufactured—in other words, the direct cost of production. Analyses using this approach can
reveal surprises when comparing manufacturing costs for specials against high-volume regular
offerings. ABC analysis makes it possible to decide which of several ranges of products show
the best cost-to-revenue ratios. Traditional accounting methodology does not do this effectively.
Explorations of this type are essential when comparing the costs of a part made at the home
location against the final delivered cost of the same part shipped from abroad. Companies must
factor in costs of goods in the lengthy pipeline and possible risk exposures when deciding
whether to make or buy.

11 A LOOK TO THE FUTURE

The ideal manufacturing system of the future, no matter how large, must be flexible and respon-
sive and simulate the performance of a small operation. It must be focused on the best and most
effective methods of bringing its core competencies to the service of customers and on maintain-
ing relationships with these customers. Excellent relationships, collaborations, and partnerships
must be established with subcontractors, suppliers, and associated groups for mutual benefit.
Teams will comprise individuals within an enterprise and also employees of partner enterprises.
Virtual and global relationships and dependencies will become customary, and even essential,
as aresponse to unpredictable and urgent challenges and opportunities. The employees of man-
ufacturing organizations that wish to survive and prosper in the future must be well-trained,
knowledgeable, and empowered team players with excellent communication skills and empa-
thy for different cultures.!” Management and continuous improvement of these operations call
for vision, enthusiasm, and excellent leadership skills. Table 2 highlights important ingredients.

There are significant dichotomies as all these concepts are developed and integrated.
There will always be economies of scale, but penalties of increased impedance, noise, and
reduced quality will always accompany bureaucracies and size. By increasing degrees of
order, it becomes easier to perform standard operations, but by employing total centralization,
degrees of freedom dwindle, there is less variety, innovation is suppressed, boredom grows,
and systems degrade.'

This paradox applies universally and requires that leadership of large organizations
acquires great skills of diplomacy and humility; very difficult and balanced judgments must be
sold to diverse constituencies. Modern management requires walking a tightrope and balancing
the priorities for survival and prosperity of the enterprise against the desires of the stakeholders
and host communities. Some short-range suffering may be inevitable, as skills, abilities, needs,
economics, and manufacturing strategies are rebalanced in response to global challenges. As
Professor Joseph Stiglitz observed in relation to globalization trends and lean implementations,
“Short term losers are concentrated, often very noisy, and their pain can be considerable ... The
average worker in rich countries may actually be getting worse off, and there are probably more
losers than winners .... There is need for a strong social safety net ... with more progressive
taxation.” 47 Ideally, local rearrangements can be deployed in response to the most punishing
inequities. More recently Stiglitz has authored a book discussing the growing gap between
corporate leaders and all those in charge and the so-called middle class.*®

Re-education programs, community improvement projects, and expanded leisure oppor-
tunities, with adequate funding, are possible alternatives to early retirement or unemployment.
It is important to remember that all resources, whether human or material, are finite and should
not be wasted. All opportunities should be grasped effectively, and new means of securing
revenues may require some creativity.

It is a dream that the manufacturing systems of the future will be not unlike a drive-up
fast-food operation or the food court of a major shopping mall. There will be arrays of small
factories that each can accommodate multiple needs but represent specialized sets of skills
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(or core competencies) materials, processes, assembly and fabrication techniques, and finished
items. There will also be series of agents, product integrators, advisors and consultants, or sales
counselors, their function being to advise and act for customers as an interface with the various
manufacturing facilities required to procure the desired custom product. Possibly all these func-
tions could be handled through networks or catalogs in some virtual manner, as often already
applies today. Customers will design, construct, buy, and equip their own houses, kitchens,
computer systems, meals in restaurants, and other goods. Behind the retail suppliers are arrays
of agents, distributors, wholesalers, and ranges and sizes of subcontractors and manufactur-
ers. The future will be some spectrum of all these possibilities, with an extraordinarily wide
range of time constants affecting the acceptance of new technologies across industries, regions,
countries, and continents. Even in the presence of new technologies, there is little doubt that
examples of past practice will continue to add value effectively in certain applications. There
will always be the need for highly skilled craft workers to develop, fit, and maintain new tooling
and, although overall the number of old-style tool-and-die makers has diminished, there will
be niche areas for specialists in activities regarded as obsolescent.

It will always be prudent and economically reasonable to assemble many products in prox-
imity to the final customers. This shortens delivery, reduces inventories, increases supplier
responsiveness, and accelerates the concept-to-cash metric. Large enterprises are now recon-
figuring their factories and replacing dedicated “hard” tooling with flexible tooling capable of
fabricating a wider range of products. These factories are also being located proximate to cen-
ters of population nationally and worldwide. Where the large enterprises go, their suppliers
follow. The former megafactories with several thousands of employees have been displaced
by smaller distributed units that are simpler to manage and control. The existing paradigm of
employing fewer people working “flexibly” for almost uncountable hours should be questioned.
From a human resources aspect it is not sustainable or even socially efficient to overwork an
employed few and not incorporate the un- or partially employed among the contributors to the
prosperity of the whole community. Ideally, accumulating and increasing education, leisure,
and recreation opportunities with reduction in hours worked by individuals would make for
a more equitable society. More people working for fewer hours would expand markets for
leisure and recreation opportunities (meanwhile reducing unemployment). In 1930 economist
John Maynard Keynes suggested that within a century a 15-hour work week would be suffi-
cient to satisfy personal, business, and industrial needs. In the same year the Kellogg Company
introduced a 30-hour work week that endured from 1930 until the 1980s.4’ There are some com-
panies today with practices along these lines; flex-time, working at home, having time allocated
for independent activity (but with possibly company-related results); this encourages work to
become somewhat like a hobby with compensation and benefits. It takes unusual financial and
intellectual property strengths and compatible leadership/workforce relationships to engineer
conditions of this nature.

Triumphing over global competition may result in a Pyrrhic victory and one cannot but
envy the kingdom of Bhutan that esteems gross national happiness (GNH) as a more culturally
acceptable index than the gross domestic product (GDP). In our postulated highly competitive
society some individuals work probably harder and with more stress than they prefer and many
are unemployed (or underemployed with occasional minimum wage tasks) with little oppor-
tunity for gaining creative satisfactions and no time or energy to do so. Meanwhile the salary
and wealth differentials between the corner office holders and the average worker continue to
expand. In order to implement continuous improvement regimes successfully a whole company
and ultimately the whole of society need to become much more cohesive and similar to the most
exceptional idealized top performing athletic or sports team. Peter Diamandis presents a view
of possible futures that could embody some of these notions.>

These trends must be accompanied by an increased focus on the continuing education and
technical vitality of the workforce, but we must anticipate the future eagerly. Greater numbers
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of distributed factories serving customers will entrain more jobs, and there will also be ser-
vice, maintenance, education, and health care needs to be satisfied, thus generating prosperity
and consequently more customers. As the population ages, provided they are allowed to con-
tinue earning, and a community remains prosperous, there will be an increase in discretionary
expenditures for recreation and travel and again more jobs. There is need for global acceptance
of the cycle that jobs engender customers and that prosperous customers fund more jobs, and
then those jobs empower more potential customers. As customers of these systems ourselves,
we must consider whether these notions are satisfying or efficient. Such questions can only
be resolved by the system of measurements that must be implicitly agreed upon as we almost
accidentally embark on improvements socially and professionally. The important thing is to
start the journey knowingly. We may enjoy and learn from our nostalgia for the past, but we
must anticipate the future eagerly.

This chapter owes much to substantially amended, modified, and updated rewritten materials extracted from
prior works by the author. The cooperation of the publishers of these items is gratefully acknowledged.
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1 INTRODUCTION

How might mankind enjoy the fruits of an advanced civilization without endangering the viabil-
ity of planet Earth for future generations? That is the fundamental challenge that we confront in
the twenty-first century. In a time when the comforts and pleasures that can be derived from the
products of modern technology are accessible for a significant portion of the world’s population,
how can we manufacture and deliver those products in an environmentally benign fashion?

2 ENVIRONMENTALLY BENIGN MANUFACTURING

The environmentally benign manufacturing movement addresses the dilemma of maintain-
ing a progressive worldwide economy without continuing to damage our environment. How
can companies—driven by the necessity for manufacturing the products sought by their cus-
tomers in a cost-effective manner while maintaining market share and providing gains for their
stockholders—also heed the growing clamor for a safe environment? This dilemma is funda-
mentally a trade-off between the needs of current generations and those of future generations.
Will we seek creature comforts for ourselves without regard to the safety and well-being of our
children and our children’s children? Or will we reach a compromise that allows current gener-
ations to reap the benefits of our modern technological society while assuring the same benefits
for future generations? The challenge for environmentally conscious manufacturers is to find
ways to factor both economic and environmental considerations into their business plans.

29
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The fundamental issue in environmentally benign manufacturing is to align business needs
with environmental needs. That is, how do we manufacture market-competitive products with-
out harming the air, water, or soil on planet Earth? How do we motivate companies to behave
unilaterally to adopt environmentally benign manufacturing practices? Will nation states uni-
laterally recognize the need to impose environmental standards on companies manufacturing
products within their national boundaries? Recent experience informs us that progress is being
made on each of these fronts but that we have a long way to go to fully protect the environment
from the offenses committed by the worldwide manufacturing community.

3 MANUFACTURING AND SUPPLY CHAIN

The issue of environmentally benign manufacturing is not isolated on the manufacturing func-
tion. Environmental issues abound from tier I and II suppliers to the manufacturing system all
the way through the supply chain to the consumer. Figure 1 shows the position of the manufac-
turing function in the overall supply chain.

3.1 Tier I and Tier II Suppliers

Each tier I or II supplier has its own manufacturing processes, each with its own environmental
impacts. It is incumbent upon the primary manufacturer to qualify its tier I and II suppliers not
only in terms of quality, cost, and on-time delivery but on their environmental performance as
well. Suppliers must be made to understand that their very financial viability depends on their
adopting sound environmental practices. Their role in the supply chain cannot be ignored. It is
the responsibility of the primary manufacturer to ensure that its tier I and II suppliers adhere to
environmental standards.

. Customer
Supplier Carrier
Carrier Distribution
center
Customer
Carrier Carrier, Customer
i M Manufacturing
Supplier U Site
Customer
Carrier
Carrier Customer
Distribution
center
Supplier
Customer

Figure 1 Material and information flow in the supply chain: Material flow is usually left to right, infor-
mation flow right to left.
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3.2 Transporters

The transportation function in the supply chain is also important in terms of its environmental
impacts. Transporters are those entities that move materials and products from one point to
another in the supply chain. Transporters are typically selected and retained according to their
cost and reliability performance. Scant attention is paid to the issue of energy expenditure per
unit delivery. In an environmentally conscious manufacturing approach, primary manufacturers
must give closer attention to energy expenditure per unit delivery in selecting the mode of
transportation from among highway, rail, air, water, and pipeline.

Cost and delivery time considerations must be balanced against energy expenditure in
choosing the transportation mode. For example, consider the case of a refrigerator manufac-
tured in the United States which is to be shipped to a distribution facility located 500 miles
away. It is probably reasonable to immediately exclude pipeline (infeasible), water (not acces-
sible), and air (too costly) transporters from consideration in this application. The trade-off
between highway and rail—both of which are feasible, accessible, and within acceptable cost
boundaries for the transport of refrigerators—should incorporate a comparison of the energy
expenditure per unit (refrigerator) transported. Such a comparison would very likely come
down in favor of rail transportation in terms of both cost and energy expenditure and in favor
of highway in terms of delivery time. At present, the delivery time consideration dominates
the transporter selection decision in favor of highway transportation. The entire transporter
selection issue needs to be reexamined to consider environmental effects of the supply chain
transportation function.

4 MANUFACTURING PROCESSES

The manufacturing process itself is perhaps the most important stage in the supply chain in
terms of overall environmental impact. Here we shall consider five manufacturing processes
that apply to metals and plastics: (1) machining processes, (2) metal casting, (3) metal forming,
(4) metal joining, and (5) plastics injection molding.

4.1 Machining Processes

Machining processes include such manufacturing operations as turning, milling, drilling, bor-
ing, thread cutting and forming, shaping, planning, slotting, sawing, shearing, and grinding.’
Each of these processes involves the removal of metal from stock such as a cylindrical billet,
cylindrical bar stock, or a cubical block. Metal-cutting economics seek to (1) minimize the
cost of the metal-cutting operation, (2) maximize tool life, or (3) maximize production rate. An
environmentally benign manufacturing approach would add minimizing environmental impact
to this list of economic objectives.

The achievement of these economic objectives in machining requires the use of cutting
fluids, which act as coolants and/or lubricants in the machining process. The four major types
of cutting fluids are (1) soluble oil emulsions with water-to-oil ratios ranging from 20:1 to
80:1, (2) oils, (3) chemicals and synthetics, and (4) air. Cuttings fluids have six major roles in
machining:

1. Removing the heat of friction

2. Minimizing part deformation due to heat

3. Reducing friction among chips, tool, and workpiece
4. Washing away chips
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5. Reducing possible corrosion on both the workpiece and machine
6. Preventing built-up edges on the product or part

The environmental impacts of machining processes are principally of two types: (1) the
accumulation of metal chips and (2) the release of cutting fluids into the environment. The
best solution to the problem of chip accumulation is to recycle them by incorporating them as
charge into the metal-casting operation. But recycling may involve transporting the chips to a
distant site, thereby incurring the transporter impact. The best way to handle cutting fluids is to
recycle them back to the machining operation, which requires that chips be separated from the
machining effluent and that the cutting fluid be reconstituted to as close to its original state as
possible. Each of these steps incurs an economic cost which must be balanced against the cost
of the environmental impact of simply placing the chips and used cutting fluid into a waste site.

Electrical discharge machining (EDM) removes electrically conductive material from the
raw material stock by means of rapid, repetitive spark discharges from a pulsating dc power
supply, with dielectric flowing between the workpiece and the tool (Fig. 2). The cutting tool
(electrode) is made of an electrically conductive material, usually carbon. The shaped tool is
fed into the workpiece under servocontrol. A spark discharge then breaks down the dielectric
fluid. The frequency and energy per spark are set and controlled with a dc power source. The
servocontrol maintains a constant gap between the tool and the workpiece while advancing the
electrode. The dielectric oil acts as a cutting fluid, cooling and flushing out the vaporized and
condensed material while reestablishing insulation in the gap. Material removal rate ranges
from 16 to 245 cm’/h. EDM is suitable for cutting materials regardless of their hardness or
toughness. Round or irregularly shaped holes 0.002 in. (0.05 mm) in diameter can be produced
with L/D ratio of 20:1. Narrow slots with widths as small as 0.002—0.010in. (0.05-0.25 mm)
can be cut by EDM.

4.2 Metal Casting

Metal-casting processes are divided according to the specific type of molding method as fol-
lows: (1) sand casting; (2) die casting; (3) investment casting; (4) centrifugal casting; (5) plaster
mold casting; and (6) permanent casting. This section discusses the first three of these.?

Sand Casting
Sand casting is one of the most ancient forms of metalworking. The first sand casting of cop-
per dates to about 6000 years ago. Sand casting consists of pouring molten metal into shaped

Servocontrol feed

- —|Toolholder
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Figure 2  Electrical discharge machining.
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Figure 3 Sectional view of a sand-casting mold.

cavities formed in a sand mold, as shown in Fig. 3. The sand used in fabricating the mold may
be natural, synthetic, or artificially blended material.
Sand casting is a relatively simple process and consists of the following steps:

=

Mold preparation
Core preparation
Core setting
Metal preparation
Metal pouring
Part shakeout
Part cleaning
Sand reclamation

L XA AN R B

Sprue and gate reclamation

This section describes each step.

Mold Preparation. A mold is fabricated from foundry sand. It is created by pouring and com-
pacting sand around a pattern. Once the sand is compacted, the pattern is withdrawn, leaving a
cavity in the shape of the part to be produced. The cavity holds the molten metal in the desired
shape until it cools. Molding sand is a mixture of approximately 85% sand, from 4 to 10%
clay, and from 2 to 5% water by mass. Small quantities of additives are used to prevent the
metal from oxidizing as it cools. These additives are usually bituminous coal, anthracite, or
ground coke.

Core Preparation. Cores are necessary for parts that are especially complicated or have inter-
nal cavities. Cores are created from sand and a binder—usually in the form of a resin—that
cures through heat or gasification. The sand and binder are put in a mold called a core box that
forms the desired shape. They are then removed from the core box and allowed to cure before
placing them in the sand casting mold. The placement of the core is illustrated in the left half
of Fig. 3.

Core Setting. Once the mold and cores have been prepared, the cores are set in place inside
the mold and the mold is closed.



34 Environmentally Benign Manufacturing

Metal Preparation. Metal—usually iron, steel, or aluminum—is prepared by melting ingots
or scrap with the additives or alloying materials needed to give the finished product its desired
properties. Most sand casting is accomplished by melting and blending scrap material.

Metal Pouring. Metal is poured manually from a ladle or tilting furnace, or most commonly
from an automatic pouring ladle, that is charged from holding furnaces.

Shakeout. Molds containing cooled parts are transferred by conveyor to a large rotary drum,
where the sand molds are broken and the sand is separated from the newly molded parts.

Part Cleaning. Usable parts are separated from gates and risers, and damaged or incompletely
formed parts are sorted out. Further cleaning may also be accomplished in the form of pressing,
hand grinding, sandblasting, or tumbling the parts to remove the parting lines and rough edges
as well as any burnt sand.

Sand Reclamation. All modern foundries reclaim molding sand for reuse. The sand is run
through a process where lumps are broken up and any solids are removed by screening. New
sand, clay, and water are added as needed to return the sand to a usable condition. Some sand
that cannot be reclaimed is discarded. Most foundries have a sand laboratory whose responsi-
bility is to monitor and manipulate the condition of the molding sand.

Sprue and Gate Reclamation. Any metal that is not a usable part is returned to the scrap area
to be used in a future melt.

Environmental Concerns with Sand Casting

With respect to sand casting, the environmentally benign manufacturing function is concerned
with minimizing the impact of the manufacturing steps just listed on the environment by chang-
ing or replacing processes that produce an environmentally offensive result or hazard. Consid-
eration will be given here to each of the sand-casting subprocesses.

Molds and Cores. Molds and cores are made from sand. For every ton of castings produced, the
process requires about 5.5 tons of sand. Problems occur when the sand and binders are exposed
to the heat of the molten metal and sometimes during curing processes of mold preparation.
This releases a wide variety of organic pollutants that are regulated by the Clean Air Act or the
Clean Water Act. These pollutants come primarily from the chemical binders use to make cores
stronger or in some cases from binders added to the sand. When stronger molds are required,
chemical binders are added to the mold sand. These binders include furanes, phenolic urethanes,
and phenolic esters. The binder is chosen depending on the strength required for the metal being
cast and the size of the mold. Other concerns are molding sand additives used to prevent the
metal from oxidizing as it cools. These additives are usually bituminous coal, anthracite, or
ground coke. Although these additives are a very small component by mass, as they burn off
on contact with the molten metal they create an assortment of hazardous air pollutants. Table 1
shows several pollutants associated with binders used in mold preparation.

Metal Preparation and Pouring. While the use of scrap metal can contribute to pollutants,
the most significant contributors for these subprocesses are related to the heat input to melt the
metal. Pollutants include large amounts of particulates and carbon monoxide as well as smaller
amounts of SO, and volatile organic carbon (VOC). Emissions are dependent on the type of
furnace being used. Electric furnaces have a reduced environmental impact as compared to
coke-fired furnaces of older foundries. Many foundries use pollution control technology in the
form of scrubbers to clean air before releasing it to the outside. These are used on all types of
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Table 1  Selected Pollutants Associated with Binders Used in Mold Preparation

Benzene Methanol Phenol Toluene Formaldehyde MMDI

Furane . ° ° °
Phenol urethane ° ° °
Phenol ester

Note: MMDI is an acronym for monomeric methylene diphenyl diisocyanate.

Table 2 Approximate On-Site Emissions from Various Furnaces (Ib./ton Metal)

PM CO So, VOC
Fuel-fired reverberatory furnace 22 Unknown N/A Unknown
Induction furnace 1 ~0 ~0 Unknown
Electric arc furnace 12.6 1-38 ~0 0.06-0.30
Coke-fired cupola 13.8 146 1.25+ Unknown

Note: Does not include emissions from electricity generation or fuel extraction.

Table 3  Energy Requirements at Foundry: Saleable Cast Material for Foundry Furnaces

Fuel Source Furnace Type MBtu/ton

Fuel-fired Crucible 1.8-6.8
Reverberatory 2.5-5.0
Cupola (coke) 5.8
Cupola (NG) 1.6

Electric Induction 4.3-4.8
Electric arc 43-5.2
Reverberatory 5.2-7.9
Cupola 1.1

furnaces. Wet scrubbers are also used but are less common and are used primarily on coke-fired
cupola furnaces. These methods are effective at controlling air emissions, but they produce
waste streams in the form of solid waste or contaminated water, which must be processed fur-
ther. Table 2 shows pollutants generated by melting metal for several types of furnaces. Table 3
gives the energy requirements at the foundry for both fuel-fired and electric furnaces.

Cleaning. Cleaning the product can involve the use of organic solvents, abrasives, pressurized
water, or acids, often followed by protective coatings. Techniques used to remove sand and
flashing include vibrating, wire brushing, blast cleaning band saws, cutoff wheels, and grinders.

Removing Sprues, Runners, and Flashing. Although particles and effluent pollutants are
created in this stage, they are largely contained by filters and closed systems.

Sand Reclamation. Up to 90% of molding sand can be reused in a green sand foundry after
filtration for fine dust and metal particles. Sand with chemical binders can be used only in small
quantities, however. Sand that is not reused is sometimes used in road bases and asphalt con-
crete. In the United States, from 7 to 8 million tons of mold sand (about 0.5 tons of sand/ton
of cast metal) per year ends up in landfills. Spent sand makes up almost 70% of foundry
solid wastes.*
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From an environmental perspective, the foundry industry has improved remarkably in
recent years. U.S. and off-shore foundries have been forced by both legislation and automakers
to reduce their pollutants and waste streams—hence, the positive influence of manufacturers
(automakers) on tier I suppliers (foundries). Foundries are relying more on electric and nat-
ural gas furnaces, thereby reducing the amount of input energy required and minimizing the
amount of pollutants. Sand reclamation and use of spent sand for other purposes reduces the
impact on landfills. The recent use of trimming presses helps to eliminate the need to grind
parts to remove gates and sprues. One of the areas that could benefit from continued research
is the development of benign binders for core and mold making processes. Redesigning parts
to eliminate cores would also be helpful.

Another environmental concern for the sand-casting process is the generation of waste
from the machining of cast metal parts. Machining allowances are required in many cases
because of unavoidable surface impurities, warpage, and surface variations. Average machining
allowances are given in Table 4. Good practice dictates use of the minimum section thickness
compatible with the design. The normal section recommended for various metals is shown in
Table 5 (see Ref. 1).

Table 4 Machining Allowances for Sand Castings (in./ft.)

Metal Casting Size (in.) Finish Allowance
Cast irons Upto 12 3/32
13-24 1/8
25-42 3/16
43-60 1/4
61-80 5/16
81-120 3/8
Cast steels Up to 12. 1/8
13-24. 3/16
25-42 5/16
43-60 3/8
61-80 7/16
81-120 172
Malleable irons Upto8 1/16
9-12 3/32
13-24 1/8
25-36 3/16
Nonferrous metals Upto 12 1/16
13-24 1/8
25-36 5/32

Table 5 Minimum Sections for Sand Castings (in./ft.)

