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Abstract

Design of Machine Elements is particularly written for bilingual machine design course to Chinese students
with a balanced consideration of the basic requirements of the course and the students’ English proficiency.
Hopefully the students can leam not only the skills of machine design but also the usage of English, thus
strengthening their ability of solving practical mechanical engineering problems and meeting the challenge of
globalization. '

There are thirteen chapters in this book. The first three chapters discuss the general concerns of machine
design, fundamentals of strength design, and introduction of tribology, respectively. The following chapters deal
with the design of various specific machine elements, namely, shafting, sliding bearings, rolling-element
bearings, power screws, threaded joints, springs, gears, worm gears, brakes and clutches, and belt drives.

This book can be used as a textbook for teachers and students in mechanical engineering specialty or as a
reference for the advanced-level students and the practicing engineers as well.
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Preface

Main thoughts about the compilation

Mechanical design principles are emphasized in this book, with some basic mechanical components
to illustrate these principles. Machine design is not just applications based on mechanics of materials, but
requires a range of pre-requisites. For each component, practical considerations of design and selection
are discussed, and attention is called, when appropriate, to the modification of theory-based dimensions
or chosen materials to meet manufacturing requirements or limitations.

This book is intended for bilingual textbook of machine design, and thus compiled to satisfy the
needs from both the teacher and students in China. Textbooks of Machinery Design popular in American
and European universities are our main source of reference. For the convenience of delivery and
understanding, we took in the essence of the reference textbooks written by foreign authors and revised it
in plain and concise English.

The qualified undergraduates in mechanical engineering or other related specialties are the main
readers. Some elements, the components and the description of their mechanisms in this book are
believed sufficient for Chinese students. Those people with sufficient English competence and subjects
understanding may finish these topics themselves if a general description of available material is given in
class. Many references much appreciated by the authors for their contributing to the book can also provide
readers with more advanced or detailed sources of information. For the same reason of time, only a
limited number of case studies are included, while problems are omitted. The qualified students are
expected to be able to solve related problems, whether in English or in Chinese, according to the given
design procedure for each specific machine element.

The latest ISO standards for well-standardized elements applicable to Chinese situations, such as
gears, rolling-element bearings, threaded fasteners, are included, while for those inapplicable ones,
such as worm gears and V-belts, the Chinese standards are adopted.

Contents

Chapter 1 discusses design process and gives an overview of design considerations. General failure
modes and design criteria of strength conceming stress and safety factor are covered in Chapter 2, in
which some sections might be omitted if they are sufficiently covered in preceding courses. In fact, much
mechanics knowledge is not included in this textbook since the students are believed to have grasped it
through the foregoing courses. Moreover, in this book some derivations of important equations are omitted
and emphases are given to their applications, e. g., derivation of the Hertz equations and Reynolds
equation are omitted, but their applications to gear teeth and sliding bearings are included respectively .
Chapter 3 is concerned with the basics of tribology, which may help students to extend their vision on
machine design, i.e., not only must the design stress be less than the allowable stress and the
deformation not exceed some maximum value, but lubrication, friction and wear ( tribological
considerations) also must be properly understood for machine elements to be successfully designed.

-1 -



Chapters 4 to 13 relate the fundamentals to various machine elements. Each chapter is organized in
such a consistent pattern that detailed discussion about analyzing, selecting, or designing the element
under consideration is after a three-part introduction, which covers: (1) “Uses and characteristics”—
What does it look like? What does it do? What variation is available? (2) “Probable failure modes”—
based on practical experience; (3) “Typical materials used for the application”— based on common
design practice.

Chapter 4 deals with shafting and associated parts, such as couplings and keys. A shaft design
procedure is given for static loading with main attention paid to strength criterion. Chapter 5 presents the
design of sliding bearings — both boundary lubricated and hydrodynamic lubricated journal bearings. The
procedures describe many performance parameters, such as load-bearing capacity, minimum film
thickness, temperature rise, coefficient of friction, lubrication flow through the bearing. Rolling element
bearings are presented in Chapter 6, in which the bearing selection and associated calculation methods are
emphasized. Chapter 7 covers power screws. Its mechanics analyses can also be simulated in threaded
fasteners and the worm gears. Chapter 8 treats threaded joints from a perspective of practical strength
design by considering joints under different loading conditions. Springs, especially helical springs, are
covered in Chapter 9. After stress analysis and deflection analysis, the helical spring design procedure
and general guidelines are summarized. Chapter 10 deals with the design of spur gears and briefly
describes helical gears. The Hertz contact stress with modification factors is used to establish the design
stress, which is then compared with an allowable stress to determine whether surface contact fatigue
failure will occur. The bending strength analysis is also detailed following Lewis assumption. Design of
worm gears are treated in Chapter 11 according to typical Chinese way of design to enhance
comprehension, since our country’ s worm gear standards and design/manufacturing methods are quite
different from those westem styles. Brakes and clutches are covered in Chapter 12. The band brake force
analysis provides theoretical basis for belt drives discussed in Chapter 13, where the V-belts design
procedure is also illuminated according to Chinese standards.
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B Chapter 1

Introduction

1.1 The Meaning of Design

Design means different things to different people, but all designs require significant creativity,
practice, and vision to be done well. Design problems are, almost without exception, open-ended
problems combining hard science and creativity. For the purpose of this textbook “design” is the
transformation of concepts and ideas into useful machinery. A “machine” is a combination of mechanisms
and other components that transforms, transmits, or uses energy, load, or motion for a specific purpose.
“Engineering” is the art of directing the great sources of power in nature for the use and convenience of
man. Design of machinery is the fundamental practice in engineering.

