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Lesson 1 Overview of Engineering Mechanics

As we look around us we see a world full of “things™: machines, devices, tools; things that we
have designed, built, and used; things made of wood, metals, ceramics, and plastics. We know from
experience that some things are better than others; they last longer, cost less, are quieter, look better,
or are easier to use,

Ideally, however, every such item has been designed according to some set of “functional
requirements” as perceived by the designers——that is, it has been designed so as to answer the
question, "Exactly what function shouid it perform?" In the world of engineering, the major function
frequently is to support sore type of loading due to weight, inertia, pressure, etc. From the beams in
our homes to the wings of an airplane, there must be an appropriate melding of materials,
dimensions, and fastenings to produce structures that will perform their functions reliably for a
reasonable cost over a reasonable lifetime.

The goal of this text is to provide the background, analyses, methods, and data required to
consider many important quantitative aspects of the mechanics of structures. In practice, these
quantitative methods are used in two quite different ways:

(1) The development of any new device requires an interactive, iterative consideration of form,
size, materials, loads, durability, safety, and cost.

(2) When a device fails (unexpectedly) it is often necessary to carry out a study to pinpoint the
cause of failure and to identify potential corrective measures. Our best designs often evolve through
a successive elimination of weak points.

To many engineers, both of the above processes can prove to be absolutely fascinating and
enjoyable, not to mention (at times) lucrative.

In any “real” problem there is never sufficient good, useful information; we seldom know the
actual loads and operating conditions with any precision, and the analyses are seldom exact. While
our mathematics may be precise, the overall analysis is generally only approximate, and different
skilled people can obtain different solutions. In this book most of the problems will be sufficiently
“idealized” to permit unique solutions, but it should be clear that the “real world” is far less
idealized, and that you usually will have to perform some idealization in order to abtain a sclution.

The technical areas we will consider are frequently called “statics” and “strength of materials™,
“statics” referring to the study of forces acting on stationary devices, and "strength of materials”
referring to the effects of those forces on the structure (deformations, load limits, ete.).

While a great many devices are not, in fact, static, the methods developed here are perfectly
applicable to dynamic situations if the extra loadings associated with the dynamics are taken into
account (we shall briefly mention how this is done). Whenever the dynamic forces are small relative
to the static loadings, the system is usually considered to be static.

As we proceed, you will begin to appreciate the various types of approximations that are
inherent in any real problem:

-1 -
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Primarily, we will be discussing things that are in “equilibrinm,” i.e., not accelerating. However,
if we look closely enough, everything is accelerating. We will consider many structural members to
be “weightless™ but they never are. We will deal with forces that act at a “point” —but all
forces act over an area. We will consider some parts to be “rigid” but all bodies will deform
under load.

We will make many assumptions that clearly are false. But these assumptions should always
render the problem easier, more tractable. You will discover that the goal is to make as many
simplifying assumptions as possible without seriously degrading the result.

Generally there is no clear method to determine how compietely, or how precisely, to treat a
problem: If our analysis is too simple, we may not get a periinent answer; if our analysis is too
detailed, we may not be able to obtain any answer. It is usually preferable to start with a relatively
simple analysis and then add more detail as required to obtain a practical sclution.

During the past two decades, there has been a tremendous growth in the availability of
computerized methods for solving problems that previously were beyond solution because the time
required to solve them would have been prohibitive. At the same time the cost of computer
capability and use has decreased by orders of magnitude. In addition, we are beginning to
experience an influx of "personal computers” on campus, in the home, and in business. Accordingly,

we will begin to introduce computer methods in this text.