Metal Section
Aluminum alloys 3/16
Copper alloys 3/32
Gray irons 1/8
Magnesium alloys 5/32
Malleable irons 1/8
Steels 1/4

White irons 1/8
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Die Casting
Die casting may be classified as a permanent-mold-casting system. However, it differs from
the process just described in that molten metal is forced into the mold or die under high pres-
sure [1000-30,000 psi (6.89—206.8 MPa)]. The metal solidifies rapidly (within a fraction of a
second) because the die is water cooled. Upon solidification, the die is opened. Ejector pins
automatically eject the casting from the die. If the parts are small, several of them may be made
at one time in what is termed a multicavity die.

There are two main types of machines used: the hot-chamber and the cold-chamber types.

Hot-Chamber Die Casting. In the hot-chamber machine, the metal is kept in a heated holding
pot. As the plunger descends, the required amount of alloy is automatically forced into the die.
As the piston retracts, the cylinder is again filled with the right amount of molten metal. Metals
such as aluminum, magnesium, and copper tend to alloy with the steel plunger and cannot be
used in the hot chamber.

Cold-Chamber Die Casting. This process gets its name from the fact that the metal is ladled
into the cold chamber for each shot. This procedure is necessary to keep the molten-metal
contact time with the steel cylinder to a minimum. Iron pickup is prevented, as is freezing of
the plunger in the cylinder.

Advantages and Limitations. Die-casting machines can produce large quantities of parts with
close tolerances and smooth surfaces. The size is limited only by the capacity of the machine.
Most die castings are limited to about 75 1b (34 kg) of zinc; 65 Ib (30 kg) of aluminum; and 44 1b
(20 kg) of magnesium. Die casting can provide thinner sections than any other casting process.
Wall thicknesses as thin as 0.015 in. (0.38 mm) can be achieved with aluminum in small items.
However, a more common range on larger sizes will be 0.105-0.180 in.

Some difficulty is experienced in getting sound castings in the larger capacities. Gases
tend to be entrapped, which results in low strength and annoying leaks, causing an air pollution
problem. One way to reduce metal sections without sacrificing strength is to add ribs and bosses
into the product design. An approach to the porosity problem has been to operate the machine
under vacuum.

The surface quality of the casting is dependent on that of the mold. Parts made from new
or repolished dies may have a surface roughness of 24 pin. (0.61 um). A high surface finish
means that, in most cases, coatings such as chrome plating, anodizing, and painting may be
applied directly. More recently, decorative texture finishes are obtained by photoetching. This
technique has been used to simulate wood grain finishes as well as textile and leather finishes
and to obtain checkering and crosshatching patterns in the surface finish.

Investment Casting. Casting processes in which the pattern is used only once are variously
referred to as lost-wax or precision-casting processes. These involve making a pattern of the
desired form out of wax or plastic (usually polystyrene). The expendable pattern may be made
by pressing the wax into a split mold or by using an injection-molding machine. The patterns
may be gated together so that several parts can be made at once. A metal flask is placed around
the assembled patterns, and a refractory mold slurry is poured in to support the patterns and
form the cavities. A vibrating table equipped with a vacuum pump is used to eliminate all the
air from the mold. Formerly, the standard procedure was to dip the patterns in the slurry several
times until a coat was built up. This is called the investment process. After the mold material
has set and dried, the pattern material is melted and allowed to run out of the mold.

The completed flasks are heated slowly to dry the mold and to melt out the wax, plastic,
or whatever pattern material was used. When the molds have reached a temperature of 100°F
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(37.8°C), they are ready for pouring. Vacuum may be applied to the flasks to ensure complete
filling of the mold cavities. When the metal has cooled, the investment material is removed by
vibrating hammers or by tumbling. As with other castings, the gates and risers are cut off and
ground down.

Ceramic Process. The ceramic process is somewhat similar to the investment casting in that
a creamy, ceramic slurry is poured over a pattern. In this case, however, the pattern, made out
of plastic, plaster, wood, metal, or rubber, is reusable. The slurry hardens on the pattern almost
immediately and becomes a strong green ceramic of the consistency of vulcanized rubber. It is
lifted off the pattern, while it is still in the rubberlike phase. The mold is ignited with a torch to
burn off the volatile portion of the mix. It is then put in a furnace and baked at 1800°F (982°C),
resulting in a rigid refractory mold. The mold can be poured while still hot.

Full-Mold Casting. Full-mold casting may be considered a cross between conventional sand
casting and the investment technique of using lost wax. In this case, instead of a conventional
pattern of wood, metals, or plaster, a polystyrene foam or Styrofoam is used. The pattern is left
in the mold and is vaporized by the molten metal as it rises in the mold during pouring. Before
molding, the pattern is usually coated with a zirconite wash in an alcohol vehicle. The wash
produces a relatively tough skin separating the metal from the sand during pouring and cooling.
Conventional boundary sand is used in backing up the mold.

4.3 Metal-Forming Processes

Metal-forming processes use a remarkable property of metals—their ability to flow plasti-
cally in the solid state without concurrent deterioration of properties. Moreover, by simply
moving the metal to the desired shape, there is little or no waste. Figure 4 shows some of
the metal-forming processes. Metal-forming processes are classified into two categories:
hot-working processes and cold-working processes.

Hot Working
Hot working is defined as the plastic deformation of metals above their recrystallization tem-
perature. Here it is important to note that the crystallization temperature varies greatly with
different materials. Lead and tin are hot worked at room temperature, while steels require tem-
peratures of 2000°F (1100°C). Thus, hot working does not necessarily imply high absolute
temperatures.

Hot working can produce the following improvements in metal products:

1. Grain structure is randomly oriented and spherically shaped, which results in a net
increase not only in the strength but also in ductility and toughness.

2. Inclusions or impurity material in metal are reoriented. The impurity material often
distorts and flows along with the metal.

3. This material, however, does not recrystallize with the base metal and often produces a
fiber structure. Such a structure clearly has directional properties, being stronger in one
direction than in another. Moreover, an impurity originally oriented so as to aid crack
movement through the metal is often reoriented into a “crack arrestor” configuration
perpendicular to crack propagation.

Isothermal Rolling
The ordinary rolling of some high-strength metals, such as titanium and stainless steels, partic-
ularly in thicknesses below about 0.15 in. (3.8 mm), is difficult because the heat in the sheet is
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Figure 4 Several metal-forming processes.
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transferred rapidly to the cold and much more massive rolls. This difficulty has been overcome
by isothermal rolling. Localized heating is accomplished in the area of deformation by the pas-
sage of a large electrical current between the rolls through the sheet. Reductions up to 90% per
roll have been achieved. The process usually is restricted to widths below 2 in. (50 mm).

Forging

Forging is the plastic working of metal by means of localized compressive forces exerted by
manual or power hammers, presses, or special forging machines. Various types of forging have
been developed to provide great flexibility, making it economically possible to forge a single
piece or to mass produce thousands of identical parts. The metal may be drawn out, increasing
its length and decreasing its cross section; upset, increasing the cross section and decreasing
the length; or squeezed in closed impression dies to produce multidirectional flow. The state of
stress in the work is primarily uniaxial or multiaxial compression. The most common forging
processes are as follows:

» Open-die hammer

« Impression die drop forging
 Press forging

« Upset forging

« Roll forging

« Swaging

Extrusion

In the extrusion process shown in Fig. 5, metal is compressively forced to flow through a suit-
ably shaped die to form a product with a reduced cross section. Although extrusion may be
performed either hot or cold, hot extrusion is employed for many metals to reduce the forces
required, to eliminate cold-working effects, and to reduce directional properties. The stress state
within the material is triaxial compression.

Lead, copper, aluminum, and magnesium and alloys of these metals are commonly
extruded, taking advantage of the relatively low yield strengths and extrusion temperatures.
Steel is more difficult to extrude. Yield strengths are high and the metal has a tendency to
weld to the walls of the die and confining chamber under the conditions of high temperatures
and pressures. With the development and use of phosphate-based and molten glass lubricants,
however, substantial quantities of hot steel extrusions are now produced. These lubricants
adhere to the billet and prevent metal-to-metal contact throughout the process.

Almost any cross-sectional shape can be extruded from the nonferrous metals. Hollow
shapes can be extruded by several methods. For tubular products, the stationary or moving man-
drel process is often employed. For more complex internal cavities, a spider mandrel or torpedo
die is used. Obviously, the cost for hollow extrusions is considerably greater than for solid ones,
but a wide variety of shapes can be produced that cannot be made by any other process.

%

Figure S Metals extrusion process.
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Figure 6 Deep drawing of metal part.

Drawing

Drawing, shown in Fig. 6, is a process for forming sheet metal between an edge-opposing punch
and a die (draw ring) to produce a cup, cone, box, or shell-like part. The work metal is bent
over and wrapped around the punch nose. At the same time, the outer portions of the blank
move rapidly toward the center of the blank until they flow over the die radius as the blank is
drawn into the die cavity by the punch. The radial movement of the metal increases the blank
thickness as the metal moves toward the die radius; as the metal flows over the die radius, this
thickness decreases because of the tension in the shell wall between the punch nose and the die
radius and (in some instances) because of the clearance between the punch and the die.

4.4 Metal-Joining Processes

The most common forms of metal joining are welding, soldering, and brazing. Each of these
processes has the potential to be environmentally offensive by generating noxious gases as
part of the joining process or by producing metal wastes that must be disposed of. Degarmo,
Black, Kohser, and Klamecki provide an excellent discussion of these various joining processes
(and, indeed, any of the manufacturing processes discussed in the chapter).’ Figure 7 gives the
various classifications of welding processes employed in manufacturing.

Welding is the most common metal-joining process. The principal classes of welding pro-
cesses include (1) gas-flame welding, which utilizes a high-temperature gas to melt selected
surfaces of the mating parts; (2) arc-welding processes, which utilize an electric arc to produce
molten material between mating parts; and (3) resistance-welding processes, which utilize both
heat and pressure to induce coalescence. Brazing and soldering are utilized when the mating
surfaces cannot sustain the high temperatures required for welding mating parts. The ensuing
sections give brief discussions of each of these joining processes and describe how environ-
mental offenses can be avoided.

Welding Processes

As just stated, three of the most common classes of welding processes used in manufacturing
are oxyfuel gas welding, arc welding, and resistance welding. The coalescence between two
metals requires sufficient proximity and activity between the atoms of the pieces being joined
to cause the formation of common crystals.

Gas-Flame Processes. Oxyfuel gas-welding processes utilize as their heat source the flame
produced by the combustion of a fuel gas and oxygen. The combustion of acetylene (C,H,)—
commonly known as the oxyacetylene torch—produces temperatures as high as 5850°F
(3250°C). Three types of flames can be obtained by varying the oxygen—acetylene ratio: (1) If
the ratio is between 1:1 and 1.15:1, all oxygen—acetylene reactions are carried to completion
and a neutral flame is produced; (2) if the ratio is closer to 1.5:1, an oxidizing flame is
produced, which is hotter than the neutral flame but similar in appearance; and (3) excess fuel
produces a carburizing flame.
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Figure 7 Classification of several common welding processes.

Almost all oxyfuel gas welding is of the fusion type, which means that the metals to be
joined are simply melted at the interfacing surfaces and no pressure is required. This process
is best suited to steels and other ferrous metals. There is a low heat input to the part, and
penetrations are only about 3 mm.

The environmental impacts of oxyfuel gas welding include the generation of combustion
products, which have to be scrubbed before release to the atmosphere, and the production of
slag and waste metal that must be safely disposed of.

Arc-Welding Processes. Arc-welding processes employ the basic circuit shown in Fig. 8.

Welding currents typically vary from 100 to 1000 A, with voltages in the range of 20-50 V.
In one type of arc-welding process, the electrode is consumed and thus supplies the molten

metal. A second process utilizes a nonconsumable tungsten electrode, which requires a separate

Electrode Electrode
Power supply cable holder
DC generator . () N : |
or 4— Electrode
DC rectifier Voltmeter Ammeter Arc
or Vel
AC transformer o /
Workpiece
cable

Figure 8 Basic circuit for the arc-welding process.
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metal wire to supply the molten metal. Filler materials must be selected to be compatible with
the mating surfaces being welded. In applications where a close fit is required between mating
parts, gas—tungsten arc welding can produce high-quality, nearly invisible welds.

In plasma arc welding an arc is maintained between a nonconsumable electrode and the
workpiece in such a way as to force the arc to be contained within a small-diameter nozzle,
with an inert gas forced through the stricture. Plasma arc welding is characterized by extremely
high (30,000°F) temperatures, which offers very high welding speeds and hence high produc-
tion rates.

The environmental impacts of arc-welding processes include the generation of metal waste
and the requirement for relatively high power.

Resistance-Welding Processes. In resistance welding, both heat and mechanical pressure are
used to induce coalescence. Electrodes are placed in contact with the material, and electrical
resistance heating is utilized to raise the temperatures of the workpieces and the space between
them. These same electrodes also supply the mechanical pressure that holds the workpieces in
contact. When the desired temperature has been achieved, the pressure exerted by the electrode
is increased to induce coalescence. Figure 9 illustrates a typical resistance-welding circuit. It
is important to note that the workpieces actually form part of the electrical circuit and that the
total resistance between the electrodes consists of three distinct components: (1) the resistance
of the workpieces; (2) the contact resistance between the electrodes and the workpieces; and
(3) the resistance between the surfaces to be joined.

The most important environmental consideration in resistance welding is the electrical
power consumed.

Pressure
cylinder

Electrodes

A.C.
supply

7

Cooling [/
water

Weld
nugget

) 1N
Welding Water
<+—Temperature

|Electrode

Figure 9 A typical resistance-welding circuit and configuration.
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Figure 10 Schematic diagram of electron beam welding process.

Electron Beam Welding. Electron beam welding is a fusion welding process which utilizes
the heating resulting from the impingement of a beam of high-velocity electrons on the metal
parts to be welded. The electron optical system for the electron beam welding process is shown
in Fig. 10. An electrical current heats a tungsten filament to about 4000°F, causing it to emit
a stream of electrons by thermal emission. Focusing coils are employed to concentrate the
electrons into a beam, accelerate them, and direct them to a focused spot that is between 0.8
and 3.2 mm in diameter. Since the electrons, which are accelerated at 150 kV, achieve velocities
near two-thirds the speed of light, intense heat is generated. Since the beam is composed of
charged particles, it can be positioned by electromagnetic lenses. To be effective as a welding
heat source, the electron beam must be generated and focused in a high vacuum, typically at
pressures as low as 0.01 Pa.

Almost any metal can be welded by the electron beam process, including those that are
very difficult to weld by any other process, including tungsten, zirconium, and beryllium.
Heat-sensitive metals can be welded without damage to the base metal.

From an environmental standpoint, the absence of shielding gases, fluxes, or filler materi-
als means that the waste material produced by the process is negligible. Only the high-power
requirements stand as a problem.



4 Manufacturing Processes 45

Brazing and Soldering

Brazing is the permanent joining of similar or dissimilar metals through the application of heat
and a filler material. Filler metals melt at temperatures as low as 800°F, typically much lower
than those of the base metals, which makes brazing a useful joining process for dissimilar metals
(ferrous to nonferrous metals, metals with different melting points, or even metal to ceramic).
Strong permanent joints are formed by brazing.

Soldering is a type of brazing operation in which the filler material has a melting temper-
ature below 850°F. It is typically used for connecting thin metal pieces, connecting electronic
components, joining metals while avoiding high temperatures, and filling surface flaws and
defects in metal parts. Soldering can be used to join a wide variety of shapes, sizes, and thick-
nesses and is widely used to provide electrical coupling or airtight seals. The primary means
of heating the filler material is to apply an electrically heated iron rod to melt the filler metal
and position it in the proper location on the workpiece. Soldering filler materials are typically
low-melting-temperature metals such as lead, tin, bismuth, indium, cadmium, silver, gold, and
germanium. Because of their low cost and favorable properties, alloys of tin and lead are most
commonly used.

The environmental impacts of brazing and soldering trace to the filler materials used in
their application. Since 1988, the use of lead and lead alloys in drinking water lines has been
prohibited in the United States. Japan and the European Union prohibit the use of lead in elec-
tronic applications.

4.5 Plastic Injection Molding

The injection-molding process involves the rapid pressure filling of a shape-specific mold cavity
with a fluid plastic material, followed by the solidification of the material into a product. The
process is used for thermoplastics, thermosetting resins, and rubbers.

Principle of Injection Molding
The injection molding of thermoplastics can be subdivided into several stages as illustrated in
Fig. 11. At the plastication stage P, the feed unit F operates in much the same way as an extruder,

b
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Figure 11 Principle of injection molding. (Source: From Ref. 6, Reprinted with permission of Hanser
Publishers, Munich, 1990.)
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melting and homogenizing the material in the screw/barrel system. The screw, however, is
allowed to retract to make room for the molten material in a space at the cylinder head, referred
to here as the material reservoir, between the screw tip and a closed valve or an obstruction of
solidified material from the previous shot. At the injection stage I, the screw is used as a ram
(piston) for the rapid transfer of the molten material from the reservoir to the cavity between
the two halves (T and T”) of the closed mold. Since the mold is kept at a temperature below the
solidification temperature of the material, it is essential to inject the molten material rapidly to
ensure complete filling of the cavity. A high holding or packing pressure (10,000-30,000 psi)
is normally exerted to partially compensate for the thermal contraction (shrinkage) of the mate-
rial upon cooling. The cooling of the material in the mold is often the limiting time factor in
injection molding because of the low thermal conductivity of polymers. After the cooling stage,
the mold can be opened and the solid product removed.

Equipment

Injection-molding machines are now most commonly of the reciprocating screw type, as illus-
trated in Fig. 12. Two distinct units, referred to as the feed unit F and the mold unit M, are
mounted on a frame (F). The feed unit F consists of the plastication/injection cylinder (screw,
barrel, and feed hopper), the axial screw drive, and the rotation screw drive.

Although injection-molding machines may occasionally be dedicated to the molding of a
single product, a machine is normally used with a variety of tools (molds), which may imply
frequent mold changes and the associated costly set-up period. Injection-molding machines
are available in a broad range of sizes. They are normally rated by their maximum clamp-
ing force, with normal ranges of about 25-150 tons for “small” machines, 150-70 tons for
“medium-sized” machines, and 750—-5000 tons for “large” machines; the current maximum is
10,000 tons.

Tooling

The interchangeable injection-molding tool, the mold, must (1) provide a cavity corresponding
to the geometry of the product and (2) allow the ejection of the product after its solidification.
Primary mold opening is achieved by fastening one-half of the mold to the stationary platen (T),
as shown in Figure 12, and the other half to the moving platen (T). The stationary mold half
is sometimes referred to as the front, cavity, or negative block and the moving mold half as
the rear, force, or positive block. The removal of a product from a cavity surface requires, in
addition to an ejection system, a suitable surface finish and an appropriate taper or draft. It need
not require a mold release agent.
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Figure 12 Injection-molding machine. (Source: From Ref. 6, Reprinted with permission of Hanser Pub-
lishers, Munich, 1990.)
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During injection, the material flows from the nozzle at the tip of the injection unit to the
single cavity, or to each of several cavities, through what is referred to here as the feed system,
generally comprising sprues, runners, and gates. In most cases, injection-molded products need
to be removed from one mold half by an ejection (knockout, stripping) device. This device is
normally incorporated in the moving mold half. Retractable secondary mold sections may be
required when products feature undercuts, reentrant shapes, internal or external threads, and
SO on.

Runners are machined in mold halves, next to the parting surface. One solution, applicable
to chemically stable thermoplastics, consists of having large runners cooled in such a way that
a sleeve of insulating solid plastic forms around a molten core, where the intermittent injection
flow takes place; this method is referred to as insulated or Canadian runner molding. Another
solution, referred to as hot runner molding, involves a heated runner, or manifold block, and is
often used in conjunction with valve gating. Gates serve several purposes in injection molding.
Their easily altered, smaller cross section permits a convenient control of the flow of the molten
material, the rapid freezing of the material to shut off the cavity after injection, and the easy
separation of the products from the feed appendage (degating). Important savings can be made
by using hot runners.

The maximum pressure in injection molds is normally in the range of 4000—12,000 psi
corresponding to a clamping force per unit projected area of cavity and feed system in the range
of 2—6 tons/in.?. The construction of injection molds requires materials with a combination of
good thermal conductivity and resistance to mechanical wear and abrasion. Prototype molds
can be cast from low-melting alloys. For short-run molds (about 10,000—100,000 moldings),
tool steel is normally used. Long runs involving millions of moldings require special hardened
and chrome-plated steels.

A variety of techniques are used to form mold cavities: machining of a solid block,
computer-aided machining (CAM) centers, hobbing (cold forming), electrochemical machin-
ing (ECM), electrical discharge machining (EDM), or spark erosion, electroforming, plating,
and etching. For short runs—fewer than 10,000 parts—a mold cavity can be fabricated using
a selective-laser-sintering rapid-prototyping process to build a copper-infiltrated iron part.

Aucxiliaries

Many thermoplastic resins require thorough drying prior to molding to avoid the formation
of voids or a degradation of the material at molding temperatures. Mold temperature control
is often achieved by the circulation of a fluid through a separate heater/chiller device. With
increased interest in automation, robots have been introduced for the removal of products and
feed appendages from open molds and for separation (degating) and sorting. Feed appendages,
startup scrap, and occasional production scrap are normally reground in granulators and recy-
cled as a fraction of the feed material.

Materials
All thermoplastics are, in principle, suitable for injection molding, but since fast flow rates are
needed, grades with good fluidity (high melt index) are normally preferable.

Products

A major advantage of injection-molded products is the incorporation of fine details such as
bosses, locating pins, mounting holes, bushings, ribs, flanges, and so on, which normally elim-
inates assembly and finishing operations. Thermosetting resin systems such as phenolics (PFs)
and unsaturated polyester (UP), often used with fillers or reinforcements, are increasingly
injection molded at relatively high speeds. Curing, which involves chemical reactions, takes
generally much longer than the injection, and multimold machines are thus often used with
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shuttle or rotary systems. Injection molding is increasingly used for producing relatively small
rubber products significantly faster than by compression molding and, normally, with a smaller
amount of scrap and a better dimensional accuracy. As in the case of thermosetting resins, a
heated mold is needed for vulcanization (curing).

Environmental Analysis of Injection-Molding Processes

Plastic components are major parts in electrical and electronic (E&E) products. About 8.5% of
the plastic parts produced are for these products. A large number of plastic parts are used in the
automobile industry. Some 33% of all small house appliances incorporate plastic components,
and about 42% of all plastic materials are used in the manufacture of toys.