A machine comprises several different machine elements properly designed and arranged to work
together as a whole. Fundamental decisions regarding loading, kinematics, and the choice of materials
must be made during the design of a machine. Other factors, such as strength, reliability, deformation,
tribology (friction, wear, and lubrication), cost, and space requirements, also need to be considered.
The objective is to produce a machine that not only is sufficiently rugged to function properly for a
reasonable time but is also economically feasible. Further, nonengineering decisions regarding
marketability, product liability, ethics, politics, etc., must be integrated into the design process early.
Since few people have the necessary tools to make all these decisions, machine design in practice is a
gargantum discipline-blending human endeavor.

To “direct the great sources of power in nature” in machine design, the engineer must recognize the
functions of the various machine elements and the types of load they transmit. A machine element may
function as a normal load transmitter, a torque transmitter, an energy absorber, or a seal. Some normal
load transmitters are rolling-element bearings, hydrodynamic bearings, and rubbing bearings. Some
torque transmitters are gears, traction drives, chain drives, and belt drives. Brakes and dampers are
energy absorbers. All the machine elements in this book can be grouped into one of these classifications.

Designing reasonably safe products involves many design challenges to ensure that components are
large enough, strong enough, or tough enough to survive the loading environment. One subtle concept,
but of huge importance, is that the engineer has a duty to protect the welfare of the general public.
Welfare includes economic well-being, and it is well known that successful engineering innovations lead
to wealth and job production. However, products that are too expensive are certain to fail in a competitive
marketplace. Similarly, products that do not perform their function well will fail. Economics and

functionality are always pressing concems, and good design inherently means safe, economical, and
functional design.
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1.2 Design of Mechanical Systems

A mechanical system is a synergistic collection of machine elements. It is synergistic because as a
design it represents an idea or concept greater than the sum of the individual parts. For example, a
wristwatch, although merely a collection of gears, springs, and cams, also represents the physical
realization of a time-measuring device. Mechanical system design requires considerable flexibility and
creativity to obtain good solutions. Creativity seems to be aided by familiarity with known suécessful
designs, and mechanical systems are often collections of well-designed components from a finite number of
proven classes.

Designing a mechanical system is a different type of problem than selecting a component. Often, the
demands of the system make evident the function requirements of a component. However, designing a
large mechanical system, potentially comprising thousands or even millions of machine elements, is a
much more open, unconstrained problem.

To design superior mechanical systems, an engineer must have a certain sophistication and
experience regarding machine elements. Studying the design and selection of machine elements affords an
appreciation for the strengths and limitations of classes of components. They can then be more easily and
appropriately incorporated into a system. For example, a mechanical system cannot incorporate a worm
gear or a Belleville spring if the designer does not realize that these devices exist.

A toolbox analogy of problem solving can be succinetly stated as, “If your only tool is a hammer,
then every problem is a nail.” The purpose of studying machine element design is to fill the toolbox so
that problem solving and design synthesis activities can be flexible and unconstrained.

1.3 Design as a Multi-Disciplinary Endeavor

A typical design process [Figure 1.1(a) ] shows that the skills involved in machine element design
play an essential role in the process. This approach was commonly used in the United States in the
postwar era. However, major problems with this approach became apparent in the 1970s and 1980s—
some market driven, others product driven.

The term “over-the-wall engineering” has been used to describe this design approach. Basically,
someone would apply a particular skill and then send the product “over the wall” to the next step in
development. A product design could sometimes flow smoothly from one step to the next and into the
marketplace within weeks or months. This was rarely the case, however, as usually a problem would be
discovered. For example, a manufacturing engineer might ask that workpieces be more easily clamped
into a milling machine fixture. The design engineer would then alter the design and send the product back
downstream. A materials scientist might then point out that the material chosen had drawbacks and
suggest a different choice. The design engineer would make the alteration and resubmit the design. So the
product would take a long time to develop by this approach.
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Figure 1.1 Approaches to product development

Figure 1.1(b) shows a more modem design approach. Here, there is still the recognized general
flow of information from product conception through introduction into the market place, but there is
immediate involvement of many disciplines in the design stage. Different disciplines are involved
simultaneously instead of sequentially as with the over-the-wall approach. Some tasks are extremely
technical, such as design analysis (the main focus of this book ) or manufacturing. Others are
nontechnical, such as market analysis. Concurrent engineering is the philosophy of involving many
disciplines from the beginning of a design effort and keeping them involved throughout product
development. Thus, redundant efforts are minimized and higher quality products are developed more
quickly. Although design iterations still occur, the iteration loops are smaller and incur nuch less wasted
time, effort, and expense. Saving development time through concurrent engineering made companies
much more competitive in the international marketplace. Also, design shortcomings can be corrected
before they are incorporated. For example, service personnel can inform design -engineers of excessive
component failures during the conceptual design stage. No such mechanism for correcting design
shortcoming ever existed in conventional design approaches or management structures.

Concurrent engineering has profoundly affected design engineers. They can no longer work alone and
must participate in group discussions and design reviews. They need good communication skills.
Designing machinery has become a cooperative endeavor.