This environmental analysis of injection molding highlights a few important points. The
type of injection-molding machine (hydraulic, hybrid, or electric) has a large impact on energy
consumption. Table 6 shows the energy-related emissions for the injection-molding process,
including the compounder stage. Table 7 gives the total annual production of injection-molded
plastics. Table 8 gives the total annual energy consumption associated with the production
of injection-molded plastics. The impact of injection molding on the environment may seem
benign, but it can be significant. We must take into consideration energy consumption, the
manufacturing process, and raw material usage. The product life cycle is important because it
affects the production, energy, and raw material. The majority of plastic parts that are used in
electrical and electronic products are parts made through the injection-molding process. Injec-
tion molding involves melting polymer resin together with additives and then injecting the melt

Table 6 Energy-Related Air Emissions for Compounder Stage and njection Molder Stage

Energy-Related Emissions

Stage SEC (MJ/kg) CO,(g) SO,(® NO,(g) CH,(g) Hg(mg)
Compounder 551 284.25 1.26 0.51 10.32 0.01
Injection molder Hydraulic 13.08 674.82 2.98 1.22 24.29 0.01
hybrid 7.35 379.33 1.68 0.68 13.77 0.01
All electric 6.68 344.57 1.52 0.62 12.50 0.01

Table 7 Injection-Molded Polymer Totals

Injection Molded (x10° kg/yr)

U.S. Only Global
Six main thermoplastics 5,571 23,899
All plastics 12,031 38,961

Note: The subdivision “6 main thermoplastics” refers to HDPE, LDPE, LLDPE, PP, PS, and PVC.

Table 8 Total Energy Used in Injection Molding (GJ/yr)

Compounder and Injection Molder u.s. Global
Six main thermoplastics 9.34 x 107 4.01 x 108
All plastics 2.06 x 108 6.68 x 108

Note: The subdivision “6 main thermoplastics” refers to HDPE, LDPE, LLDPE, PP, PS and PVC.
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into the mold to make the final products. This process may have an impact on the environment,
but we have to reduce the effect of this process and make it benign as much as possible.

Injection molding is used primarily to produce plastic parts with specific geometrics. The
process starts by mixing polymer resin with additives that are specific to the part to gain desired
properties such as increased strength. The mix of polymer resin and additives is also combined
with colorants if needed at this point and is stored in a hopper. The material is gravity fed into
a feeding tube that has screws to push material forward. When in the screws, the material is
melted and mixed. The material is fed into the die that will shape the material to the desired
part. During the fill stage, hydraulic clamps hold the two ends of the die together until all the
necessary material has entered the die and cooled to the desired temperature for removal. Then
the clamps release the part and it is removed from the die.

Life Cycle of a Plastic Product

When tracing the life cycle of the process to the beginning, we need to look at how the polymer
pellets are manufactured. In injection molding the overall process starts at production stage.
This stage takes raw materials from the earth and transforms them with addition of energy into
polymers. The raw polymer is shipped in bulk to the compounder, which mixes it with additives
in order to give it required properties for application. The polymer is shipped to the injection
molder, which transforms the polymer into finished products. The injection molder might add
some additives in the process, such as coloring. After being injection molded and packaged,
the product is ready for the consumer. When trying to develop the polymer resin used in the
injection mold process, the manufacturer uses large amounts of petroleum, and large energy
costs are associated with the production of the material. The additives added to the polymer
base can be hazardous in large concentrations. The majority of the by-products to the process
can be hazardous and are not biodegradable.

Environmental Impact of Plastics Injection Molding. When considering the life cycle
of a plastic-based product, it is important to understand the emissions that come from
the polymer production stage. The emissions can be divided into energy-related emis-
sion and processing emission. Processing emission at the site is small compared to
energy-related ones. It should be noted that plastics do not break down in landfills.
Two solutions have been used over the last few years. The first is to burn the plastic
that leads to toxic material into the air. This method is most commonly used today
because plastics are petroleum based and have high heating properties. Countries like
Japan and England have laws limiting the amount of petroleum-based products that
can be incinerated and are moving toward more methods that recycle the product.
Due to this trend, more effort is placed in the design phase of projects to ensure the
correct mixture of recycled plastics, new polymer material, and additives for prod-
uct performance. The second method is to recycle the plastic and make it into other
products. This second solution can be used only for one of the two types of plastics.
Thermoplastics can be melted, while thermoset plastics cannot be melted and have
to be scrapped if a product is defective or at its end-of-life cycle. One area that has
large opportunity for recycling is the plastic in automobiles. Current U.S. methods of
recycling cars focus only on reusing the metal components. The plastic products are
considered scrap and sent to landfills.

If we compare injection molding to other conventional manufacturing processes,
injection molding appears to be on the same order of magnitude in term of energy con-
sumption. For example, processes such as sand and die casting have similar energy
requirements (11-15 MJ/kg). However, when compared to processes used in the semi-
conductor industry, the impact of injection molding seems significant. But in order
to understand this point, we have to understand the product’s widespread effect on
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the economy. Injection-molding processes are more widely used and are growing in
countries like China and India.

Although waste material is low and low levels of coolant are used in the process,
the amount of energy used in the process has resulted in the research and develop-
ment of ways to make the process more benign. It is critical to continue to improve
the efficiency of the process in order to reduce the impact on the environment. It is
essential to make a process that uses less energy, especially at this time when energy
prices continue to rise.

5 MANUFACTURED PRODUCT

Most of the discussion in this chapter has focused on ways to ensure that manufacturing pro-
cesses are environmentally benign. Any company that is morally and ethically committed to the
goals of environmentally benign manufacturing cannot scrutinize its manufacturing processes
without first giving due consideration to the manufactured product itself. It could legitimately
be argued that the energy expenditure of certain products will easily surpass any savings in envi-
ronmental impact achieved through optimally designed manufacturing processes very early in
the product life cycle. An example is the large gas-guzzling truck or automobile, which is man-
ufactured with the quaint notion of “bowing to customer demand” for large vehicles despite
their poor fuel mileage performance.

It is curious, though, that a considerable marketing budget is expended to cultivate this
customer demand. It is also curious that an automobile manufacturer recently withdrew from
the marketplace a plug-in, all-electric vehicle that had managed to gain a great deal of approval
from its customers. Yet, manufacturers offer the excuse that they cannot act unilaterally with-
out suffering competitively in the marketplace. Lawmakers, too, are prone to succumb to the
notion that “people should be free to buy the products they want.” Where does that leave the
premise, or promise, of environmentally benign manufacturing? And where does that leave
future generations, who are predestined to live in the environment we leave them?
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1 INTRODUCTION

The more manufacturing changes, the more it stays the same. Certainly the rapid introduction of
newer technology and better approaches to management have led to unprecedented increases in
productivity, but at its heart, the objective of manufacturing is still to provide the right product
in the right quantity at the right time with the right quality at the right price to its customers.
The topics discussed in this chapter are related to how manufacturing organizations strive
to meet this objective. Forecasting provides the manufacturer with a basis for anticipating
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customer demand so as to have adequate product on hand when it is demanded. Of course,
the preferred approach would be to wait for an order and then produce and ship immediately
when the order arrives. This approach is, for practical purposes, impossible for products with
any significant lead time in manufacturing, raw materials, or component supply. Consequently,
most manufacturing facilities develop raw materials, in-process, and finished goods inventories,
which have to be established and managed.

Aggregate planning approaches establish overall production requirements, and materials
requirements planning techniques provide a methodology for ensuring that adequate inventory
is available to complete the work required on products needed to meet forecasted customer
demands. Job-sequencing methodologies are used to develop shop schedules for production
processes to reduce the time for manufacturing products or meet other performance objectives.
Although the basic functions in manufacturing are the same, the manner in which they are
implemented drastically affects the effectiveness of the outcome. Improvements in technol-
ogy have greatly increased the productivity that is achieved. Likewise, significant increases in
reduction of costs and improved customer service are being achieved by changing management
philosophies. Flowing from the jusz-in-time (JIT) concepts developed by the Japanese are prac-
tices designated as lean and/or agile manufacturing and the use of enterprise resource planning.
More recently, the term supply chain management has been used to describe the inherent link-
ages among all of the functions of a manufacturing enterprise. The following materials are pre-
sented to introduce the reader to what these terms mean and how these approaches are related.

2 FORECASTING
2.1 General Concepts

The function of production planning and control is based on establishing a plan, revising the
plan as required, and adhering to the plan to accomplish desired objectives. Plans are based on a
forecast of future demand for the related products or services. Good forecasts are a requirement
for a plan to be valid and functionally useful. When managers are faced with forecasts, they
need to plan what actions must be taken to meet the requirements of the forecast. The actions
taken thus prepare the organization to cope with the anticipated future state of nature that is
predicated upon the forecast.! -3

Forecasting methods are traditionally grouped into one of three categories: qualitative tech-
niques, time-series analysis, or causal methods. The qualitative techniques are normally based
on opinions or surveys. The basis for time-series analysis is historical data and the study of
trends, cycles, and seasons. Causal methods are those that try to find relationships between inde-
pendent and dependent variables, determining which variables are predictive of the dependent
variable of concern. The method selected for forecasting must relate to the type of information
available for analysis.

Definitions
Deseasonalization: The removal of seasonal effects from the data for the purpose of fur-
ther study of the residual data.

Error analysis: The evaluation of errors in the historical forecasts done as a part of fore-
casting model evaluation.

Exponential smoothing: An iterative procedure for the fitting of polynomials to data for
use in forecasting.

Forecast: Estimation of a future outcome.
Horizon: A future time period or periods for which a forecast is required.
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Index number: A statistical measure used to compare an outcome, which is measured by
a cardinal number with the same outcome in another period of time, geographic area,
profession, etc.

Moving average: A forecasting method in which the forecast is an average of the data for
the most recent n periods.

Qualitative forecast: A forecast made without using a quantitative model.
Quantitative forecast: A forecast prepared by the use of a mathematical model.

Regression analysis: A method of fitting a mathematical model to data by minimizing the
sums of the squares of the data from a theoretical line.

Seasonal data: Data that cycle over a known seasonal period such as a year.

Smoothing: A process for eliminating unwanted fluctuations in data, which is normally
accomplished by calculating a moving average or a weighted moving average.

Time-series analysis: A procedure for determining a mathematical model for data that
are correlated with time.

Time-series forecast: A forecast prepared with a mathematical model from data that are
correlated with time.

Trend: Underlying patterns of movement of historic data that becomes the basis for pre-
diction of future forecasts.

2.2 Qualitative Forecasting

These forecasts are normally used for purposes other than production planning. Their validity
is more in the area of policy making or in dealing with generalities to be made from qualitative
data. Among these techniques are the Delphi method, market research, consensus methods, and
other techniques based on opinion or historical relationships other than quantitative data. The
Delphi method is one of a number of nominal group techniques. It involves prediction with
feedback to the group that gives the predictor’s reasoning. Upon each prediction the group is
again polled to see if a consensus has been reached. If no common ground for agreement has
occurred, the process continues moving from member to member until agreement is reached.
Surveys may be conducted of relevant groups and their results analyzed to develop the basis
for a forecast. One group appropriate for analysis is customers. If a company has relatively
few customers, this select number can be an effective basis for forecasting. Customers are sur-
veyed and their responses combined to form a forecast. Many other techniques are available
for nonquantitative forecasting. An appropriate area to search if these methods seem relevant
to a subjective problem at hand is the area of nominal group techniques. Quantitative forecast-
ing involves working with numerical data to prepare a forecast. This area is further divided
into two subgroups of techniques according to the data type involved. If historical data are
available and it is believed that the dependent variable to be forecast relates only to time, an
approach called time-series analysis is used. If the data available suggest relationships of the
dependent variable to be forecast to one or more independent variables, then the techniques
used fall into the category of causal analysis. The most commonly used method in this group
is regression analysis.

Moving Average

A moving average can normally be used to remove the seasonal or cyclical components of
variation. This removal is dependent on the choice of a moving average that contains sufficient
data points to bridge the season or cycle. For example, a five-period centered moving average
should be sufficient to remove seasonal variation from monthly data. A disadvantage to the use
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of moving averages is the loss of data points due to the inclusion of multiple points into the
calculation of a single point.

Example 1 Computation of Moving Average. A 5-year simple moving average in column 4 of
Table 1 represents the forecast based on data of five recent past periods. Note that the 5-year
centered moving average lost four data points—two on each end of the data series (last two
columns in Table 1). Observation of the moving average indicated a steady downward trend in
the data. The raw data had fluctuations that might tend to confuse an observer initially due to
the apparent positive changes from time to time.

Weighted Moving Average

A major disadvantage of the moving average method—the effect of extreme data points— can
be overcome by using a weighted moving average for N periods (Table 2). In this average the
effect of the extreme data points may be decreased by weighing them less that the data points
at the center of the group. There are many ways for this to be done.

Table 1 Moving-Average Computation

5-Year 5-Year Moving 5-Year Centered 5-Year Centered
Year Data Moving Total Average Moving Total Moving Average
1 60.0 — — — —
2 56.5 — — — —
3 53.0 — — 275.3 55.06
4 54.6 — — 269.2 53.24
5 51.2 — — 261.1 52.20
6 53.9 275.3 55.06 257.2 51.44
7 48.4 269.2 59.24 250.9 50.18
8 49.1 261.1 52.20 242.1 48.42
9 48.3 257.2 51.44 232.8 46.56
10 42.4 250.9 50.18 — —
11 44.6 242.1 48.42 — —

Table2 Weighted Moving Average

5-Year 5-Year Total Less Weighted Average

Year Data Moving Total the Center Value 0.5(Col 4)/4 + 0.5(Col 2)

1 60.0 — — —

2 56.5 — — —

3 53.0 275.3 222.3 54.3

4 54.6 269.2 214.6 54.1

5 51.2 261.1 209.9 51.8

6 53.9 257.2 203.3 524

7 48.4 250.9 202.5 49.5

8 49.1 242.1 193.0 48.7

9 48.3 232.8 184.5 47.2
10 424 — — —
11 44.6 — — —
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Table 3  Forecasts by Simple Moving-Average and Weighted
Moving-Average Methods

Period Moving-Average Forecast Weighted Average Forecast
3 55.1 543
4 53.8 54.1
5 52.2 51.8
6 51.4 524
7 50.2 49.5
8 48.4 48.7
9 46.6 47.2

One method would be to weigh the center point of the N-period (in this case a five-period)
average as 50% of the total with the remaining points weighted for the remaining 50%. For N =
5, the total is 60.0 + 56.6 + 53.0 + 54.6 + 51.2 = 275.3, and the five-period total less the cen-
tered value is 275.3 — 53.0 = 222.2. Hence, weighted average is 0.5(222.3/4) + 0.5(53.0) =
54.3. Similar to the calculation for Example 1, this would yield the results as shown in Table 2.

Example 2 Weighted Moving Average. Table 3 displays the two forecasts. The results are
comparable to the weighted-average forecast, distinguishing a slight upswing from period 5
to period 6, which was ignored by the moving-average method.

Exponential Smoothing

This method determines the forecast (F) for the next period as the weighted average of the last
forecast and the current demand (D). The current demand is weighted by a constant, «, and
the last forecast is weighted by the quantity 1 — (0 < a < 1). New forecast = a (demand for
current period) +(1 — a) forecast for current period. This can be expressed symbolically as

F,=aD,_ | +(1-a)F,_, (1)

The forecast F, is the one-step ahead forecast for the period t made in period # — 1. Using the
similarity as in Eq. (1), we can write

F,_,=aD, ,+(1-a)F,_, 2)
Substituting Eq. (2) in Eq. (1), we have
F,=aD, ,+a(l-a)D, ,+ (1 —a)’F,_, 3)
F,=aD,_; +a(l = a)D,_, + a(l — a)’D,_y + (1 — a)’F, _, )
and, in general,
F,=Y a(l—ayD_, =Y aD,_, (5)
i=0 i=0
ObVlously, the exponential weights are a(1 —a) =ay>a; >a, >--->a;_, > a;, where

Za = Za(l — @) = 1, indicating that the exponential smoothing technique applies a

declmmg set of weights to all past data. For further treatment of the exponential smoothing
techniques, readers may refer to Nahmias* or Bedworth and Bailey.'

Normally, the forecast for the first period is taken to be the actual demand for that period
(i.e., forecast and demand are the same for the initial data point). The smoothing constant is
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Table 4  Forecasts F, for Various @ Values by Exponential Method

Period Demand a=0.1 a=02 a=0.3
1 85 85.0 85.0 85.0
2 102 85.0 85.0 85.0
3 110 86.7 88.4 90.1
4 90 89.0 92.7 96.1
5 105 89.1 92.2 94.3
6 95 90.7 94.8 97.5
7 115 91.1 94.8 96.8
8 120 93.5 98.8 102.3
9 80 96.2 103.0 107.6

10 95 94.6 98.4 99.3

chosen as a result of analysis of error by a method such as mean absolute deviation coupled with
the judgment of the analyst. A high value of @ makes the forecast very responsive to the occur-
rence in the last period. Similarly, a small value would lead to a lack of significant response to
the current demand. Evaluations must be made in light of the cost effects of the errors to deter-
mine what value of « is best for a given situation. Example 3 shows the relationship between
actual data and forecasts for various values of a.

Example 3 Exponential Smoothing. Table 4 provides the forecasts by exponential smoothing
method using different values of a.

2.3 Causal Methods

This category of methods falls within the second group of quantitative forecasting methods
mentioned earlier. These methods assume that there are certain factors that have a cause—effect
relationship with the outcome of the quantity to be forecast and that knowledge of these fac-
tors will allow a more accurate prediction of the dependent quantity. The statistical models of
regression analysis fall within this category of forecasting.

Basic Regression Analysis
The simplest model for regression analysis is the linear model. The basic approach involves
the determination of a theoretical line that passes through a group of data points that appear to
follow a linear relationship. The desire of the modeler is to determine the equation for the line
that would minimize the sums of the squares of the deviations of the actual points from the cor-
responding theoretical points. The values for the theoretical points are obtained by substituting
the values of the independent variable, Y}, into the functional relationship

Y, =a+bx (©6)
The difference between the data and the forecasted value of point i is

=Y, — Y, i O

Squaring this value and summing the relationship over the N related points yields the total error,
E, as

N
E= ) (¥,- 1) ®)
i=1
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Substituting the functional relationship for the forecasted value of Y gives

N
E= ) (¥,—a-bx) )
i=1
By using this relationship, taking the partial derivatives of E with respect to a and b, and solving
the resulting equations simultaneously, we obtain the normal equations for least squares for the

linear regression case:
Y Y=aN+b)' X

D XY=a) X+b) X’

Solving these equations yields values for a and b:

b=NZXY—ZX2Y 10,
NZX2—<ZX)2

a=Y—-bX an

The regression equation is then Y; = a + bx;, and the correlation coefficient, r, which gives the
relative importance of the relationship between x and y, is

NY XY - X)¥ 0
\/NZX2 - (Zx)z\/zvz y? - (2 Y)2

This value of r can range from +1 to —1. The plus sign would indicate a positive correlation
(i.e., large values of x are associated with large values of y; a negative correlation implies that
large values of x are associated with small values of y) and the negative sign would imply a
negative correlation.

and

Example 4 Simple Linear Regression. From the X and Y data set in Table 5, and using the Eqs.
(10)—(12), the following computational results yield

_347)-9(15) _ e _
_—3(29)—81 =1 and a=5-13)=2

and the linear forecast model is ¥ = 2 + X. The correlation coefficient is
47) - 9(1
e 3(47) - 9(15) ~1 (13)
V/3(29) — 81 /3(77) — 225
which indicates that the X-Y data are 100% positively correlated.

Table 5  Linear Forecasting

Y X XY X? Y?
4 2 8 4 16
5 3 15 9 25
6 4 24 16 36
z 15 9 47 29 77
Mean 5 3 — — —
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Quadratic Regression

This regression model is used when the data appear to follow a simple curvilinear trend and
the fit of a linear model is not adequate. The procedure for deriving the normal equations
for quadratic regression is similar to that for linear regression. The quadratic model has three
parameters that must be estimated, however:the constant term, a, the coefficient of the linear
term, b, and the coefficient of the square term, c. The model is

Y, =a+bx, +cx; (14)

Its normal equations are

2Y:Na+b2X+cZX2
ZXY=aZX+bZX2+cZX2
Yx'r=aY X +6Y X2+ x*

The normal equations for least squares for a cubic curve, quartic curve, etc. can be generalized
from the expressions for the linear and quadratic models.

2.4 Methods of Analysis of Time Series

We now discuss in general several methods for analysis of time series. These methods pro-
vide ways of removing the various components of the series, isolating them, and providing
information for their consideration should it be desired to reconstruct the time series from its
components.

The movements of a time series are classified into four types: long-term or trend move-
ments, cyclical movements, seasonal movements, and irregular movements. Each of these
components can be isolated or analyzed separately. Various methods exist for the analysis of
the time series. These methods decompose the time series into its components by assuming
that the components are either multiplicative or additive. If the components are assumed to be
multiplicative, the following relationship holds:

Y=TxCxSxI (15)

where Y is the outcome of the time series, 7T is the trend value of the time series, and C, S, and
I are indices, respectively, for cyclical, seasonal, and irregular variations.

To process data for this type of analysis it is best to first plot the raw data to observe its
form. If the data are yearly, they need no deseasonalization. If they are monthly or quarterly
data, they can be converted into yearly data by summing the data points that would add to a
year before plotting. (Seasonal index numbers can be calculated to seasonalize the data later
if required.) By plotting yearly data, the period of apparent data cycles can be determined
or approximated. A centered moving average of appropriate order can be used to remove the
cyclical effect in the data. Further, cyclical indices can be calculated when the order of the cycle
has been determined. At this point the data contain only the trend and irregular components of
variation. Regression analysis can be used to estimate the trend component of the data, leaving
only the irregular, which is essentially a forecasting error.

Index numbers are calculated by grouping data of the same season together, calculating
the average over the season for which the index is to be prepared, and then calculating the
overall average of the data over each of the seasons. Once the seasonal and overall averages
are obtained, the seasonal index is determined by dividing the seasonal average by the overall
average.



2 Forecasting 61

Table 6  Sales Data for Two Years

Month Year 1 Year 2 Total Average Index
January 20 24 44 22.0 0.904
February 23 27 50 25.0 1.026
March 28 30 58 29.0 1.191
April 32 35 67 335 1.375
May 35 36 71 355 1.456
June 26 28 54 27.0 1.117
July 25 27 52 26.0 1.066
August 23 23 46 23.0 0.944
September 19 17 36 18.0 0.737
October 21 22 43 21.5 0.882
November 18 19 37 18.5 0.750
December 12 14 26 13.5 0.552
TOTAL 282 302 584 292¢ 12.014

“Monthly average = 24.333.

Example 5 Average Forecast. A business has been operational for 24 months. The sales data
in thousands of dollars for each of the monthly periods are given in Table 6. The overall total
is 282 + 302 = 584 and the average is 584 /24 = 24.333. The index for January would be

0.5(20 + 24)
I, = ——==0904
Jan 24.333 0-90
For the month of March the index would be
0.5(28 + 30)
.= ———==1.191
Mar 24.333

To use the index, a trend value for the year’s sales would be calculated, the average monthly
sales would be obtained, and then this figure would be multiplied by the index for the appro-
priate month to give the month’s forecast.

Note that a season can be defined as any period for which data are available for appropriate
analysis. If there are seasons within a month, i.e., 4 weeks in which the sales vary considerably
according to a pattern, a forecast could be indexed within the monthly pattern also. This would
be a second indexing within the overall forecast. Further, seasons could be chosen as quarters
rather than months or weeks. This choice of the period for the analysis is dependent on the
requirements for the forecast.

Data given on a seasonal basis can be deseasonalized by dividing them by the appropriate
seasonal index. Once this has been done they are labeled deseasonalized data. These data still
contain the trend, cyclical, and irregular components after this adjustment.

Seasonal Forecasts

Given a set of quarterly data for 3 years as given in Table 7, four more tables (Tables 7a—7d)]
are generated for seasonal and yearly average, seasonal indices, deseasonalized forecast, and
seasonalized forecasts.

2.5 Forecasting Error Analysis

One common method of evaluating forecast accuracy is termed mean absolute deviation (MAD)
from the procedure used in its calculation. For each available data point a comparison of the
forecasted value is made to the actual value. The absolute value of the differences is calculated.
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Table 7 Seasonal Sales Data

Year o, 9, 0s 0,
1 520 730 820 530

590 810 900 600
3 650 900 1000 650

Table 7a  Seasonal Data

Year 0, 0, 0, 0, Total Average
1 520 730 820 530 2600 650
2 590 810 900 600 2900 725
3 650 900 1000 650 3200 800
Total 1760 2440 2720 1780 — —
Average 586.0 813.6 906.7 593.3 — —
Table 7b  Seasonal Index
Year 0, 0, 0; 0, Total Average
1 0.800¢ 1.123 1.261 0.815 4.0
2 0.813% 1.117 1.241 0.828 4.0
3 0.812 1.125 1.250 0.812 4.0
Total 2.425 3.365 3.752 2.455 —
Average 0.808 1.122 1.251 0.818 4.0
2520/650 = 0.800. °590/725 = 0.813.
Table 7c  Deseasonalized Data (Unadjusted) and Forecast
Year, t 0, 0, 0, 0, Total Average
1 6434 650°¢ 655 648 2596 649
2 730° 720 719 733 2902 725
3 804 802 799 794 3199 800
4 876.67
5 F,=572.67 +76t 952.57
9520/0.808 = 643.7590/0.808 = 730. 730/1.125 = 650.
Table 7d  Reseasonalized Forecast (Adjusted) from Deseasonalized Data
Year, ¢ (Index) Q, (0.808) Q, (1.122) Q5 (1.251) Q,(0.818) Total Average
4 7074 982¢ 1095 716 — 876.67
5 769° 1068 1191 778 — 952.57

876.67 x 0.808 = 707.7952.67 X 0.808 = 769. °876.67 X 1.122 = 982.
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This absolute difference is then summed over all values and its average calculated to give the
evaluation:

MAD =

Sum of the absolute deviations 1 S
= S 2= ¥ (16)

Number of deviations
Alternative forecasts can be analyzed to determine the value of MAD and a comparison made
using this quantity as an evaluation criteria. Other criteria can also be calculated. Among these
are the mean square of error (MSE) and the standard error of the forecast (S,, ). These evaluation
criteria are calculated as )

N
MSE = %}Z(Y,. —¥)? (17)
i=1

and

S =

Xy

\/Z Y?—a) Y —a) Xy

N-2 (18)
In general, these techniques are used to evaluate the forecast, and then the results of the various
evaluations together with the data and forecasts are studied. Conclusions may then be drawn
as to which method is preferred or the results of the various methods compared to determine
what they in effect distinguish.

2.6 Conclusions on Forecasting

A number of factors should be considered in choosing a method of forecasting. One of the
most important factors is cost. The problem of valuing an accurate forecast is presented. If the
question “how will the forecast help and in what manner it will save money?” can be answered,
a decision can be made regarding the allocation of a percentage of the savings to the cost of the
forecasting process. Further, concern must be directed to the required accuracy of a forecast
to achieve desired cost reductions. Analysis of past data and the testing of the proposed model
using this historical data provide a possible scenario for hypothetical testing of the effects of
cost of variations of actual occurrences from the plan value (forecast).

In many cases an inadequate database will prohibit significant analysis. In others the
database may not be sufficient for the desired projection into the future. The answers to each
of these questions are affected by the type of product or service for which the forecast is to be
made as well as the value of the forecast to the planning process.

3 INVENTORY MODELS

3.1 General Discussion

Normally, items waiting to be purchased or sold are considered to be in inventory. One of the
most pressing problems in the manufacturing and sale of goods is the control of this inventory.
Many companies experience financial difficulties each year due to a lack of adequate control
in this area. Whether it is raw material used to manufacture a product or products waiting to
be sold, problems arise when too many or too few items are available. The greatest number of
problems arises when too many items are held in inventory.

The primary factor in the reduction of inventory costs is deciding when to order, how much
to order, and if back-ordering is permissible. Inventory control involves decisions by manage-
ment as to the source from which the inventory is to be procured and as to the quantity to be
procured at the time. This source could be from another division of the company handled as an
intrafirm transfer, outside purchase from any of a number of possible vendors, or manufacture
of the product in house.
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The basic decisions to be made once a source has been determined are how much to order
and when to order. Inherent in this analysis is the concept of demand. Demand can be known or
unknown, probabilistic or deterministic, constant or lumpy. Each of these characteristics affects
the method of approaching the inventory problem.

For the unknown demand case a decision must be made as to how much the firm is willing
to risk. Normally, the decision would be to produce some k units for sale and then determine
after some period of time to produce more or to discontinue production due to insufficient
demand. This amounts to the reduction of the unknown demand situation to one of a lumpy
demand case after the decision has been made to produce the batch of a finite size. Similarly, if
a decision is made to begin production at a rate of n per day until further notice, the unknown
demand situation has been changed to a constant known demand case.

Lumpy demand, or demand that occurs periodically with quantities varying, is frequently
encountered in manufacturing and distribution operations. It is distinguished from the known
demand case. This second case is that of a product that has historic data from which forecasts
of demand can be prepared. A factor of concern in these situations is the lead time and the unit
requirement on a periodic basis. The following are the major factors to be considered in the
modeling of the inventory situation.

Demand is the primary stimulus on the procurement and inventory system and it is the jus-
tification for its existence. Specifically, the system may exist to meet the demand of customers,
the spare parts demand of an operational weapons system, the demand of the next step in a
manufacturing process, etc. The characteristic of demand, although independent of the source
chosen to replenish inventories, will depend on the nature of the environment giving rise to the
demand.

The simplest demand pattern may be classified as deterministic. In this special case, the
future demand for an item may be predicted with certainty. Demand considered in this restricted
sense is only an approximation of reality. In the general case, demand may be described as a
random variable that takes on values in accordance with a specific probability distribution.

Procurement quantity is the order quantity, which in effect determines the frequency of
ordering and is related directly to the maximum inventory level.

Maximum shortage is also related to the inventory level.

Item cost is the basic purchase cost of a unit delivered to the location of use. In some
cases delivery cost will not be included if that cost is insignificant in relation to the unit cost.
(In these cases the delivery cost will be added to overhead and not treated as a part of direct
material costs.)

Holding costs are incurred as a function of the quantity on hand and the time duration
involved. Included in these costs are the real out-of-pocket costs, such as insurance, taxes,
obsolescence, and warehouse rental and other space charges, and operating costs, such as light,
heat, maintenance, and security. In addition, capital investment in inventories is unavailable for
investment elsewhere. The rate of return forgone represents a cost of carrying inventory.

The inventory holding cost per unit of time may be thought of as the sum of several cost
components. Some of these may depend on the maximum inventory level incurred. Others may
depend on the average inventory level. Still others, like the cost of capital invested, will depend
on the value of the inventory during the time period. The determination of holding cost per unit
for a specified time period depends on a detailed analysis of each cost component.

Ordering cost is the cost incurred when an order is placed. It is composed of the cost of
time, materials, and any expense of communication in placing an order. In the case of a man-
ufacturing model it is replaced by setup cost. Setup cost is the cost incurred when a machine’s
tooling or jigs and fixtures must be changed to accommodate the production of a different part
or product.
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Shortage cost is the penalty incurred for being unable to meet a demand when it occurs.
This cost does not depend on the source chosen to replenish the stock but is a function of the
number of units short and the time duration involved.

The specific dollar penalty incurred when a shortage exists depends on the nature of the
demand. For instance, if the demand is that of customers of a retail establishment, the shortage
cost will include the loss of goodwill. In this case the shortage cost will be small relative to the
cost of the item. If, however, the demand is that of the next step of a manufacturing process,
the cost of the shortage may be high relative to the cost of the item. Being unable to meet
the requirements for a raw material or a component part may result in lost production or even
closing of the plant. Therefore, in establishing shortage cost, the seriousness of the shortage
condition and its time duration must be considered.’

3.2 Types of Inventory Models

Deterministic models assume that quantities used in the determination of relationships for the
model are all known. These quantities are such things as demand per unit of time, lead time for
product arrival, and costs associated with such occurrences as a product shortage, the cost of
holding the product in inventory, and that cost associated with placing an order for product.

Constant demand is one case that can be analyzed within the category of deterministic
models. It represents very effectively the case for some components or parts in an inventory
that are used in multiple parents, these multiple parent components having a composite demand
that is fairly constant over time.

Lumpy demand is varying demand that occurs at irregular points in time. This type of
demand is normally a dependent demand that is driven by an irregular production schedule
affected by customer requirements. Although the same assumptions are made regarding the
knowledge of related quantities, as in the constant demand case, this type of situation is ana-
lyzed separately under the topic of materials requirements planning (MRP). This separation of
methodology is due to the different inputs to the modeling process in that the knowledge about
demand is approached by different methods in the two cases.

Probabilistic models consider the same quantities as do the deterministic models but treat
the quantities that are not cost related as random variables. Hence, demand and lead time have
their associated probability distributions. The added complexity of the probabilistic values
requires that these models be analyzed by radically different methods.

Definitions of Terms
The following terms are defined to clarify their usage in the material related to inventory that
follows. Where appropriate, a literal symbol is assigned to represent the term.

Inventory (I): Stock held for the purpose of meeting a demand either internal or external
to the organization.

Lead time (L): The time required to replenish an item of inventory by either purchasing
from a vendor or manufacturing the item in-house.

Demand (D): The number of units of an inventory item required per unit of time.

Reorder point (r): The point at which an order must be placed for the procured quantity to

arrive at the proper time or, for the manufacturing case, the finished product to begin
flowing into inventory at the proper time.

Reorder quantity (Q): The quantity for which an order is placed when the reorder point
is reached.
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Demand during lead time (D, ): This quantity is the product of lead time and demand. It
represents the number of units that will be required to fulfill demand during the time
that it takes to receive an order that has been placed with a vendor.

Replenishment rate (P): This quantity is the rate at which replenishment occurs when an
order has been placed. For a purchase situation it is infinite (when an order arrives,
in an instant the stock level rises from 0 to Q). For the manufacturing situation it is
finite.

Shortage: The units of unsatisfied demand that occur when there is an out-of-stock situa-
tion.

Back-order: One method of treating demand in a shortage situation when it is acceptable
to the customer. (A notice is sent to the customer saying that the item is out of stock
and will be shipped as soon as it becomes available.)

Lumpy demand: Demand that occurs in an aperiodic manner for quantities whose volume
may or may not be known in advance. Constant demand models should normally never
be used in a lumpy demand situation. The exception would be a component that is used
for products that experience lumpy demand but itself experiences constant demand.
The area of MRP was developed to deal with the lumpy demand situations.

3.3 The Modeling Approach

Modeling in operations research involves the representation of reality by the construction of a
model in one of several alternative ways. These models may be iconic, symbolic, or mathemat-
ical. For inventory models the latter is normally the selection of choice. The model is developed
to represent a concept whose relationships are to be studied. As much detail can be included in
a particular model as is required to effectively represent the situation. The detail omitted must
be of little significance to its effect on the model. The model’s fidelity is the extent to which it
accurately represents the situation for which it is constructed.

Inventory modeling involves building mathematical models to represent the interactions
of the variables of the inventory situation to give results adequate for the application at hand. In
this section treatment is limited to deterministic models for inventory control. Probabilistic or
stochastic models may be required for some analysis. References 2, 5, and 6 may be consulted
if more sophisticated models are required.

General

Using the terminology defined above, a basic logic model of the general case inventory situa-
tion will be developed. The objective of inventory management will normally be to determine
an operating policy that will provide a means to reduce inventory costs. To reduce costs a
determination must first be made as to what costs are present. The general model is as follows:

Cost of Cost of Cost of holding Cost of
Total cost = | . + . +( - . +
items ordering items in stock shortage
This cost is stated without a base period specified. Normally it will be stated as a per-period
cost with the period being the same period as the demand rate (D) period.

Models of Inventory Situations

Purchase Model with Shortage Prohibited. This model is also known as a infinite replenishment
rate model with infinite storage cost. This latter name results from the slope of the replenishment
rate line (it is vertical) when the order arrives. The quantity on hand instantaneously changes
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Figure 1 Basic inventory model with instantaneous replenishment.

from zero to Q. The shortage condition is preempted by the assignment of an infinite value to
storage cost (see Fig. 1).

For this case, for unit purchase price of C; dollars/unit, the item cost per period is sym-
bolically C;D. If the ordering cost is C, dollars/order, the lot ordering cost is (C,D)/Q. The
shortage cost is zero since shortage is prohibited and the inventory holding cost is (C,Q)/2.
The equation for total cost (TC) is then

D Q
TC(Q):CiD+<§> Cp+<5> c, (19)

Analysis of this model reveals that the first component of cost, the cost of items, does not
vary with Q. (Here we are assuming a constant unit cost; purchase discounts models are covered
later.) The second component of cost, the cost of ordering, will vary on a per-period basis with
the size of the order (Q). For larger values of Q, the cost will be smaller since fewer orders will
be required to receive the fixed demand for the period. The third component of cost, cost of
holding items in stock, will increase with increasing order size Q and conversely decrease with
smaller order sizes. The fourth component of cost, cost of shortage, is affected by the reorder
point. It is not affected by the order size and for this case shortage is not permitted.

This equation is essentially obtained by determining the cost of each of the component
costs on a per cycle basis and then dividing that expression by the number of periods per cycle
(Q/D). To obtain the extreme point(s) of the function, it is necessary to take the derivative of
TC(Q) with respect to Q, equate this quantity to zero, and solve for the corresponding value(s)
of Q. This yields

0= _% + ﬂ
Q? 2
or
. 2CpD
0= C, (20)
and
L=DT 21

Inspection of the sign of the second derivative of this function reveals that the extreme point is
a minimum. This fits the objective of the model formulation. The quantity to be ordered at any
point in time is then O and the time to place the order will be when the inventory level drops
to r (the units consumed during the lead time for receiving the order).
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Figure 2 Model with shortage permitted.

Purchase Model with Shortage Permitted. This model is also known as an infinite replen-
ishment rate model with finite shortage costs (see Fig. 2). For this model the product cost and
the ordering cost are the same as for the previous model:

c,D
CD+——
Q

The holding cost is different, however. It is given by
C,[Q — (DL - )P
20

This represents the unit periods of holding per cycle times the holding cost per unit period. The
unit periods of holding is obtained from the area of the triangle whose altitude is Q — (DL — r)
and whose base is the same quantity divided by the slope of the hypotenuse. In the same manner
the unit periods of shortage is calculated. For that case the altitude is DL — r and the base is
DL — r divided by D. The shortage cost component is then

C,(DL - r)?

20
The total cost per period is given by

D [Q—(DL-1)?
TC(Q, DL-7r)=C,D + <§> C,+ {T}Ch

- (DL - n))?
Jfle-oL-nr )
20 ’

Note that the quantity DL — r is used as a variable. This is done for the purposes of amplifying
the equations that result when the partial derivatives are taken for the function. Taking these
derivatives and solving the resulting equations simultaneously for the values of Q and DL —r
yields the following relationships:

2C,D N C¢,D

C, Cc

s

. 2€,C,D
L=bDL—|—21 (24)
C,(C,+C,)

o= (23)
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Figure 3 Manufacturing model with no shortage.

Manufacturing Model with Shortage Prohibited. This model is also known as a finite
replenishment rate model with infinite storage costs. Figure 3 illustrates the situation,

expressed as
R 2C,D -
°=\Vca-o/m )

r=DL (26)

Manufacturing Model with Shortage Permitted. This model is also known as a finite replenish-
ment rate model with finite shortage costs. It is the most complex of the models treated here as
it is the general case model. All of the other models can be obtained from it by properly defin-
ing the replenishment rate and shortage cost. For example, the purchase model with shortage
prohibited is obtained by defining the manufacturing rate and the storage cost as infinite. Upon
doing this, the equations reduce to those appropriate for the stated situation (see Fig. 4). For
this model the expressions for Q and r are

I 2,0 2C,D .

1-D/P ¢, "¢ 7)
2C,D(1 - D/P)

#=DL | —2— (28)
C.(1+C,/C,)

Models for Purchase Discounts

MODELS FOR PURCHASE DiscounTs wiTH FIXeED HOLDING CosT. In this situation, the holding cost
(C,,) is assumed to be fixed, not a function of unit costs. A supplier offers a discount for ordering
a larger quantity. The normal situation is as shown in Table 8.

0
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Figure 4 Manufacturing models with shortage permitted.

Table 8 Purchased Quantity for Different Price

Range of Quantity Purchased Price, C,
1-gq, G
g, =1-q G
g, =1—gq, Cy
qm—l =1- qm Cm

The decision maker must apply the appropriate economic order quantity (EOQ) purchase
model, either finite or zero shortage (infinite storage) cost. Upon choice of the appropriate
model the following procedure will apply:

1.
2.

Evaluate Q and calculate TC(Q).

Evaluate TC(g;_,), where g;_, is the smallest quantity in the price break interval above
that interval where ¢ lies.

. If TC(g) < TC(g;,) the ordering quantity will be §. If not, go to step 4.
. Since the total cost of the minimum quantity in the next interval above that interval

containing ¢ is a basic amount, an evaluation must be made successively of total costs
of the minimum quantities in the succeeding procurement intervals until one reflects on
increase in cost or the last choice is found to be the minimum.
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Example 6 Discounted Inventory Model. In a situation where shortage is not permitted, the
ordering cost is $50, the holding cost is $1 per unit year, and the demand is 10,000 units/year:

. [2cp
0= C” =1/ 2($50)110’ 000 _ 1000 units

C,0
2

TC(Q) = C.D + C

+ P

QI

TC(Q) = $20(10,000) + $1 <w> +$50 $810,000 = $201, 000/year
2 1,000
The question is whether the smaller quantity in the next discount interval (1200—1799) gives a
lower total cost (see Table 9):

1200

TC(1200) = $18(10,000) + $1 (<5 ) +550 < 10,000

1800

Since this is a lower cost, an evaluation must be made of the smallest quantity in the next
interval, 1800:

>=$181,033

10,000
1800
Since there are no further intervals for analysis, this is the lowest total cost and its associated
g, 1800, should be chosen as the optimal Q The total cost function for this model is shown in

Fig. 5.

QuANTITY D1SCOUNT MODEL WITH VARIABLE HOLDING CosT. In this case, the holding cost
is variable with unit cost, i.e., C,, = KC;. Again, the appropriate model must be chosen for
shortage conditions. For the zero shortage case

. 2C,D ,
0= XC, (29)

To obtain the optimal value of Q in this situation, the following procedure must be followed:

TC(1800) = 16.50(10,000) + $1 <&200> + $50 < > = $166, 175

1. Evaluate Q using the expression above and the item cost for the first interval.

a. If the value of O falls within the interval for C,, use this TC(Q) for the smallest cost
in the interval.

b. If Q is greater than the maximum quantity in the interval, use Q, ., where Q, . is
the greatest quantity in the interval, and evaluate TC(Q,,,,) as the lowest cost point in
the interval.

Table 9  Discounted Price Range

0 G

0-500 22.00
501-1199 20.00
1200-1799 18.00

1800—00 16.50
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Figure 5 Total cost function for a quantity discount model with fixed holding cost.

c. If Q is less than the smallest Q in the interval, use Q,;,, where Q.. is the smallest

quantity in the interval, as the best quantity and evaluate TC(Q,

min

min)'

2. For each cost interval follow the steps of part 1 of the procedure to evaluate best values
in the interval.

3. Choose the minimum total cost from the applications of steps 1 and 2.

Example 7 Quantity Discounted Model with Variable Holding Cost. Using the same data as
the Example 6, assume C;, = 0.05C;:

A [2(50)10,000 .
=1/ ————— =990 units/ord
0 0.0522) 990 units/order

Since 990 > 500, the smallest cost in the interval will be at

TC(1000) = 22.00(10,000) + $1 (5—(2)0> +$50 < 195’(?(?0>

= 220,000 + 250 + 1000 = $221, 250

Using the second interval,

0= % = 1000 units/order

Since this value falls within the interval, TC(1000) is calculated

1000 10,000
TC(1 =20(1 1(—— = $201
C(1000) = 20(10,000) + $ ( > >+50< 1000 > $201, 000
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For the next interval (1201-1799), C; = 18.00 and

.~ [2(50)10000 .
= 20001050 units/ord
@ =1/ 0.05(18.00) units/order

(which falls outside the interval to the left). Hence, the smallest quantity in the interval will be
used. This is lower than either interval previously evaluated. For the next interval

0= 26010000 L 1101 ynits
0.05(16.50)

Hence, the smallest quantity in the interval must be used:

TC(1800) = 16.50(10,000) + $1 (182£> +$50 < 1%’(%”)

= 165,000 + 900 + 272 = $166, 172

This is the last interval for evaluation and yields the lowest total cost; hence, it is chosen.
Where the previous total cost function for fixed holding cost was a segmented curve with offsets,
this is a combination of different curves, each valid over a specific range. In the case of the fixed
holding cost, it had only one minimum point, yet the offsets in the total cost due to changes
in applicable unit cost in an interval could change the overall minimum. In this situation, there
are different values of Q for each unit price. The question becomes whether the value of Q falls
within the price domain. If it does, the total cost function is evaluated at that point; if not, a
determination must be made as to whether the value of Q lies to the left or right of the range.
If it is to the left, the smallest value in the range is used to determine the minimum cost in the
range. If it is to the right, the maximum value in the range is used.

Conclusions Regarding Inventory Models

The discussion here has covered only a small percentage of the class of deterministic inventory
models, although these models represent a large percentage of applications. Should the models
discussed here not adequately represent the situation under study, further research should be
directed at finding a model with improved fidelity for the situation. Other models are covered
in Refs. 2 and 7.

4 AGGREGATE PLANNING—MASTER SCHEDULING

Aggregate planning is the process of determining overall production, inventory, and workforce
levels that are required to meet forecasted demand over a finite time horizon while trying to
minimize the associated production, inventory, and workforce costs. Inputs to the aggregate
planning process are forecasted demand for the products (either aggregated or individual); out-
puts from aggregate planning after desegregation into the individual products are the scheduled
end products for the master production schedule. The time horizon for aggregate planning nor-
mally ranges from 6 to 18 months, with a 12-month average.

The difficulties associated with aggregate planning are numerous. Product demand fore-
casts vary widely in their accuracy; the process of developing a suitable aggregate measure
to use for measuring the value or quantity of production in a multiple product environment is
not always possible; actual production does not always meet scheduled production; unexpected
events, including material shortages, equipment breakdowns, and employee illness, occur. Nev-
ertheless, some form of aggregate planning is often required because seldom is there a match
between the timing and quantity for product demand versus product manufacture. How the
organization should staff and produce to meet this imbalance between production and fluctuat-
ing demand is what aggregate planning is about.®
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4.1 Alternative Strategies to Meet Demand Fluctuations

Manufacturing managers use numerous approaches to meet changes in demand patterns for
both short and intermediate time horizons. Among the more common are the following:

1. Produce at a constant production rate with a constant workforce, allowing inventories
to build during periods of low demand, and supplying demand from inventories dur-
ing periods of high demand. This approach is used by firms with tight labor markets,
but customer service may be adversely affected and levels of inventories may widely
fluctuate between being excessively high to being out of stock.

2. Maintain a constant workforce, but vary production within defined limits by using over-
time, scheduled idle time, and potential subcontracting of production requirements. This
strategy allows for rapid reaction to small or modest changes in production when faced
with similar demand changes. It is the approach generally favored by many firms, if
overall costs can be kept within reasonable limits.

3. Produce to demand, letting the workforce fluctuate by hiring and firing, while trying
to minimize inventory carrying costs. This approach is used by firms that typically use
low-skilled labor where the availability of labor is not an issue. Employee morale and
loyalty, however, will always be degraded if this strategy is followed.

4.2 Aggregate Planning Costs
Aggregate planning costs can be grouped into one or more of the following categories:

1. Production costs. These costs include all of those items that are directly related to or
necessary in the production of the product, such as labor and material costs. Supplies,
equipment, tooling, utilities, and other indirect costs are also included, generally through
the addition of an overhead term. Production costs are usually divided into fixed and
variable costs, depending on whether the cost is directly related to production volume.

2. Inventory costs. These costs include the same ordering, carrying, and shortage costs
discussed in inventory models.

3. Costs associated with workforce and production rate changes. These costs are in addi-
tion to the regular production costs and include the additional costs incurred when new
employees are hired and existing employees are fired or paid overtime premiums. They
may also include costs when employees are temporarily laid off or given alternative
work that underutilizes their skills, or production is subcontracted to an outside vendor.

4.3 Approaches to Aggregate Planning

Researchers and practitioners alike have been intrigued by aggregate planning problems, and
numerous approaches have been developed over the decades. Although difficult to categorize,
most approaches can be grouped as in Table 10.

Optimal formulations take many forms. Linear programming models are popular formula-
tions and range from the very basic, which assume deterministic demand, a fixed workforce, and
no shortages, to complicated models that use piecewise linear approximations to quadratic cost
functions, variable demand, and shortages.”~!3 The linear decision rule (LDR) technique was
developed in an extensive project and is one of the few instances where the approach was imple-
mented.”-4~16 Nevertheless, due to the very extensive data collection, updating, and processing
requirements to develop and maintain the rules, no other implementation has been reported.
Lot size models usually are either of the capacitated (fixed capacity) or uncapacitated (variable
capacity) variety.!”-!8 Although a number of lot size models have been developed and refined,
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Table 10  Classification of Aggregate Planning Approaches

Original Nonoptimal

Linear programming Search techniques

Linear decision rule Simulation models

Lot size models Production switching heuristics
Goal programming Management coefficient models

Other analytical aspects —

Source. Modified from Ref. 7.

including some limited implementation, computational complexity constrains consideration to
relatively small problems.!® Goal programming models are attempts at developing more real-
istic formulations by including multiple goals and objectives. Essentially these models possess
the same advantages and disadvantages of Linear Programming (LP) models, with the addi-
tional benefit of allowing tradeoffs among multiple objectives.?%-2! Other optional approaches
have modeled the aggregate planning problem using queueing,?> dynamic programming,?3-2°
and Lagrangian techniques.?®-?’

Nonoptional approaches have included the use of search techniques (ST), simulation mod-
els (SM), production switching heuristics (PSH), and management coefficient models (MCM).
STs involve first the development of a simulation model that describes the system under study to
develop the system’s response under various operating conditions. A standard search technique
is then used to find the parameter settings that maximize or minimize the desired response.?8-2°
SMs also develop a model describing the firm, which is usually run using a restricted set of
schedules to see which performs best. SMs allow the development of very complex systems
but computationally may be so large as to disallow exhaustive testing.>

PSHs were developed to avoid frequent rescheduling of workforce sizes and production
rates. For example, the production rate P in period ¢ is determined by Hwang and Cha?':

L if F,-I_ <N-C
P,=4H if F,-I,_ >N-A (30)
N if otherwise
where F, = demand forecast for period #
I,_, = netinventory level (inventory on hand minus back order) at the beginning of
period ¢

L = low-level production rate

N = normal-level production rate

H = high-level production rate

A = minimum acceptable target inventory level

C = maximum acceptable target inventory level

Although this example shows three levels of production, fewer or more levels could be speci-
fied. The fewer the levels, the less rescheduling and vice versa. However, with more levels, the
technique should perform better because of its ability to better track fluctuations in demand and
inventory levels. MCMs were developed by attempting to model and duplicate management’s
past behavior.!! However, consistency in past performance is required before valid models can
be developed, and it has been argued that if consistency is present, the model is not required.*?
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4.4 Levels of Aggregation and Disaggregation

It should be obvious from the previous discussion that different levels of aggregation and dis-
aggregation can be derived from use of the various models. For example, many of the linear
programming formulations assume aggregate measures for multiple production and demand
units such as production hours, and provide output in terms of the number of production hours
that must be generated per planning period. For the multiple-product situation, therefore, a
scheduler at the plant level would have to disaggregate this output into the various products
by planning periods to generate the master production schedule. However, if data were avail-
able to support it, a similar, albeit more complex, model could be developed that considered
the individual products in the original formulation, doing away with the necessity of deseg-
regation. This is not often done because of the increased complexity of the resultant model,
the increased data requirements, and the increased time and difficulty in solving the formula-
tion. Also, aggregate forecasts that are used as input to the planning process are generally more
accurate than forecasts for individual products.

A major task facing the planner, therefore, is determining the level of aggregation and
desegregation required. Normally this is determined by the following:

1. The decision requirements and the level of detail required. Aggregate planning at a
corporate level is usually more gross than that done at a division level.

2. The amount, form, and quality of data available to support the aggregate planning pro-
cess. The better the data, the better the likelihood that more complex models can be
supported. Complex aggregate models may also require less desegregation.

3. The timing frequency and resources available to the planner. Generally, the more repet-
itive the planning, the simpler the approach becomes. Data and analysis requirements
as well as analyst’s capabilities significantly increase as the complexity of the approach
increases.

4.5 Aggregate Planning Dilemma

Although aggregate planning (AP) models have been available since 1955 and many variations
have been developed in the ensuing decades, few implementations of these models have been
reported. Aggregate planning is still an important production planning process, but many man-
agers are unimpressed by the modeling approach. Why is that? One answer is that AP occurs
throughout the organizational structure but is done by different individuals at different levels in
the organization for different purposes. For example, a major AP decision is that of plant capac-
ity, which is a constraint on all lower-level AP decisions. Determinations of if and when new
plant facilities are to be added are generally corporate decisions and are made at that level. How-
ever, input for the decision comes from both division and plant levels. Division-level decision
makers may then choose between competing plant facilities in their AP process in determining
which plants will produce which quantity of which products within certain time frames, with
input from the individual plant facilities. Plant-level managers may aggregate plan their produc-
tion facilities for capacity decisions, but then must disaggregate these into a master production
schedule for their facility that is constrained by corporate and division decisions.

Most models developed to date do not explicitly recognize that aggregate planning is a
hierarchical decision-making process performed on different levels by different people. There-
fore, AP is not performed by one individual in the organization, as implicitly assumed by many
modeling approaches, but by many people with different objectives in mind.

Other reasons that have been given for the lack of general adoption of AP models include:

1. The AP modeling approach is viewed as a top-down process, whereas many organiza-
tions operate AP as a bottom-up process.
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2. The assumptions to use many of the models, such as linear cost structures, the aggrega-
tion of all production into a common measure, or all workers are equal, are too simplistic
or unrealistic.

3. Data requirements are too extensive or costly to obtain and maintain.

4. Decision makers are intimidated by or unwilling to deal with the complexity of the
models’ formulations and required analyses.

Given this, therefore, it is not surprising that few modeling approaches have been adopted
in industrial settings. Although research continues on AP, there is little to indicate any signifi-
cant modeling breakthrough in the new future that will dramatically change this situation. One
direction, however, is to recognize the hierarchical decision-making structure of AP, and to
design modeling approaches that utilize it. These systems may be different for different orga-
nizations and will be difficult to design, but currently appear to be one approach for dealing
with the complexity necessary in the aggregate planning process if a modeling approach is to
be followed. For a comprehensive discussion of hierarchical planning systems, see Ref. 33.

S MATERIALS REQUIREMENTS PLANNING

Materials requirements planning is a procedure for converting the output of the aggregate plan-
ning process, the master production schedule, into a meaningful schedule for releasing orders
for component inventory items to vendors or to the production department as required to meet
the delivery requirements of the master production schedule. It is used in situations where the
demand for a product is irregular and highly varying as to the quantity required at a given
time. In these situations the normal inventory models for quantities manufactured or purchased
do not apply. Recall that those models assume a constant demand and are inappropriate for
the situation where demand is unknown and highly variable. The basic difference between
the independent and dependent demand systems is the manner in which the product demand is
assumed to occur. For the constant demand case it is assumed that the daily demand is the same.
For dependent demand a forecast of required units over a planning horizon is used. Treating the
dependent demand situation differently allows the business to maintain a much lower inven-
tory level in general than would be required for the same situation under an assumed constant
demand. This is so because the average inventory level will be much less in the case where MRP
is applied. With MRP, the business will procure inventory to meet high demand just in advance
of the requirement and at other times maintain a much lower level of average inventory.

Basic Definitions of Terms

Available units: Units of stock that are in inventory and are not in the category of buffer
or safety stock and are not otherwise committed.

Gross requirements: The quantity of material required at a particular time that does not
consider any available units.

Inventory unit: A unit of any product that is maintained in inventory.

Lead time: The time requirement for the conversion of inventory units into required sub-
assemblies or the time required to order and receive an inventory unit.

MRP (materials requirements planning): A method for converting the end item sched-

ule for a finished product into schedules for the components that make up the final
product.

MRP-II (manufacturing resources planning): A procedural approach to the planning of
all resource requirements for the manufacturing firm.
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Net requirements: The units of a requirement that must be satisfied by either purchasing
or manufacturing.

Product structure tree: A diagram representing the hierarchical structure of the product.
The trunk of the tree would represent the final product as assembled from the sub-
assemblies, and inventory units that are represented by level one, which come from
subsubassemblies, and inventory units that come from the second level and so on ad
infinitum.

Scheduled receipts: Material that is scheduled to be delivered in a given time bucket of
the planning horizon.

Time bucket: The smallest distinguishable time period of the planning horizon for which
activities are coordinated.

5.1 Procedures and Required Inputs

The master production schedule is a schedule devised to meet the production requirements for
a product during a given planning horizon. It is normally prepared from fixed orders in the
short run and product requirements forecasts for the time past for which firm product orders
are available. This master production schedule together with information regarding inventory
status and the product structure tree and/or the bill of materials are used to produce a planned
order schedule. An example of a master production schedule is shown in Table 11.

An MRP schedule is the basic document used to plan the scheduling of requirements for
meeting the NTS. An example is shown in Table 12. Each horizontal section of this schedule
is related to a single product, part, or subassembly from the product structure tree. The first
section of the first form would be used for the parent product. The following sections of the
form and required additional forms would be used for the children of this parent. This process
is repeated until all parts and assemblies are listed.

To use the MRP schedule, it is necessary to complete a schedule first for the parent part.
Upon completion of this level-zero schedule the bottom line becomes the input into the sched-
ule for each child of the parent. This procedure is followed until such time each component,
assembly, or purchased part has been scheduled for ordering or production in accordance with
the time requirements and other limitations that are imposed by the problem parameters. Note
that if a part is used at more than one place in the assembly or manufacture of the final product,
it has only one MRP schedule, which is the sum of the requirements at the various levels. The
headings of the MRP schedule are as follows:

Item code. The company-assigned designation of the part or subassembly as shown on the
product structure tree or the bill of materials.

Level code. The level of the product structure tree at which the item is introduced into the
process. The completed product is designated level 0, subassemblies or parts that go together

Table 11  Master Production Schedule for Given Product

Part Number Quantity Needed Due Date
A000 25 3
A000 30 5
A000 30 8
A000 30 10
A000 40 12

A000 40 15
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Table 12  Example MRP Schedule Format

Item Level Lot

Code

Code

Lead
Time On Saftey
Size (weeks) Hand Stock Allocated 1 23 456 78 9 10 11 12
Gross requirements
Scheduled receipts
Available

Net requirements

Planned order receipts
Planned order releases

Gross requirements
Scheduled receipts Available
Net requirements

Planned order receipts
Planned order releases

Gross requirements
Scheduled receipts

Available

Net requirements

Planned order receipts
Planned order releases

Gross requirements
Scheduled receipts Available
Net requirements

Planned order receipts
Planned order releases

to make up the completed product are level 1, subsubassemblies and parts that make up level 1
subassemblies are level 2, etc.

Lot size. The size of the lot that is purchased when an order is placed. This quantity may
be an economic order quantity or a lot-for-lot purchase. (This later expression is used for a
purchase quantity equal to the number required and no more.)

Lead time. The time required to receive an order from the time the order is placed. This
order may be placed internally for manufacturing or externally for purchase.

On hand. The total of all units of stock in inventory.

Safety stock. Stock on hand that is set aside to meet emergency requirements.

Allocated stock. Stock on hand that has been previously allocated for use such as for repair
parts for customer parts orders.

The rows related to a specific item code are designated as follows:

Gross requirements. The unit requirements for the specific item code in the specific time
bucket, which is obtained from the master production schedule for the level code O items. For
item codes at levels other than level code 0O, the gross requirements are obtained from the
planned order releases for the parent item. Where an item is used at more than one level in
the product, its gross requirements would be the summation of the planned order releases of
the items containing the required part.

Scheduled receipts. This quantity is defined at the beginning of the planning process for
products that are on order at that time. Subsequently, it is not used.

Available. Those units of a given item code that are not safety stock and are not dedicated
for other uses.



80 Production Planning

Net requirements. For a given item code this is the difference between gross requirements
and the quantity available.

Planned order receipts. An order quantity sufficient to meet the net requirements, which
are determined by comparing the net requirements to the lot size (ordering quantity) for the
specific item code. If the net requirements are less than the ordering quantity, an order of the
size shown as the lot size will be placed; if the lot size is LFL (lot-for-lot), a quantity equal to
the net requirements will be placed.

Planned order releases. This row provides for the release of the order discussed in planned
order receipts to be released in the proper time bucket such that it will arrive appropriately to
meet the need of its associated planned order receipt. Note also that this planned order release
provides the input information for the requirements of those item codes that are the children of
this unit in subsequent generations if such generations exist in the product structure.

Example 8 Material Requirement Planning (see Ref. 1). To offer realistic problems, consider
the following simple product. If you were a cub scout, you may remember building and racing
a little wooden race car. Such cars come 10 in a box. Each box has 10 preformed wood blocks,
40 wheels, 40 nails for axles, and a sheet of 10 vehicle number stickers. The problem is the
manufacture and boxing of these race car kits. An assembly explosion and manufacturing tree
are given in Figs. 6 and 7.

Studying the tree indicates four operations. The first is to cut 50 rough car bodies from a
piece of lumber. The second is to plane and slot each car body. The third is to bag 40 nails and
wheels. The fourth is to box materials for 10 race cars.

The information from the production structure tree for the model car together with avail-
able information regarding lot sizes, lead time, and stock on hand is posted in the MRP schedule
format to provide information for analysis of the problem. In the problem, no safety stock was
prescribed and no stock was allocated for other use. This information allowed the input into the
MRP format of all information shown below for the eight item codes of the product. The single
input into the right side of the problem format is the MPS for the parent product, AO00. With
this information each of the values of the MRP schedule can be calculated. Note that the output
(planned order releases) of the level O product multiplied by the requirements per parent unit
(as shown in parentheses at the top right corner of the child component, in the product structure
tree) becomes the gross requirements for the (or each) child of the parent part.

2

@o®

Figure 6 Diagram for model car indicating all parts.?



Level

5 Materials Requirements Planning 81

Box of 10
car kits
A000
[(10) [ o
Finished Bag of nails
wood body and wheels
A100 A300
|
Rough
wood body
A110
| (1/50) (1) (40) (40) () (1)
Lumber Number Nails Wheels Plastic Packing
A111 stickers A311 A312 bags box
A211 A313 A411

Figure 7 Product structure tree.

Calculations. As previously stated, the gross requirements come from either the MPS (for

the parent part) or the calculation of the planned order releases for the parent part
times the per-unit requirement of the current child, per parent part. The scheduled
receipts are receipts scheduled from a previous MRP plan. The available units are
those on hand from a previous period plus the scheduled receipts from previous MRP.
The net requirements are gross requirements less the available units. If this quantity
is negative, indicating that there is more than enough, it is set to zero. If it is positive,
it is necessary to include an order in a previous period of quantity equal to or greater
than the lot size, sufficient to meet the current need. This is accomplished by backing
up a number of periods equal to the lead time for the component and placing an order
in the planned order releases now that is equal to or greater than the lot size for the
given component.

Scheduled receipts and planned order receipts are essentially the arrival of product. The

distinction between the two is that scheduled receipts are orders that were made on
a previous MRP plan. The planned order receipts are those that are scheduled on
the current plan. Further, to keep the system operating smoothly, the MRP plan must
be reworked as soon as new information becomes available regarding demand for
the product for which the MPS is prepared. This essentially, provides an ability to
respond and to keep materials in the pipeline for delivery. Without updating, the sys-
tem becomes cumbersome and unresponsive. For example, most of the component
parts are exhausted at the end of the 15-week period; hence, to respond in the six-
teenth week would require considerable delay if the schedule were not updated. The
results of this process are shown in Tables 13, 14, and 15.

The planned order release schedule (Table 16) is the result of the MRP procedure.
It is essentially the summation of the bottom lines for the individual components from
the MRP schedules. It displays an overall requirement for meeting the original master
production schedule.
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Table 16  Planned Ordered Release Schedule Week

Week
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

A000 50 50 50 50
A100 400 500 500 500

A300 50
Al110 500 500 500

Alll 10 10 10

A211

A311 2000

A312 2000

A313 500

A411

Note: An advance order of 200 units of item 110 would have to have been made on a previous MRP schedule.

5.2 Lot Sizing Techniques

Several techniques are applicable to the determination of the lot size for the order. If there are
many products and some components are used in several products, it may be that demand for
that common component is relatively constant. If that is the case, EOQ models such as those
used in the topic on inventory can be applied.

The periodic order quantity (POQ) is a variant of the EOQ where a nonconstant demand
over a planning horizon is averaged. This average is then assumed to be the constant demand.
Using this value of demand, the EOQ is calculated. The EOQ is divided into the total demand
if demand is greater than EOQ. This resultant figure gives the number of inventory cycles for
the planning horizon. The actual forecast is then related to the number of inventory cycles and
the order sizes are determined.

Example 9 Periodic Order Quantity. Given the data in Table 17 for a product that is purchased,
assume that holding cost is $10 per unit year. Order cost is $25. Calculate the POQ. No shortage
is permitted.

Using the basic EOQ formula,

. [2cD
0= Cf; = 2625??(9) X 32) = 86.9 ~ 87 units/order

D d (unit 12 k
N = eman (1.1n1 s per 12 weeks) = —348 =4 orders per 12 weeks
Units per order 87

Lot for lot is the approach to the variable demand situation, which merely requires that
an order size equal to the required number of products be placed. The first order would be
25 + 29 4+ 34 = 88 units. The second would be 26 + 24 + 32 = 82 units. The third and fourth
orders would be 81 and 97, respectively.

Table 17

Week I 2 3 4 5 6 7 8 9 10 11 12 D
Demand 25 29 34 26 24 32 28 25 28 35 32 30 29
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It is coincidental that the number of orders turned out to be an integer. Had a noninteger
occurred, it could be rounded to the nearest integer. An economic evaluation can be made if
costs are significant, of which rounding (up or down) would yield the lower cost option. Other
methods exist in the area of lot sizing.

5.3 Beyond Materials Requirements Planning

The desired output of MRP systems is the creation of a master schedule showing the
time-phased production of all parts and components as well as the timing of ordering of all raw
materials and components necessary to meet the forecasted product demand. Unfortunately,
MRP systems do not have capacity planning capabilities to ensure that generated schedules
are feasible. What evolved to remedy this deficiency was the development of manufacturing
resource planning systems (referred to as MRP-II, or closed-loop systems), which make it
possible to consider production capacity and supply constraints in generating integrated,
feasible production schedules. Further enhancements often include shop floor control systems,
which can track and monitor the execution of the production schedules and develop more
effective and cost-efficient production systems. More recently (see Rondeau and Littral3*),
these additions have included manufacturing execution systems (MES), which are interfaces
between shop floor control systems and the MRP-II system to provide not only control but
some optimization capabilities with respect to the use of equipment and resultant schedules.

The growth in the features provided by these MRP-II systems with or without enhance-
ments, however, does come at a price, in both actual dollars and added complexity. There is also
the problem that while these systems are very powerful, the flexibility and capability to react
to changes in the production environment because of changes in the product, improvements
in materials, or stability of vendors and customers is less than that required for many modern,
agile production environments. Global competition likewise has demanded that manufacturing
firms be flexible and capable of quickly modifying product specifications and processes. Thus,
the same or similar products may be produced in multiple facilities and used by customers from
different cultures with different expectations.

To be successful in this environment, the most commonly found management outlook
today appears to be customer oriented and directed toward what is known as supply chain
management (SCM). SCM is used to describe the inherent linkages that exist among all of the
activities of a manufacturing organization and systems and procedures that can be used to align
all units of the organization so that it can be managed for overall common objectives.

A tool used in managing supply chains is enterprise resource planning (ERP). This soft-
ware system is designed to integrate and optimize a variety of business processes across the
entire manufacturing firm, which may include multiple sites, products, and facilities. This
includes activities such as managing human resources, financial and accounting functions, sales
and distribution, and inventory and manufacturing.>> ERP evolved from MRP-II and generally
contains three key features that go beyond MRP-II. First, ERP includes a variety of business
functions, such as purchasing, sales, manufacturing, distribution, and accounting. Second, the
functions are integrated so that information or data used by one activity is linked to any other
activities that use that same data. More importantly, when data are entered or changed in one
of the functions, it also is changed in any other function that may need or use that data. Third,
each of the functions is modular in nature and can be implemented in any combination with
any other business function.®® This modularity and integration provides a stable information
technology platform, which allows for relatively easy expansion, contraction, changes, and
updates in information requirements as the business itself changes. None of this, of course,
is simple, inexpensive, or easy to implement. Commitment to implement an ERP system is a
strategic business decision and is done only after extensive study with decisions being made at
the highest level in the organization.3
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6 JOB SEQUENCING AND SCHEDULING

Sequencing and scheduling problems are among the most common situations found in service
and manufacturing facilities. Determining the order and deciding when activities or tasks should
be done are part of the normal functions and responsibilities of management and, increasingly,
of the employees themselves. These terms are often used interchangeably, but it is important to
note the difference. Sequencing is determining the order of a set of activities to be performed,
whereas scheduling also includes determining the specific times when each activity will be
done. Thus, scheduling includes sequencing, i.e., to be able to develop a schedule for a set of
activities you must also know the sequence in which those activities are to be completed.?’

6.1 Structure of the General Sequencing Problem

The job sequencing problem is usually stated as follows: Given n jobs to be processed on n
machines, each job having a setup time, processing time, and due date for the completion of
the job, and requiring processing on one or more of the machines, determine the sequence for
processing the jobs on the machines to optimize the performance criterion. The factors used to
describe a sequencing problem are:

1. The number of machines in the shop, m

2. The number of jobs, n

3. The type of shop or facility, i.e., job shop or flow shop

4. The manner in which jobs arrive at the shop, i.e., static or dynamic

5. The performance criterion used to measure the performance of the shop
Usual assumptions for the sequencing problem include:

1. Setup times for the jobs on each machine are independent of sequence and can be

included in the processing times.
2. All jobs are available at time zero to begin processing.
3. All setup times, processing times, and due dates are known and are deterministic.

4. Once a job begins processing on a machine, it will not be preempted by another job on
that machine.

5. Machines are continuously available for processing, i.e., no breakdowns occur.
Commonly used performance criteria include the following:

1. Mean flow time (F)—the average time a set of jobs spends in the shop, which includes
processing and waiting times.

2. Mean idle time of machines—the average idle time for the set of machines in the shop.

3. Mean lateness of jobs (L)—the difference between the actual completion time (Cj) for
a job and its due date (d)), i.e., L; = C; —d;. A negative value means that the job is
completed early. Therefore,

- G C—d

L=y - 31)
. n
j-1

4. Mean tardiness of jobs (7)—the maximum of O or its value of lateness, i.e.,
Tj = max{0, L.}. Therefore,

—_ & max {0, Lj}
T= _ (32)
=1 n

J
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. Mean number of jobs late.
. Percentage of jobs late.
. Mean number of jobs in the system.

L X N W

. Variance of lateness (Si)—for a set of jobs and a given sequence, the variance calculated
for the corresponding Lj’s; ie.,
" (L — Ly

> (33)

. n—1

Jj=1

The following material covers the broad range of sequencing problems from the simple to

the complex. The discussion begins with the single machine problem and progresses through
multiple machines. It includes quantitative and heuristic results for both flow shop and job shop
environments.

6.2 Single-Machine Problem

In many instances the single-machine sequencing problem is still a viable problem. For
example, if one were trying to maximize production through a bottleneck operation, con-
sideration of the bottleneck as a single machine might be a reasonable assumption. For the
single-machine problem, i.e., n jobs/one machine, results include the following.

Mean Flow Time
To minimize the mean flow time, jobs should be sequenced so that they are in increasing shortest
processing time (SPT) order, that is,

I < I <--- < s (34)

Example 10 Shortest Processing Time (SPT). Given are the following jobs and processing
times (tj’s) for the jobs (see Table 18).

If the jobs are processed in the shortest processing time order, i.e., (4, 2, 1, 3), then the
completion times are given in Table 19. Therefore, F' = 60/4 = 15 days. Any other sequence
will only increase F. Proof of this is available in refs. 1, 37, and 38.

Table 18

Jobj 5 (days)
1 7

2 6

3 8

4 5
Table 19

Jobj T/ (days) C} (days)

5
11
18
26

4
2
1
3
26+ 00

03N
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Mean Lateness
As aresult of the definition of lateness, SPT sequencing will minimize mean lateness (L) in the
single-machine shop.

Weighted Mean Flow Time

The above results assumed that all jobs were of equal importance. What if, however, jobs
should be weighted according to some measure of importance. Some jobs may be more
important because of customer priority or profitability. If this importance can be mea-

sured by a weight assigned to each job, a weighted mean flow time measure, F,, can be
defined as S F
— Wi
F, = # (35)
Zj:l Wi

To minimize weighted mean flow time (—F,,), jobs should be sequenced in increasing order of
weighted shortest processing time, i.e.,
1 1 1
ﬂsl_zls...sﬂ (36)
Wi Wi Win

where the brackets indicate the first, second, etc., jobs in sequence.

Example 11 Weighted Shortest Processing. Consider the data in Table 20. If jobs 2 and
6 are considered three times as important as the rest of the job, what sequence should be
selected?

Solution
Job 1 2 3 4 5 6
w; 1 3 1 1 1 3
T; / w; 20 9 16 6 15 8

Therefore, the job processing sequence should be 4, 6, 2, 5, 3, and 1.

Maximum Lateness/Maximum Tardiness

Other elementary results given without proof or example include the following. To minimize
the maximum job lateness (L,,,,) or the maximum job tardiness (7, ) for a set of jobs, the jobs
should be sequenced in order of nondecreasing due dates, i.e.,

dyy S dpgy <+ < dy (37

ax

Minimize the Number of Tardy Jobs
If the sequence above, known as the earliest due date sequence, results in zero or one tardy job,
then it is also an optional sequence for the number of tardy jobs, N;. In general, however, to

Table 20

Job 1 2 3 4 5 6
1; (days) 20 27 16 6 15 24
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find an optional sequence minimizing N, an algorithm attributed to Hodgson and Moore 3

can be used. The algorithm divides all jobs into two sets:

1. Set E, where all the jobs are either early or on time
2. Set T, where all the jobs are tardy

The optional sequence then consists of set E jobs followed by set 7" jobs. The algorithm is as
follows:

Step 1. Begin by placing all jobs in set E in nondecreasing due date order, i.e., earliest due
date order. Note that set T is empty.

Step 2. If no jobs in set E are tardy, stop; the sequence in set E is optional. Otherwise,
identify the first tardy job in set E, labeling this job k.

Step 3. Find the job with the longest processing time among the first £ jobs in sequence
in set E. Remove this job from set E and place it in set 7. Revise the job completion
times of the jobs remaining in set £ and go back to step 2 above.

Example 12 Tardy Jobs. Consider the data in Table 21.
Solution.
Step 1. E = {3,1,4,2}; T = {®}.
Step 2. Job 4 is first late job.
Step 3. Job 1 is removed from E:
E={3,42};T = {1}
Step 2. Job 2 is first late job.
Step 3. Job 2 is removed from
E=({3,4};T={1,2}
Step 2. No jobs in E are now late.

Therefore, optional sequences are (3, 4, 1, 2) and (3, 4, 2, 1).

6.3 Flow Shops

General flow shops can be depicted as in Fig. 8. All products being produced through these sys-
tems flow in the same direction without backtracking. For example, in a four-machine general
flow shop, product 1 may require processing on machines 1, 2, 3, and 4; product 2 may require
machines 1, 3, and 4; while product 3 may require machines 1 and 2 only. Thus, a flow shop
processes jobs much like a production line, but, because it often processes jobs in batches, it
may look more like a job shop.

Table 21

Job 5 (days) d/ (days)
1 10 14

2 18 27

3 2 4

4 6 16
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Machine 1 "7 Machine 2 "7 Machine 3 ": —JL Machine m
Input Output  Input Output Input Output Input Output

Figure 8 Product flow in a general flow shop.

Two Machines and n Jobs
The most famous result in sequencing literature is concerned with two machine flow shops
and is known as Johnson's sequencing algorithm.*® This algorithm will develop an optional
sequence using makespan as the performance criterion. Makespan is defined as the time
required to complete the set of jobs through all machines.

Steps for the algorithm are as follows:

1. List all processing times for the job set for machines 1 and 2.
2. Find the minimum processing time for all jobs.

3. If the minimum processing time is on machine 1, place the job first or as early as possible
in the sequence. If it is on machine 2, place that job last or as late as possible in the
sequence. Remove that job for further consideration.

4. Continue, by going back to step 2, until all jobs have been sequenced.

As an example, consider the five-job problem in Table 22. Applying the algorithm will
give an optional sequence of (2, 4, 5, 3, 1) through the two machines, with a makespan of 26
time units.

Three Machines and n Jobs
Johnson’s sequencing algorithm can be extended to a three-machine flow shop and may gener-
ate an optional solution with makespan as the criterion.

The extension consists of creating a two-machine flow shop from the three machines by
summing the processing times for all jobs for the first two machines for artificial machine 1,
and, likewise, summing the processing times for all jobs for the last two machines for artificial
machine 2. Johnson’s sequencing algorithm is then used on the two artificial machine flow shop
problem.

Example 13 Flow Shop Sequencing (Johnson’s Algorithm). Consider the three-machine flow
shop problem in Table 23. Forming the five jobs, two artificial machine problem gives the
results in Table 24.

Table 22
Job 1 2 3 4 5
Machine 1 (tij) 5 1 8 2 7

Machine 2 (z,,) 3 4 5 6 6
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Table 23
Processing Times

Job t; by &7
1 1 3 8
2 4 1 3
3 1 2 3
4 7 2 7
5 6 1 5

Table 24

1 1

Job . Ty

1 4 11

2 5 4

3 3 5

4 9 9

5 7 6

Therefore, the sequence using Johnson’s sequencing algorithm is (3, 1, 4, 5, 2). It has been
shown that the sequence obtained using this extension is optimal with respect to makespan if
any of the following conditions hold:

1. min 7;; > max t,;.
2. min 7;; > max 1.

3. If the sequence using {#,; #,;} only, i.e., the first two machines, is the same sequence
as that using only {tzj, t3j}, i.e., only the last two machines, as two, two-machine flow
shops.

The reader should check to see that the sequence obtained above is optimal using these
conditions.

More Than Three Machines

Once the number of machines exceeds three, there are few ways to find optimal sequences in a
flow shop environment. Enumeration procedures, like branch and bound, are generally the only
practical approach that has been successfully used, and then only in problems with five or less
machines. The more usual approach is to develop heuristic procedures or to use assignment

rules such as priority dispatching rules. See Section 6.5 on heuristics/priority dispatching rules
for more details.

6.4 Job Shops

General job shops can be represented as in Fig. 9. Products being produced in these systems
may begin with any machine or process, followed by a succession of processing operations on
any other sequence of machines. It is the most flexible form of production, but experience has
shown that it is also the most difficult to control and to operate efficiently.

Two Machines and n Jobs

Johnson’s sequencing algorithm can also be extended to a two-machine job shop to generate
optimal schedules when makespan is the criterion.
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Figure 9 General job shop.

The steps to do this are as follows:

Step 1. Divide the job set into four sets:
Set {A}—jobs that require only one processing operation and that on machine 1.
Set { B} —jobs that require only one processing operation and that on machine 2.

Set {AB}—jobs that require two processing operations, the first on machine 1, the second
on machine 2.

Set { BA}—jobs that require two processing operations, the first on machine 2, the second
on machine 1.

Step 2. Sequence jobs in set {AB} and set {BA} using Johnson’s sequencing algorithm
(note that in set {BA }, machine 2 is the first machine in the process).

Step 3. The optional sequence with respect to makespan is on machine 1. Process the
{AB} jobs first, then the {A} jobs, then the {BA} jobs (note that the {A} jobs can
be sequenced in any order within the set). On machine 2, process the {BA} jobs first,
then the {B} jobs, then the {AB} jobs (note that the {B} jobs can be sequenced in
any order within the set).

For example, from Table 25 the optical sequences are

Machine 1: 6,5,4,1,8,9,7, 10
Machine 2: 8,9, 7, 10,2, 3,6, 5, 4

giving a makespan of 42 time units.

Machines/n Jobs

Once the problem size exceeds two machines in a job shop, optimal sequences are difficult to
develop even with makespan as the criterion. If optimal sequences are desired, the only options
are usually enumeration techniques like branch and bound, which attempt to take account of the
special structure that may exist in the particular problem. However, because of the complexity
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Table 25
Processing Times
Job Set Job 1, b
{A} 1 3 —
2 — 2
{B} 3 — 4
4 4 2
{AB} 5 6 5
6 3 7
7 3 8
8 4 1
{BA} 9 7 9
10 2 4

involved in these larger problems, sequencing attention generally turns away from seeking the
development of optimal schedules to the development of feasible schedules through the use of
heuristic decision rules called priority dispatching rules.

6.5 Heuristics/Priority Dispatching Rules

A large number of these rules have evolved, each with their proponents, given certain shop
conditions and desired performance criteria. Some of the more commonly found ones are

FCFS—select the job on a first come—first served basis
SPT—select the job with the shortest processing time
EDD—select the job with the earliest due date

STOP—select the job with the smallest ratio of remaining slack time to the number of
remaining operations

LWKR —select the job with the least amount of work remaining to be done

Rules such as these are often referred to as either local or global rules. A local rule is one
that is applied from the perspective of each machine or processing operation, whereas a global
view is applied from the perspective of the overall shop. For example, SPT is a local rule, since
deciding which of the available jobs to process next is determined by each machine or process
operator. On the other hand, LWKR is global rule, since it considers all remaining process-
ing that must be done on the job. Therefore, LWKR can be considered the global equivalent
of SPT. Some rules, like FCFS can be used in either local or global applications. The choice
of local or global use is often a matter of whether shop scheduling is done in a centralized or
decentralized manner and whether the information system will support centralized scheduling.
Implicit within these concepts is the fact that centralized scheduling requires more information
to be distributed to individual workstations and is inherently a more complex scheduling envi-
ronment requiring more supervisory oversight. Global scheduling intuitively should produce
better system schedules, but empirical evidence seems to indicate that local rules are generally
more effective.

Whichever rule may be selected, priority assignments are used to resolve conflicts. As an
example of this consider the three-machine, four-job sequencing problem in Table 26. If we
assume that all jobs are available at time zero, the initial job loading is shown in Fig. 10. As
shown, there is no conflict on machines 1 and 2, so the first operation for jobs 1 and 2 would
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Table 26
Processing Times (Days) Operation Sequence
Job 1 by by M/C-1 M/C-2 M/C-3
1 4 6 8 1 2 3
2 2 3 4 2 1 3
3 4 2 1 2 3 1
4 3 3 2 3 2 1
mic 1 1 -: No conflict
4
| No conflict
miC 2 2 |
3
_____ 4 | .
Conflict
mc3| 3 | |
- >
1 2 time

Figure 10 Stage 1 problem.

be assigned to these machines. However, there is a conflict on machine 3. If SPT were being
used, the first operation for job 3 would be assigned on machine 3, and the earliest that the first
operation of job 4 could be assigned to machine 3 is at time equal to 2 days.

Continuing this example following these assignments, the situation shown in Fig. 11 would
then exist. If we continue to use SPT, we would assign the second operation of job 2 to machine
1 to resolve the conflict. (Note: If FCFES were being used, the second operation of job 3 would
have been assigned.) Even though there is no conflict at this stage on machine 2, no job would
normally be assigned at this time because it would introduce idle time unnecessarily within the
schedule. The first operation for job 4, however, would be assigned to machine 3.

With these assignments, the schedule now appears in Fig. 12. The assignments made at
this stage would include:

1. Second operation, job 4 to machine 2
2. Third operation, job 2 to machine 3, since no other job could be processed on machine,
3 during the idle time from 3 to 6 days

Note that the second operation for job 3 may or may not be scheduled at this time because
the third operation for job 4 would also be available to begin processing on machine 1 at the
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Foommmmes -
| 2 i
1 ]
1 ]
1 ]
1
i 3 |
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' |
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mic 1 1 | ': Conflict
|
4 5
No conflict
M/C 2 2
3 4 10
______ } No conflict
mic3| 3 4 X
>
1 3 time
Figure 11 Stage 2 problem.
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| 1
| 3 :
1
mic 1 1 2 | I No conflict
1
]
4 6 10
Tttt T
I 4 |
| i
1 |
No conflict
M/C 2 2 1
3 4 10
T 1 Tt T 7 No conflict
mic3| 3 4 ! : 2 |
! | i >
1 3 6 10 time

Figure 12 Stage 3 problem.



6 Job Sequencing and Scheduling 97

sixth day. Because of this, there would be a conflict at the beginning of the sixth day, and if
SPT is being used, the third operation for job 4 would be selected over the second operation
for job 3.

Several observations from this partial example can be made:

1. Depending on the order in which conflicts are resolved, two people using the same
priority dispatching rule may develop different schedules.

2. Developing detailed schedules is a complex process. Almost all large-scale scheduling
environments would benefit from the use of computer aids.

3. Determining the effectiveness of a dispatching rule is difficult in the schedule generating
process because of the precedence relationships that must be maintained in processing.

Testing the effectiveness of dispatching rules is most often done by means of simulation
studies. Such studies are used to establish the conditions found in the shop of interest for testing
various sequencing strategies that management may believe to be worth investigating. For a
good historical development of these as well as general conclusions that have attempted to be
drawn see Ref. 41.

Two broad classifications of priority dispatching rules seemed to have emerged:

1. Those trying to reduce the flow time in which a job spends in the system, i.e., by increas-
ing the speed going through the shop or reducing the waiting time

2. Those due-date-based rules, which may also manifest themselves as trying to reduce the
variation associated with the selected performance measure

Although simulation has proven to be effective in evaluating the effectiveness of dis-
patching rules in a particular environment, few general conclusions have been drawn. When
maximum throughput or speed is the primary criterion, SPT is often a good rule to use, even in
situations when the quality of information is poor concerning due dates and processing times.
When due date rules are of interest, selection is much more difficult. Results have been devel-
oped showing that when shop loads are heavy, SPT still may do well; when shop loads are
moderate, STOP was preferable. Other research has shown that the manners in which due dates
are set as well as the tightness of the due dates can greatly affect the performance of the rule.
Overall, the following conclusions can be drawn:

1. It is generally more difficult to select an effective due-date-based rule than a
flow-time-based rule.

2. If time and resources are available, the best course of action is to develop a valid model
of the particular shop of interest, and experiment with the various candidate rules to
determine which are most effective, given that situation.

6.6 Assembly Line Balancing

Assembly lines are viewed as one of the purest forms of production lines. A usual form is
visualized as shown in Figs. 13 and 14, where work moves continuously by means of a powered
conveyor through a series of workstations where the assigned work is performed.

Definitions
Cycle time (C): The time available for a workstation to perform its assigned work,
assumed to be the same for each workstation. The cycle time must be greater than
or equal to the longest work element for the product. Note that it is also the time
between successive completions of units of product on the line.

Balance delay of a workstation: The difference between the cycle time (C) and the station
time (Sj) for a workstation, i.e., the idle time for the station (C — Sj).



98 Production Planning
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Figure 13  Structure of assembly line (conveyor type).
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Figure 14 Automobile backup-light assembly.*?

Station time (Sj): The total amount of work assigned to station j, which consists of one or
more of the work elements necessary for completion of the product. Note that each §;

must be less than or equal to C.

Work element (i): An amount of work necessary in the completion of a unit of product (i =
1,2,...,1). It is usually considered indivisible. / is the total number of work elements
necessary to complete one unit of product.

Work element time (¢;): The amount of time required to complete work element i. There-
fore, the sum of all of the work elements, i.e., the total work content,

i=1

is the time necessary to complete one unit of product.

Workstation (j): A location on the line where assigned work elements on the product are
performed (1 <j < J).
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Figure 15 Precedence diagram for automobile backup-light assembly.*?

Structure of the Assembly Line Balancing Problem
The objective of assembly line balancing is to assign work elements to the workstations so
as to minimize the total balance delay (total idle time) on the line. The problem is normally
presented by means of a listing of the work elements and a precedence diagram, which show
the relationships that must be maintained in the assembling of the product. See Figs. 14 and 15
for work content data and precedence relationship. In designing the assembly line, therefore,
the work elements must be assigned to the workstations while adhering to these precedence
relationships.
Note that if the balance delay is summed over the entire production line, the total balance
delay (total idle time) is equal to
J
Yc-s)
j=1

So, to minimize the total balance delay is the same as

J J
Min) (C-5)=JC- ) S,
j=1 j=1

= JC — (Total work content for 1 unit of product)
= JC — a constant (38)

Therefore, minimizing the total balance delay is equivalent to:

1. Keeping the number of workstations constant and minimizing the cycle time, or
2. Keeping the cycle time constant and minimizing the number of workstations, or

3. Jointly trying to minimize the product of cycle time and number of workstations

Which approach might be followed could depend on the circumstances. For example, if pro-
duction space was constrained, approach 1 above might be used to estimate the volume the line
would be capable of producing. Approach 2 might be used if the primary concern was ensuring
a certain volume of product could be produced in a certain quantity of time. Approach 3 could
be used in developing alternative assignments by trading off faster line speed (shorter cycle
times, more workstations, and greater production) for slower line speeds (fewer workstations,
longer cycle times, and less production).
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Designing the Assembly Line
Given the above structure and definitions, the following must hold:

1. max tjsch.

2. Minimum number of workstations = [T/C], where the brackets indicate the value is
rounded to the next largest integer.

3. C

max = Product time available/Product volume required.

(C,ax 1 the maximum value the cycle time can be if the line is to generate the specified quantity
in the specified time.) As an example, consider the data provided in Table 27 and Figs. 14 and 15.
Designing a line to produce 2000 units in a 71/-hour shift would give

From condition 3:
co 7.5 h/shift (60 min /h)
~ 2000 units(shift)

= 0.225 min /unit

From condition 2:

0.802
0225 = [3.56] =4

Also note that condition 1 is satisfied, i.e., 0.112 < 0.225 < 0.802.

Minimum number of workstations =

Line Balancing Techniques

Efforts have been made to optimally model variations of these problems, but currently no pro-
cedures exist that guarantee optimal solutions to these types of problems. Practitioners and
researchers, therefore, have developed a variety of heuristic procedures.*> A general approach
in making the assignment of work elements to workstations is to select a cycle time and to start
assigning work elements where precedence restrictions are satisfied to the first workstation.
Combinations of work elements may be explored to reduce the idle time present to the lowest
level possible, before going to the next workstation and repeating the procedure. This process
is continued until all work elements have been assigned.

Example 14 Line Balancing. Applying this procedure to the data in Table 27 and Fig. 14 would
give the solution for a cycle time of 0.225 min. Also note that the cycle time could be reduced

Table 27

Workstation ~ Work Elements Assigned ~ Station Time  Balance Delay Time

10 0.104

1 20 0.105 0.016
0.209
30 0.102

2 70 0.081 0.042
0.183
40 0.100

3 50 0.053 0.024
60 0.048
0.201
80 0.112

4 90 0.097 0.016

0.209
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to 0.209 min with this assignment and would theoretically reduce the total balance delay by
0.016 min X 4 workstations = 0.064 min, resulting in a production increase to a total of

(7.5 h/shift)(60 min /shift)
0.209 min

= 2153 units/shift

Mixed-Model Assembly Lines

The above discussion is predicated on the premise that only one product is being manufactured
on the line. Many production lines are designed to produce a variety of products. Good examples
of these are assembly lines that may produce several models of the same automobile with a wide
variety of options. These are often referred to as mixed-model assembly lines. Similar examples
are applicable in filing cabinet manufacturing, as shown in Fig. 16.**% These assembly lines
are significantly more complex to design than the single-model line because of two problem
areas:

1. The assignment of work elements to the workstations
2. The ordering or sequencing of models on the line

One usual approach taken in designing a mixed-model line uses the same general objec-
tive of minimizing the total balance delay (or idle time) in the assignment of work elements
to workstations. However, in the mixed-model case a production period has to be defined and
the assignments are made so as to minimize the total amount of idle time for all stations and
models for the production period, rather than for the cycle time as in the single-model case.
To use this approach the designer must define all of the work elements for all of the models
and determine the quantity of each of the models being assembled within the specified produc-
tion period. Once the total work content and the time allowed for production are known, work
elements are assigned to workstations usually based on similarity of the work elements, tool-
ing or equipment required, and time to perform the tasks. If the stations on the mixed-model
line are not tightly linked and small in-process inventory buffers are allowed to exist between
workstations, this approach seems satisfactory. However, if the stations are tightly linked where
no in-process inventory is allowed between stations or if the line is operating as a just-in-time
(JIT) system, this approach may not produce satisfactory assignments without analysts being
especially diligent in determining the sequence of models being produced.

Determining the order of models to produce on the line is generally more difficult than the
problem of assigning work elements to workstations because it has to be done in a constantly
changing environment. This difficulty stems from two interrelated subproblems:

1. Trying to fully utilize the resources of the line, so that no station is idled due to a bot-
tleneck or lack of product upon which to work

g By

= |/ V4

ool ol L—gt h— 3

Figure 16 Filing cabinet manufacturing line (mixed model).**43
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2. Trying to even out the flow of component parts to the line from upstream manufacturing
or subassembly operations feeding the line, so that these resources are also fully utilized
or have a relatively constant amount of work

The first of these, i.e., fully utilizing the resources of the line, is the easier of the two,
especially if some flexibility is present in the system, such as producing in a make-to-stock envi-
ronment or allowing small buffer, in-process inventories between workstations or variable-time
workstations on the line. Examples of how some of this flexibility can be built in can be found
in Ref. 46.

Smoothing out the flow of components into the assembly line is a very difficult problem,
especially if the facility is operating in a JIT environment. One of the earliest approaches, which
discussed how this problem was handled in the Toyota company, is known as a goal-chasing
method.*”*¥ The procedure has since evolved into a newer version, and since it has the capabil-
ity of handling multiple goals, it is called a goals-coordinating method.*® This procedure has
two main components: (1) appearance ratio control and (2) continuation and interval controls.

Appearance ratio control is a heuristic that determines the sequence of models on the line
by attempting to minimize the variances of the components used for those products, i.e., mini-
mize the actual variation in component usage around a calculated average usage. A production
schedule of end products is built by starting with the first end product to be scheduled, then
working toward the last end product. For each step in determining the sequence, the follow-
ing is calculated for each product, with the minimum D determining the next product to be
produced:

S /KN, 2
Dy, = Z <UJ _Xj,l(—] - bij) (39

J=1

where Dy, = distance to be minimized for sequence number K and for end product i
p = number of different components required
K = sequence number of the current end product in the schedule
N; = total number of components j required for all products in the final schedule
Q = total production quantity of all end products in the final schedule
X; x = cumulative number of components actually used through assembly
sequence K
b;; = number of components required to make one unit of end product i
However, while this approach results in a smoothed production for the majority of the schedule,
it will potentially cause uneven use of components during the final phases of the day’s sched-
ule. To prevent this, continuation and interval controls are applied as constraints, which may
override the appearance ratio control and introduce other type models on the line. Continuation
controls ensure that no more than a designated number of consecutive end products that use
a particular component are scheduled (a maximum sequencing number condition), whereas
interval controls ensure that at least a designated minimum number of certain end products
are scheduled between other end products that require a particular component (a minimum
sequencing condition).
The overall sequencing selection process then works as follows.

Step 1. Appearance ration control is used to determine the first (or next) end product in
the sequence.

Step 2. If the selected end product also satisfies the continuation and interval controls, the
end product is assigned that position in the sequence. Unless all end products have
been scheduled, go to step 1. Otherwise, stop, the schedule is complete.
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Step 3. If the selected end product does not satisfy both the continuation and interval
controls, the appearance ratio control is applied to the remaining end products, while
ignoring the component that violated the continuation and/or interval controls. Out of
the end products that do not require the component in question, the end product that
minimizes the amount of total deviation in the following formula would be selected
as the next (K'th) in sequence (j = component number).

Total number of end product

Accumulated number

X K- of component j
Total number of end product upto (K — 1)th

z”: of the specified component i

=

Number of component
+| j of Kth additional
end product

Unless all end products have been scheduled, go to step 1. Otherwise, stop, the sched-
ule is complete.

As the number of models and components increases, the difficulties of developing satis-
factory solutions for leveling production for mixed-model lines also increase. As this occurs
the response is often to shorten the scheduled time period from, say, a day to every hour, to
reduce the number of alternatives being investigated. On the one hand, this may seem desir-
able, particularly if the facility is operating in a JIT environment, but there is a danger that the
resulting schedules will become so inefficient that they will degrade the overall performance
of the line. The leveling of production on mixed-model lines remains an active research topic,
with much of the research focusing on developing better or more efficient heuristic scheduling
procedures.*%-0

Parallel Line Balancing
When the task time of one or more elements in an assembly line becomes more than the speci-
fied cycle time, the concept of parallel line balance becomes pronounced. Helgeson and Birnie!
developed the ranked positional weight (RPW) technique and Moodie and Young>? developed a
two-phase procedure for a serial line balancing by using a largest candidate rules and trade and
transfer of elements between uneven stations. Many researchers studied the parallel line balanc-
ing problem from various scopes of the balance and techniques, but the most recent studies by
Sarker and Shanthikumar? provided a more general heuristic to balance such a line applicable
for both serial and parallel lines.

If the work element times are t;, i =1,2,...,n, and C is the cycle time for the line, then
the line configuration is given by the following relationship:

Parallel line if max {7, i=1, 2,..., n}> C

o . ) (40)
Serial line ifmax {f, i=1, 2,..., n} <C

Configuration = {
Figure 17a provides a seven-stage balanced parallel line configuration for a specified cycle
time of C = 8 min, but for an operational cycle time of 6C = 48 min.>' The station time of the
balanced line is provided at the top of each block in Fig. 17a and the number at the bottom
indicates the output/48 min at the end of each line, the number of parallel lines, and the total
output at the end of each parallel configuration as shown in the figure. Sarker and Shanthiku-
mar’! provided a complete exercise of the heuristic. An equivalent serial line configuration of
this parallel line configuration is depicted in Fig. 17b.
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Figure 17 Parallel assembly line: (a) parallel lines and (b) linearization

7 JAPANESE MANUFACTURING PHILOSOPHY

Within the arena of manufacturing, a number of new approaches have revolutionized thinking
toward designing and controlling manufacturing organizations. Foremost among this thinking
have been the Japanese, who have developed and perfected a whole new philosophy. Some of
these more important concepts related to production planning and control are presented below.

7.1 Just-in-Time Philosophy/Kanban Mechanism

The central concepts are to design manufacturing systems that are as simple as possible and
then to design simple control procedures to control them. This does not mean that Japanese man-
ufacturing systems are simple, but it does mean that the design is well engineered to perform
the required functions and the system is neither overdesigned nor underdesigned.
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Central to this philosophy is the just-in-time (JIT) concept. JIT is a group of beliefs
and management practices that attempt to eliminate all forms of waste in a manufacturing
enterprise, where waste is defined as anything not necessary in the manufacturing organiza-
tion. Waste in practice may include inventories, waiting times, equipment breakdowns, scrap,
defective products, and excess equipment changeover times. The elimination of waste and the
resulting simplification of the manufacturing organization are the results of implementing the
following related concepts usually considered as defining or making up JIT.

1. Kanban (the word means card) is used to control the movement and quantity of inven-
tory through the shop, since a kanban must be attached to each container of parts. The
amount of production and in-process inventory, therefore, is controlled by the number
of cards that are issued to the plant floor. An additional, major benefit of using kanban
is the very significant reduction in the information system that has to be used to control
production.

Various forms of kanban exist, but the most frequently encountered are variations of
the single-card or two-card system. One example of a two-card kanban system is that
presented in Fig. 18. This example consists of two workstations, A and B. For simplicity,
it is assumed that the production from workstation A is used at workstation B. The
containers that move between these workstations have been sized to hold only a certain
quantity of product. The two different types of kanbans used are a withdrawal and a
production kanban. To control the amount of production for a given period of time, say
one day, workstation B is issued a predetermined number of withdrawal kanbans. The
system operates as follows:

a. When workstation B needs parts, the operator takes an empty container, places a
withdrawal kanban on it, and takes it to the storage area.

b. The full containers in the storage area each have a production kanban on them.
The worker removes the production kanban from a full container and places it on

Intermediate

stage area
FC FC
Full container with Full container with
production kanban FC FC withdrawal kanban

FC Production ) FC
kanban to Withdrawal
Workstation empty tofill -
A container container Workstation
B

EC

EC
Empty container with EC EC Empty container with
production kanban withdrawal kanban
EC EC

FC: Full container
EC: Empty container

Figure 18 Two-stage kanban system.
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L

the empty container, and removes the withdrawal kanban and places it on the full
container.

c. The worker then transports the full container (now with the withdrawal kanban) back
to workstation B.

d. Workstation A checks the production kanbans (on the empty containers) when check-
ing for work to do. If a production kanban is present, this is the signal to begin
production. If no production kanbans are present, workstation A does not continue
to produce parts.

The materials in a JIT system are kept minimal at the raw materials site, the
work-in-process inventory, and also the finished goods warehouse. Raw materials are
procured in shipments and consumed over time more or less at a constant rate, whereas
in both work-in-process and the finished goods warehouse, the products are demanded
right on time instantaneously, resulting in smooth buildup followed by lumpy demand
as reflected in Fig. 19. In the figure such an operation is shown with the flow of kanbans,
either full or empty or partially empty.

For this system to work, certain rules have to be adhered to:

(i) Each workstation works as long as there are parts to work on and a container in
which to put them. If one or the other is missing, production stops.

(ii) There must be the same number of kanban cards as there are containers.

(iii) Containers are conveyed either full with only their standard quantities or empty.

Lot size reduction is used to reduce the amount of in-process inventory in concert with
kanban, by selecting the proper size containers to use, and to increase the flexibility of
the shop to change from one product to another. Overall benefits from using reduced
lot sizes include shorter throughput times for product, and thus smaller lead times are
required in satisfying customer orders.

Scheduling is used to schedule small lot production to increase the flexibility of the shop
in reacting to changes in demand, and to produce the quantity of goods just in time to
when they are needed.

Setup time reduction is used to reduce the times required for machines to change from
one product to another so as to allow lot size reduction and JIT scheduling. Reducing

T4
— 1 )| 2 ——
AN A

Raw material Finished goods

\
w

Production

/ Withdrawing
Order ’

L Order

Work-in-process
Inventory

B
Ll

Figure 19  Single-stage JIT operational mechanics.>*
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changeover times between products is critical to operating the production facility more
like a flow shop and less like a job shop.

5. Total quality management and maintenance is used to reduce the disturbances to the
manufacturing system by attempting to eliminate the making of defective products and
breakdown of equipment. Central to the Japanese manufacturing philosophy is an obses-
sion with maintenance and quality issues. For such a tightly controlled system to work it
is imperative that equipment function when it is supposed to, and components and prod-
ucts be produced that meet or exceed customer requirements. Unexpected breakdowns
or the production of bad parts is considered waste, and causes of such happenings are
always high on the list for elimination in the quest for continuous improvement of the
manufacturing processes.

6. Employee cross-training is used to provide flexibility in the workforce to allow the orga-
nization to be able to react to changes in product demand and its resultant effect on
the type and quantity of employee skills required. Multiskilled workers are necessary
prerequisites in any form of JIT implementation.

7.2 Time-based Competition

Following on the heels of JIT and the Japanese manufacturing philosophy is a business strat-
egy called time-based competition. The successes of these earlier approaches were primarily
grounded in providing the customer with better, more consistent quality products, which might
also be less expensive in certain cases. Quality and cost were the major attributes of compet-
itiveness for the organizations that successfully employed these techniques. Although being
competitive in quality and cost will always be important, some industries are finding that this
alone is not enough to maintain an edge over their competitors, since many of their competi-
tors have also gained benefits by implementing JIT and related concepts. A third element is
being introduced—that of time. Time-based competition (TBC) seeks a competitive advan-
tage by the reduction of lead times associated with getting product to customers. TBC attempts
to achieve reductions in the times required to design, manufacture, sell, and deliver products
for its customers by analyzing and redesigning the processes that perform these functions.

TBC is seen as a natural evolution of JIT in that the implementation of JIT was most often
found in production. Because time spent on the shop floor represents less than one-half of the
time it takes to get a product to the customer for most industries, TBC is a form of extension
of JIT to the rest of the manufacturing organization, including such areas as design, sales, and
distribution. Wherever in the organization lead times exist that lengthen the time it takes to get
the desired product to the customer, the TBC approach seeks to reduce them.

Two forms of TBC exist: first to market for new products (FM) and first to customer for
existing products (FC). Companies that seek to gain a competitive advantage through FM tend
to be in dynamic industries, such as those that manufacture automobiles and consumer products.
For these industries, new innovations, developments, and improvements are important for their
product’s image and are necessary to maintain and increase product sales. Companies employ-
ing FC as a competitive advantage tend to be in more stable industries, where innovations and
new product developments are less frequent and dramatic. Thus, the products that competitors
sell are very similar and competitive in terms of features, price, and quality. Here the emphasis
is on speed—reducing the time it takes to get the product in the customer’s hands from the time
at which it is ordered. There is nothing, of course, that prevents a company from employing
both FM and FC approaches, and in the continuous improvement context, both approaches will
be necessary if the full benefits of TBC are to be realized.
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8 SUPPLY CHAIN MANAGEMENT

A concept that has gained increasing acceptance in the past 10 years is the realization that
the traditional areas of procurement, production, and logistics functions that every manufac-
turing organization has are interrelated and should be managed as one system. The result has
been the development of the term supply chain management (SCM) with further refinements
and expansions so that the term now includes virtually any activity in which a manufactur-
ing organization is involved. Common activities that go under the name of SCM include the
following.

1. Purchasing. This may be as simple as deciding from which vendor to purchase goods
and services or as complex as looking at the procurement function as a strategic business
decision. Commonly embedded in purchasing when approached as an SCM component
are the ideas of reducing the number of suppliers by setting up selection and certification
processes, developing long-term contractual relationships that are mutually beneficial,
and setting up well-defined lines of communication for supplier involvement in the
organization’s decisions that affect them.

L

Production. Activities considered SCM in internal production commonly include estab-
lishing procedures for supplier and customer involvement. Suppliers may assist in such
areas as reducing quality problems associated with materials and components, develop-
ing more compatible lot sizes for production equipment, or reducing inventory require-
ments. Customers may assist in improving product design and quality, or suggest better
packaging and shipping alternatives. Development of long-term relationships with ven-
dors and customers may also include setting up formal committees or teams of person-
nel from the interested parties to work on mutually beneficial solutions to problems
affecting the working relationship.

bl

Logistics. Movement of product to customers has always been an area of great impor-
tance, but now the term is also being used to describe the process of getting materials
and components to manufacturing as well as intra- and interfacilities movement. Trans-
portation costs are one of the largest costs in making the product available to customers.
Again, vendors and customers are often involved. Just-in-time scheduling of deliveries
to reduce inventories for both manufacturer and customer, multiple receiving and ship-
ping docks for receipt and shipment of items closest to point of use or convenience,
receipt of items at first production process, JIT scheduling for downstream production
operations, and vendor-managed inventories are some of the approaches that may be
used to reduce costs and improve service.

8.1 Distribution Logistics

Fixed-interval deliveries of the manufactured goods require a reliable manufacturing system
with regular supply of raw materials to ensure the production and delivery of finished goods to
the customers. A scenario encountered in a production—inventory system such as a supply chain
logistics system in electronics industries is depicted in Fig. 20. A silicon wafer vendor supplies
wafers to company M, which manufactures Power PC chips, which, in turn, are delivered to
several outside customers, such as companies A, I, and M itself. To keep the buyers’ demands
satisfied at different time intervals, the manufacturing company (company M in this case) has
to maintain its production at a regular pace by procuring silicon wafers at regular intervals
of time. Therefore, both the manufacturing company and the finished goods customers need to
operate in a harmonic logistics, and to keep the wafer production—inventory system operative at
minimal cost, the supply chain logistics of raw materials (silicon wafers) and finished products
(Power PC chips) should be efficient (see Fig. 20).
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Figure 20  Supply chain logistics in electronics industries.>

8.2 Applications of Kanban Mechanism to Supply Chain

The concept of kanban system can be applied to interplant transportation for a supply system
as shown for two consecutive workstations in Fig. 21. A kanban may be conceived as a tag
with a container, which is basically a truck or any other conveyance. This concept can also
be extended to multistage transportation in a supply chain system as shown in Fig. 22 for a

Container{K Container|3
PRECEDING o SUCCEEDING
WORKSTATION Kanban  |Container WORKSTATION
System
Container]]
Production Withdrawal
Order Kanban
Kanban Post

Post

Figure 21 Single-stage kanban (SSK) system.
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Figure 22 Three-stage supply transportation system.
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three-stage supply system. The production and withdrawl kanban posts are marked with P and
W followed by plant number in the parentheses.

Some of the factors for decision making in this system are itemized below:

» Transportation occurs between plants and distribution centers within the plants.

- Transporters serve as in-transit inventories that affect the MRP and inventory valuation.

» The material flow from stage to stage could be converging (assembly types) and diverg-
ing (distributive or fabrication type).

Safety stock, inventory, and demand fluctuations play an important role in the reliability
of the supply system.

« The integrated control mechanism should be synchronized for all components and
parts between plants and workstations for smooth supply between any two or more
points.

« Online control through modern techniques is essential for better service and customer
relation. Also, an exchange of information promotes centralized versus. decentralized
storage and mode of transportation.

» Transporters and their schedules.

« Transportation types and modes require decision making.

« Control of interplant supplies.

« Bulk deliveries by trucks or other intermodal mechanisms.

« Congestion problems in supply mode and warehouses.

« Delivery problems due to unscheduled shipments or dispatching.

« Lack of logistics capability analysis and optimal strategy contribute to poor performance
of the system.

8.3 General Remarks

One of the underlying requirements for SCM to work is trust and commitment among the
parties involved, i.e., vendors, manufacturers, and customers. As a prerequisite for successful
implementation, many SCM improvements may require that significant time and resources be
spent in developing these interorganizational relationships, but it is equally important that the
intraorganizational relationships be developed. Getting manufacturing to work with marketing
or with the financial people may represent some of the greatest challenges and obstacles. It is
also imperative that effective working relationships, once established, be nourished to ensure
continuing open lines of communication.

As with most management approaches applied to manufacturing, the objectives of SCM
are to reduce costs and improve customer service. What is relatively new in the view of SCM
is that by linking all of the business, manufacturing, and logistics functions, a competitive
advantage in the marketplace may be achieved. The difficulty, of course, is that while this
is conceptually feasible, in reality, the overall system is large and complex, with many sub-
systems whose goals are not necessarily compatible with each other. Thus, while the global
goal may be total systems integration, current SCM efforts are less comprehensive and focus
on opportunities where potential for improvements are the greatest, such as those mentioned
above.”® Although total systems integration is unlikely to occur in the foreseeable future, con-
tinuing to improve the linking of functions and aligning of goals of the units of the manufac-
turing organization can do much to sustain the continuing drive to reduce costs and improve
customer service.
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Laser Beam Machining
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Plasma Beam Machining

1 METAL-CUTTING PRINCIPLES

Material removal by chipping process began as early as 4000Bc, when the Egyptians used a
rotating bowstring device to drill holes in stones. Scientific work developed starting about the
mid nineteenth century. The basic chip-type machining operations are shown in Fig. 1.
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Figure 2 shows a two-dimensional type of cutting in which the cutting edge is perpendic-

ular to the cut. This is known as orthogonal cutting, as contrasted with the three-dimensional
oblique cutting shown in Fig. 3. The main three cutting velocities are shown in Fig. 4. The
metal-cutting factors are defined as follows:

Nab{O‘S-h\'s‘&pﬁ‘%Q

=

rake angle

friction angle

strain

chip compression ratio, t, /1,
coefficient of friction
tool angle

shear stress

shear angle
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feed rate (in./tooth, mm/tooth) for milling and broaching
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cutting force

friction force

normal force on shear plane
shear force

thrust force
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revolutions per minute

rate of metal removal, in.? /min
resultant force
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depth of cut

chip thickness

cutting speed, ft/min

chip velocity
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Figure 2 Mechanics of metal-cutting process.
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to tool
face

Figure 4 Cutting velocities.

The shear angle ¢ controls the thickness of the chip and is given by
COoS
A—sin a
The strain y that the material undergoes in shearing is given by
y = cot ¢+ tan(¢p—a)
The coefficient of friction u on the face of the tool is
_F+F tan a
B F,.—F, tan
The friction force F, along the tool is given by

tan ¢ = (1)

H (@)

F,=F, cos a+F, sin «

Cutting forces are usually measured with dynamometers and/or wattmeters. The shear stress ¢
in the shear plane is

. .2
_ F, sin ¢ cos ¢ — F,sin” ¢

T
A
The speed relationships are
V.  sin¢
v cos(¢p — a)
V.=V/A 3)

2 MACHINING POWER AND CUTTING FORCES

Estimating the power required is useful when planning machining operations, optimizing exist-
ing ones, and specifying new machines. The power consumed in cutting is given by

Power=F_.V 4)
F.v
P.= (5)
33,000
=QHP, ©)

where F, = cutting force, 1b
V = cutting speed, ft/min = zDN /12 (rotating operations)
D = diameter, in.
N = revolutions/min
HP, = specific power required to cut a material at a rate of 1 in.* /min
Q = material removal rate, in.’ /min
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For SI units,
Power = F_.V watts (7)
= QW watts (8)
where F,. = cutting force, newtons
V=m/s = 22RN

W = specific power required to cut a material at a rate of 1 mm?/s
O = material removal rate, mm? /s

The specific energies for different materials, using sharp tools, are given in Table 1.

Power =F_.V = F 2xRN

=F.R2xN
=M2zN )
MN
= HP 10
63,025 (19)
where M = torque, in.-1bf
N = revolutions per min
In ST units, M
= kW 11
9549 (D

Table 1  Average Values of Energy per Unit Material Removal Rate

Material BHN“ HP,/in permin ~ W/mm?/s
Aluminum alloys 50-100 0.3 0.8
100-150 0.4 1.1
Cast iron 125-190 0.5 1.6
190-250 1.6 44
Carbon steels 150-200 1.1 3.0
200-250 1.4 3.8
250-350 1.6 44
Leaded steels 150-175 0.7 1.9
Alloy steels 180-250 1.6 4.4
250-400 2.4 6.6
Stainless steels 135-275 1.5 4.1
Copper 125-140 1.0 2.7
Copper alloys 100-150 0.8 2.2
Leaded brass 60-120 0.7 1.9
Unleaded brass 50 1.0 2.7
Magnesium alloys 40-70 0.2 0.55
70-160 0.4 1.1
Nickel alloys 100-350 2.0 5.5
Refractory alloys (tantalum, columbium, molybdenum)  210-230 2.0 55
Tungsten 320 3.0 8.0
Titanium alloys 250-375 1.3 35

YBHN, Brinnel hardness number.
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where M = newton-meter
HP/in.? /min 2.73 =? W/(mm?/s)
M = F R = power/2zN
F,=M/R

Gross power = e, /Cutting power (12)

The cutting horsepowers for different machining operations are given below.
For turning, planing, and shaping,

HP. = (HP,)12CWVfd (13)

For milling,
HP, = (HP,)CWFwd (14)

For drilling,

xD?
HP, = (HP,)CW(N)f < e ) (15)
For broaching,

HP,. = (HP,)I12CWVn_ wd, (16)

where V = cutting speed, fpm (ft/min)
C = feed correction factor
f =feed, ipr (turning and drilling), ips (planing and shaping)
F = feed, ipm (in./min) = f X N
d = depth of cut, in.
d, = maximum depth of cut per tooth, in.
n, = number of teeth engaged in work
w = width of cut, in.
W = tool wear factor

Specific energy is affected by changes in feed rate. Table 2 gives feed correction factor (C).
Cutting speed and depth of cut have no significant effect on power. Tool wear effect factor (W)
is given in Table 3. The gross power is calculated by applying the overall efficiency factor (e,,).

3 TOOL LIFE

Tool life is a measure of the length of time a tool will cut satisfactorily and may be measured
in different ways. Tool wear, as in Fig. 5, is a measure of tool failure if it reaches a certain

Table 2  Feed Correction (C) Factors for Turning, Milling, Drilling, Planing, and Shaping

Feed(ipr or ips) mm/rev or mm/stroke Factor
0.002 0.05 1.4
0.005 0.12 1.2
0.008 0.20 1.05
0.012 0.30 1.0
0.020 0.50 0.9
0.030 0.75 0.80
0.040 1.00 0.80

0.050 1.25 0.75
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Table 3  Tool Wear Factors (W)

Type of Operations® w
Turning
Finish turning (light cuts) 1.10
Normal rough and semifinish turning 1.30
Extra-heavy-duty rough turning 1.60-2.00
Milling
Slab milling 1.10
End milling 1.10
Light and medium face milling 1.10-1.25
Extra-heavy-duty face milling 1.30-1.60
Drilling
Normal drilling 1.30
Drilling hard-to-machine materials and drilling with a very dull drill 1.50
Broaching
Normal broaching 1.05-1.10
Heavy-duty surface broaching 1.20-1.30

“For all operations with sharp cutting tools.

Crater
wear

/ Tool

Flank
wear

Figure 5 Types of tool wear.

limit. These limits are usually 0.062 in. (1.58 mm) for high-speed tools and 0.030 in. (0.76 mm)
for carbide tools. In some cases, the life is determined by surface finish deterioration and an
increase in cutting forces. The cutting speed is the variable that has the greatest effect on tool
life. The relationship between tool life and cutting speed is given by the Taylor equation:

VTt =C a7
where V = cutting speed, fpm (m/s)
T = tool life, min (s)
n = exponent depending on cutting condition
C = constant, the cutting speed for a tool life of 1 min

Table 4 gives the approximate ranges for the exponent n. Taylor’s equation is equivalent
to
log V=C-nlog T (18)

which when plotted on log—log paper gives a straight line, as shown in Fig. 6.
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Table4 Average Values of n

Tool Material Work Material n
HSS (18-4-1) Steel 0.15
C.L 0.25
Light metals 0.40
Cemented carbide Steel 0.30
C.L 0.25
Sintered carbide Steel 0.50
Ceramics Steel 0.70

Equation (19) incorporates the size of cut:

K=vryar (19)
Average values for n; = 0.5-0.8
n, = 0.2-0.4
Equation (20) incorporates the hardness of the workpiece:
K = VT'f"' "> (BHN)' > (20)

4 METAL-CUTTING ECONOMICS

The efficiency of machine tools increases as cutting speeds increase, but tool life is reduced.
The main objective of metal-cutting economics is to achieve the optimum conditions, that
is, the minimum cost while considering the principal individual costs: machining cost, tool
cost, tool-changing cost, and handling cost. Figure 7 shows the relationships among these four
factors.

Machining cost = C,t,

o'm

@2y

where C, = operating cost per minute, which is equal to the machine operator’s rate plus
appropriate overhead
t,, = machine time in minutes, which is equal to L/(fN), where L is the axial length
of cut

t
Tool cost per operation = C,%’ (22)

where C, = tool cost per cutting edge
T = tool life, which is equal to (C/V)!/"

Tool changing cost = C,t.(t,,/T) (23)
where 7, = tool changing time, min
Handling cost = C,t, (24)
where #, = handling time, min
The average unit cost C,, will be equal to

t
C,=Ct, + %(C, +C,t)+ C,t, (25)
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4 Metal-Cutting Economics
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4.1

4.2

4.3

44

Cutting Speed for Minimum Cost (V;,,)

Differentiating the costs with respect to cutting speed and setting the results equal to zero will

resultin V,
C

V . —
e (1/n=DIC,t+ C)/C 1

(26)

Tool Life Minimum Cost (7,,)

Since the constant C is the same in Taylor’s equation and Eq. (22), and if V corresponds to

V..in» then the tool life that corresponds to the cutting speed for minimum cost is

e (2 (525

o

Cutting Speed for Maximum Production (V,,,,)

This speed can be determined from Eq. (26) for the cutting speed for minimum cost by assuming
that the tool cost is negligible, that is, by setting C; = 0:

C

o= ——— 2
de,X [(1/n _ l)tc]” ( 8)

Tool Life for Maximum Production (7,,,,)

By analogy to Taylor’s equation, the tool life that corresponds to the maximum production rate
is given by
Tmax = <l - 1) I (29

n

5 CUTTING-TOOL MATERIALS

The desirable properties for any tool material include the ability to resist softening at high
temperature, which is known as red hardness; a low coefficient of friction; wear resistance; suf-
ficient toughness and shock resistance to avoid fracture; and inertness with respect to workpiece
material.

The principal materials used for cutting tools are carbon steels, cast nonferrous alloys,
carbides, ceramic tools or oxides, and diamonds.

1. High-carbon steels contain (0.8—1.2%) carbon. These steels have good hardening abil-
ity, and with proper heat treatment hold a sharp cutting edge where excessive abrasion
and high heat are absent. Because these tools lose hardness at around 600°F (315°C),
they are not suitable for high speeds and heavy-duty work.

2. High-speed steels (HSS) are high in alloy contents such as tungsten, chromium, vana-
dium, molybdenum, and cobalt. High-speed steels have excellent hardenability and will
retain a keen cutting edge to temperatures around 1200°F (650°C).

3. Cast nonferrous alloys contain principally chromium, cobalt, and tungsten, with smaller
percentages of one or more carbide-forming elements, such as tantalum, molybdenum,
or boron. Cast-alloy tools can maintain good cutting edges at temperatures up to 1700°F
(935°C) and can be used at twice the cutting speed as HSS and still maintain the same
feed. Cast alloys are not as tough as HSS and have less shock resistance.

4. Carbides are made by powder-metallurgy techniques. The metal powders used are tung-
sten carbide (WC), cobalt (Co), titanium carbide (TiC), and tantalum carbide (TaC) in
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different ratios. Carbide will maintain a keen cutting edge at temperatures over 2200°F
(1210°C) and can be used at speeds two or three times those of cast alloy tools.

5. Coated tools, cutting tools, and inserts are coated by titanium nitride (TiN), titanium
carbide (TiC), titanium carbonitride (TiCN), aluminum oxide (Al,O;), and diamond.
Cutting speeds can be increased by 50% due to coating.

6. Ceramic or oxide tool inserts are made from aluminum oxide (Al,O;) grains with
minor additions of titanium, magnesium, or chromium oxide by powder-metallurgy
techniques. These inserts have an extremely high abrasion resistance and compressive
strength, lack affinity for metals being cut, resistance to cratering and heat conductivity.
They are harder than cemented carbides but lack impact toughness. The ceramic tool
softening point is above 2000°F (1090°C), and these tools can be used at high speeds
(1500-2000 ft/min) with large depth of cut. Ceramic tools have tremendous potential
because they are composed of materials that are abundant in the earth’s crust. Optimum
cutting conditions can be achieved by applying negative rank angles (5-7°), rigid tool
mountings, and rigid machine tools.

7. Cubic boron nitride (CBN) is the hardest material presently available, next to diamond.
CBN is suitable for machining hardened ferrous and high-temperature alloys. Metal
removal rates up to 20 times those of carbide cutting tools were achieved.

8. Single-crystal diamonds are used for light cuts at high speeds of 1000-5000 fpm to
achieve good surface finish and dimensional accuracy. They are used also for hard
materials difficult to cut with other tool material.

9. Polycrystalline diamond cutting tools consist of fine diamond crystals, natural or syn-
thetic, that are bonded together under high pressure and temperature. They are suitable
for machining nonferrous metals and nonmetallic materials.

5.1 Cutting-Tool Geometry

The shape and position of the tool relative to the workpiece have a very important effect in
metal cutting. There are six single-point tool angles critical to the machining process. These
can be divided into three groups.

Rake angles affect the direction of chip flow, the characteristics of chip formation, and
tool life. Positive rake angles reduce the cutting forces and direct the chip flow away from
the material. Negative rake angles increase cutting forces but provide greater strength, as is
recommended for hard materials.

Relief angles avoid excessive friction between the tool and workpiece and allow better
access of coolant to tool-work interface.

The side cutting edge angle allows the full load of the cut to be built up gradually. The end
cutting edge angle allows sufficient clearance so that the surface of the tool behind the cutting
point will not rub over the work surface.

The purpose of the nose radiuses is to give a smooth surface finish and to increase the
tool life by increasing the strength of the cutting edge. The elements of the single-point tool
are written in the following order: back rake angle, side rake angle, end relief angle, side relief
angle, end cutting edge angle, side cutting edge angle, and nose radius. Figure 8 shows the
basic tool geometry.

Cutting tools used in various machining operations often appear to be very different from
the single-point tool in Figure 8. Often they have several cutting edges, as in the case of drills,
broaches, saws, and milling cutters. Simple analysis will show that such tools are comprised of
a number of single-point cutting edges arranged so as to cut simultaneously or sequentially.
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5.2 Cutting Fluids
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Figure 8 Basic tool geometry.
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The major roles of the cutting fluids—Iliquids or gases—are:

1.

Washing away chips

Prevention of builtup edges

Removal of the heat friction and deformation
2. Reduction of friction among chip, tool, and workpiece

3.

4. Reduction of possible corrosion on both workpiece and machine
5.

Cutting fluids work as coolants and lubricants. Cutting fluids applied depend primarily on the
kind of material being used and the type of operation. The four major types of cutting fluids are:

1. Soluble oil emulsions with water-to-oil ratios of 20:1 to 80:1

2

. Oils

3. Chemicals and synthetics

4

At low cutting speeds (40 ft/min and below), oils are highly recommended, especially in tap-
ping, reaming, and gear and thread machining. Cutting fluids with the maximum specific heat,

. Air

such as soluble oil emulsions, are recommended at high speeds.

5.3 Machinability

Machinability refers to a system for rating materials on the basis of their relative ability to be
machined easily, long tool life, low cutting forces, and acceptable surface finish. Additives such
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as lead, manganese sulfide, or sodium sulfide with percentages less than 3% can improve the
machinability of steel and copper-based alloys, such as brass and bronze. In aluminum alloys,
additions up to 1-3% of zinc and magnesium improve their machinability.

5.4 Cutting Speeds and Feeds

Cutting speed (CS) is expressed in feet per minute (m/s) and is the relative surface speed
between the cutting tool and the workpiece. It may be expressed by the simple formula CS =
xDN /12 fpm in., where D is the diameter of the workpiece in inches in case of turning or the
diameter of the cutting tool in case of drilling, reaming, boring, and milling, and N is the revo-
lutions per minute. If D is given in millimeters, the cutting speed is CS = #DN /60, 000 m/s.

Feed refers to the rate at which a cutting tool advances along or into the surface of the
workpiece. For machines in which either the workpiece or the tool turns, feed is expressed in
inches per revolution (ipr) (mm/rev). For reciprocating tools or workpieces, feed is expressed
in inches per stroke (ips) (mm/stroke).

The recommended cutting speeds, and depth of cut that resulted from extensive research,
for different combinations of tools and materials under different cutting conditions can be
found in many references, including Society of Manufacturing Engineers (SME) publications
such as Tool and Manufacturing Engineers Handbook'; Machining Data Handbook?; Metcut
Research Associates, Inc.; Journal of Manufacturing Engineers; Manufacturing Engineering
Transactions; American Society for Metals (ASM) Handbook®; American Machinist’s Hand-
book*; Machinery’s Handbook®; American Society of Mechanical Engineering (ASME) pub-
lications; Society of Automotive Engineers (SAE) publications; and International Journal of
Machine Tool Design and Research.

6 TURNING MACHINES

Turning is a machining process for generating external surfaces of revolution by the action of
a cutting tool on a rotating workpiece, usually held in a lathe. Figure 9 shows some of the
external operations that can be done on a lathe. When the same action is applied to internal
surfaces of revolution, the process is termed boring. Operations that can be performed on a
lathe are turning, facing, drilling, reaming, boring, chamfering, taping, grinding, threading,
tapping, and knurling.

The primary factors involved in turning are speed, feed, depth of cut, and tool geometry.
Figure 10 shows the tool geometry along with the feed (f) and depth of cut (d). The CS is the

Cut-off i T I
tool 1 1 Threading
-] tool
Right-hand Left—hand
turning tool furning fool Left—hand Right -hand
Round —nose facing tool facing tool
turning tool
Broad —nose
finishing tool

Figure 9 Common lathe operations.
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Figure 10 Tool geometry—external turning.

surface speed in feet per minute (fpm) or meters per second (m/s). The feed (f) is expressed in
inches of tool advance per revolution of the spindle (ipr) or (mm/rev). The depth of cut (d) is
expressed in inches. Table 5 gives some of the recommended speeds while using HSS tools and
carbides for the case of finishing and rough machining. The cutting speed (fpm) is calculated by

cs=PN oom (30)
12
where D = workpiece diameter, in.
N = spindle revolutions per minute
For SI units, Dy

7

CS="—— 31
100 ™/* 1)

where D is in millimeters and N is in revolutions per second.
The tool advancing rate is F = f X N ipm (mm/s). The machining time (7,) required to
turn a workpiece of length L in. (mm) is calculated from

L .
T, == 32
1= min (s) (32)
The machining time (7)) required to face a workpiece of diameter D is given by
D/2 |
T, = - min (s) (33)

The rate of metal removal (MRR) (Q) is given by
Q = 12£4CS in.? /min (34)



6 Turning Machines 131

Table 5 Typical Cutting Speeds ft/min (m/s)

High-Speed Steel Carbide
Material Finish? Rough? Finish? Rough?
Free cutting steels, 1112, 1315 250-350 80-160 600-750 350-500
(1.3-1.8) (0.4-0.8) (3.0-3.8) (1.8-2.5)
Carbon steels, 1010, 1025 225-300 80-130 550-700 300-450
(1.1-1.5) (0.4-0.6) (2.8-3.5) (1.5-2.3)
Medium steels, 1030, 1050 200-300 70-120 450-600 250-400
(1.0-1.5) (0.4-0.6) (2.3-3.0) (1.3-2.0)
Nickel steels, 2330 200-300 70-110 425-550 225-350
(1.0-1.5) (0.4-0.6) (2.1-2.8) (1.1-1.8)
Chromium nickel, 3120, 5140 150-200 60-80 325-425 175-300
(0.8-1.0) (0.3-0.4) (1.7-2.1) (0.9-1.5)
Soft gray cast iron 120-150 80-100 350-450 200-300
(0.6-0.8) (0.4-0.5) (1.8-2.3) (1.0-1.5)
Brass, normal 275-350 150-225 600-700 400-600
(1.4-1.8) (0.8-1.1) (3.0-3.5) (2.0-3.0)
Aluminum 225-350 100-150 450-700 200-350
(1.1-1.8) (0.5-0.8) (2.3-3.5) (1.0-1.8)
Plastics 300-500 100-200 400-650 150-300
(1.5-2.5) (0.5-1.0) (2.0-3.3) (0.8-1.5)

4Cut depth, 0.015-0.101n. (0.38-2.54 mm); feed 0.005-0.015 ipr (0.13—0.38 mm/rev).
bCut depth, 0.20-0.40in. (5.0-10.0 mm); feed, 0.030—0.060 ipr (0.75-1.5 mm/rev).

Power = Q HP, HP 35)
Power = torque 27N
torque X N
=————— HP 36
63,025 (36)
where torque is in in.-1bf.
For ST units, N
torque X
P =——— kW 37
OV = 9549 37
where torque is in newton-meters and N in rev/min
Torque = F. X R
torque
F, = Tz (38)

where R is the radius of workpiece.
To convert to SI units,

HP x 746 =? watt (W)

f(Ib) X 4.448 =? newtons

Torque (in.-1b) X 0.11298 =? newton-meter (N-m)
HP/(in.? /min) x 2.73 =? W/(mm? /s)

ft/min x 0.00508 =? m/s

in.? x 16,390 =? mm>
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Horsepower = 12 x Feed x Depth X Speed X Unit Power
To Determine Motor Horsepower:

Connect Feed @ with Depth of cut @to obtain point@ on Transfer axis.
Connect @ with Cutting speed @ to obtain point &) on Metal removal rate scale.
Connect point ®with Unit power §) to obtain 26 Motor horsepower at point @) .

= 0.150 in

d
P = 1.70 hp/in®/min

Figure 11 Alignment chart for determining metal removal rate and motor horsepower in turning— English units.

Alignment charts were developed for determining metal removal rate and motor power in turn-
ing. Figures 11 and 12 show the method of using these charts either for English or metric units.
The unit power (P) is the adjusted unit power with respect to turning conditions and machine
efficiency.

6.1 Lathe Size

The size of a lathe is specified in terms of the diameter of the work it will swing and the work-
piece length it can accommodate. The main types of lathes are engine, turret, single-spindle
automatic, automatic screw machine, multispindle automatic, multistation machines, boring,
vertical, and tracer. The level of automation can range from semiautomatic to tape-controlled
machining centers.

6.2 Break-Even Conditions

The selection of a specific machine for the production of a required quantity ¢ must be done
in a way to achieve minimum cost per unit produced. The incremental setup cost is given by
DC,, C,; is the machining cost per unit on the first machine, and C, is the machining cost for
the second machine, the break-even (BE) point will be calculated as follows:

BE = AC/(C, = C))
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Power = Feed x Depth x Speed x Unit power
To Determine Motor Horsepower:
d = 3.8mm . . . .
. Connect Feed (D with Depth of cut @to obtain point@) on Transfer axis.
P = 0.077 kW/cm*min © P @ point®

Connect @ with Cutting speed @ to obtain point &) on Metal removal rate scale.
Connect point ®with Unit power §) to obtain 19.02 kW at Motor, point @ .

Figure 12  Alignment chart for determining metal removal rate and motor power in turning—metric units.

7 DRILLING MACHINES

Drills are used as the basic method of producing holes in a wide variety of materials. Figure 13
indicates the nomenclature of a standard twist drill and its comparison with a single-point tool.
Knowledge of the thrust force and torque developed in the drilling process is important for
design consideration. Figure 14 shows the forces developed during the drilling process. From
the force diagram, the thrust force must be greater than 2P, + P}l, to include the friction on
the sides and to be able to penetrate in the metal. The torque required is equal to P,X. It is
reported in the Tool and Manufacturing Engineers Handbook' that the following relations
reasonably estimate the torque and thrust requirements of sharp twist drills of various sizes
and designs.

Torque: M =Kf%8d"34 in.-Ibf (39)

Thrust: 7T =2Kf*8d°®B + kd’E 1b (40)
The thrust force has a large effect upon the required strength, rigidity, and accuracy, but the
power required to feed the tool axially is very small.

MN

HP = ——
63,025

Cutting power : 41
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Figure 13 Drill geometry.
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Drilling-multiple edge tool

Figure 14 Thrust forces and torque in drilling operation.

where K = work—material constant
f = drill feed, ipr
d = drill diameter, in.
A, B, E = design constants
N = drill speed, rpm

Tables 6 and 7 give the constants used with the previous equations. Cutting speed at the
surface is usually taken as 80% of turning speeds and is given by
CS = — f
2 P
Force in cutting direction:
Fo= 33,000 HP

Ib 42
c CS (42)



Table 7 Torque and Thrust Constants Based on Ratios c¢/d or w/d (National Twist Drill)

7 Drilling Machines

Table 6 Work-Material Constants for Calculating

Torque and Thrust (National Twist Drill)

‘Work Material K

Steel, 200 BHN 24,000
Steel, 300 BHN 31,000
Steel, 400 BHN 34,000
Most aluminum alloys 7,000
Most magnesium alloys 4,000
Most brasses 14,000
Leaded brass 7,000
Cast iron, 65 BHN 15,000
Free-machining mild steel, resulfurized 18,000
Austenitic stainless steel (type 316) 34,000
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c/d w/d Torque Constant A Thrust Constant B Thrust Constant E
0.03 0.025 1.000 1.100 0.001
0.05 0.045 1.005 1.140 0.003
0.08 0.070 1.015 1.200 0.006
0.10 0.085 1.020 1.235 0.010
0.13 0.110 1.040 1.270 0.017
0.15 0.130 1.080 1.310 0.022
0.18 0.155 1.085 1.355 0.030
0.20 0.175 1.105 1.380 0.040
0.25 0.220 1.155 1.445 0.065
0.30 0.260 1.235 1.500 0.090
0.35 0.300 1.310 1.575 0.120
0.40 0.350 1.395 1.620 0.160
For SI units,
2N 43)
= m/s
60, 000
¢ = chisel-edge length, in.
d = drill diameter, in.
w = web thickness, in.
d, = drill diameter, in mm
Unit HP (hp/in.? /min) x 2.73 =? unit power (kW /cm?/s)
- MN (44)
9549

M = torque Nm

For drills of regular proportion the ratio ¢/d is = 0.18 and ¢ = 1.15w, approximately.
It is a common practice to feed drills at a rate that is proportional to the drill diameter in
accordance with

d
=%

(45)
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Table 8 Recommended Feeds for Drills

Diameter Feed
in. mm ipr mm/rev
Under /3 32 0.001-0.002 0.03-0.05
Vi=1/a 3.2-64 0.002-0.004 0.05-0.10
1s—1/ 6.4-12.7 0.004-0.007 0.10-0.18
1Hh—1 12.7-254 0.007-0.015 0.18-0.38
Over 1 25.4 0.015-0.025 0.38-0.64

For holes that are longer than 3d, feed should be reduced. Also feeds and speeds should be
adjusted due to differences in relative chip volume, material structure, cutting fluid effective-
ness, depth of hole, and conditions of drill and machine. The advancing rate is

F =f XN ipm (46)
The recommended feeds are given in Table 8.
The time T required to drill a hole of depth £ is given by

T= h+0.3d
F

(47)

The extra distance of 0.3d is approximately equal to the distance from the tip to the effective
diameter of the tool. The rate of metal removal in case of blind holes is given by

2
0= <%> F in.?/min (48)
When torque is unknown, the horsepower requirement can be calculated by

HP, = 0 x Cx W x (HP,) hp

C, W, HP, are given in previous sections.

Power = HP, X 396,000 in.-1b/min 49)
Torque = powet in.-1bf
t
= orque b
R

Along the cutting edge of the drill, the cutting speed is reduced toward the center as the diameter
is reduced. The cutting speed is actually zero at the center. To avoid the region of very low speed
and to reduce high thrust forces that might affect the alignment of the finished hole, a pilot hole
is usually drilled before drilling holes of medium and large sizes. For the case of drilling with
a pilot hole

_r 2 2
Q_Z (d _dp)F

- % (d+d,)d~d)F in>/min (50)

Due to the elimination of the effects of the chisel-edge region, the equations for torque and
thrust can be estimated as follows:

o |1

S ey ey



where d, is the pilot hole diameter.

T,=

1-d,/d

(1+d,/d)™
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(52)

Alignment charts were developed for determining motor power in drilling. Figures 15
and 16 show the use of these charts either for English or metric units. The unit power (P*) is
the adjusted unit power with respect to drilling conditions and machine efficiency.

zD?
HP, = T Xf XN xP*
12V
N=-—"=
D
2
D 12V
HP, = — Xf X — X P*
" 4 f nD
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Horsepower = 3 x Drill diameter x Speed x Feed x Unit power

To Determine Motor Horsepower:

For English units,
AS
Transfer
axis
Dqg
Drill
diameter Ve
in Cutting
o speed
L 2.0 fpm
£ 10
20 ®
- 1.0 20 P
£ g g%_/ —
Ol
o 0.500 100
— 0.400 200
f 0.300 - 300
I 400
- 0.200
- 0.100
- 0.050
L
Example:
Dg = 0.500in fo = 0.005in
Ve = 50 fpm P = 1.6 hp/in®/min
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