Words and Expressions
ceramics {sT'reemiks) n. BRE, WEHL
perceive [pa'sitv] vi. B, BR, Rk, ¥4, 28
inertia [ina:fia) n. 131, MR, &t
meld [meid] v.=merge W&, L&, B4 BBE&, WL
lifetime (laiftaim] n, {ER&d, FFEME, EFH
quantitative {‘kwantitativ] adj. ¥RA, EEM
interactive [iintar'aektiv] adj. HMEERKN, HEIEWN, TEH
iterative ['itarativ] adj. REHY, A, EFH
durability [.djuara'biliti] n. WA, BA. WHHR
pinpoint [pinpaint] YR EHr, EfAfeH. ik, ]
evolve [i'valv) v. B, (REARTIRE) B
substance ['sabstans] n. Y, B, AE, BA, FX
lucrative [ljuzkretiv] adj. TUEEFIAG, WRERAD, BRI
statics ['staetiks) n. EBh%¥
deformation [difa:'meifan) n. %W, EE, HE
dynamic [dai'neemik] adj. BIAI#, BAEM, HER)
appreciate [a'pri:[ieit] vt. IEHIFHr, B, F&FER
false [fa:ls) adj. BH, REZLH, PATIES
render {rends} v. WRY, B8F . fig, ZR
tractable [treektabl] adj. SALEH, BT

-2 .
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prohibitive (pre‘hibitiv] adj. BB, WPHIR, RELEERG
influx [‘infiaks) n WA, FEA, W, K, w0
strength of materials oY Sk

(be) inherent  in K BrEH, R HEFER

Lesson 2 Kundamentals of Mechanical Design

Mechanical design means the design of things and systems of a mechanical nature-—machines,
products, structures, devices, and instruments. For the most part mechanical design wtilizes
mathematics, the materials sciences, and the engineering-mechanics sciences.

The total design process is of interest to us. How does it begin? Does the engineer simply sit
down at his desk with a blank sheet of paper? And, as he jots down some ideas, what happens next?
What factors influence or control the decisions which have to be made? Finally, then, how does this
design process end?

Sometimes, but not always, design begins when an engineer recognizes & need and decides to
do something about it. Recognition of the need and phrasing it in so many words often constitute a
highly creative act because the need may be only a vague discontent, a feeling of uneasiness, or a
sensing that something is not right.

The need is usually not evident at all For example, the need w do something about a
food-packaging machine may be indicated by the noise level, by the variation in package weight,
and by slight but perceptible variations in the quality of the packaging or wrap.

There is a distinct difference between the statement of the need and the identification of the
problem which follows this statement. The problem is more specific. If the need is for cleaner air,
the problem might be that of reducing the dust discharge from power-plant stacks, or reducing the
quantity of irritants from automotive exhausts.

Definition of the problem must include all the specifications for the thing that is to be designed.
The specifications are the input and output quantities, the characteristics and dimensions of the
space the thing must occupy and all the limitations on these quantities. We can regard the thing to be
designed as something in a black box. In this case we must specify the inputs and outputs of the box
together with their characteristics and limitations. The specifications define the cost, the number to
be manufactured, the expected life, the range, the operating temperature, and the reliability.

There are many implied specifications which result either from the designer's particular
environment or from the nature of the problem itself. The manufacturing processes which are
available, together with the facilities of a certain plant, constitute restrictions on 'a designer’s
freedom, and hence are a part of the implied specifications. A small plant, for instance, may not own
cold-working machinery. Knowing this, the designer selects other metal-processing methods which
can be performed in the plant. The labor skills available and the competitive situation also constitute
implied specifications.

After the problem has been defined and a set of written and implied specifications has been

-3 -
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obtained, the next step in design is the synthesis of an optimum solution. Now synthesis can niot take
place without both analysis and optimization because the system under design must be analyzed to
determine whether the performance complies with the specifications.

The design is an iterative process in which we proceed through several steps, evaluate the
results, and then return to an earlier phase of the procedure, Thus we may synthesize several
components of a system, analyze and optimize them, and return to synthesis to see what effect this
has on the remaining parts of the system. Both analysis and optimization require that we construct or
devise abstract models of the system which will admit some form of mathematical analysis, We call
these models mathematical models. In creating them it is our hope that we can find one that will
simulate the real physical system very well.

Evaluation is a significant phase of the total design process. Evaluation is the final proof of a
successful design, which usually involves the testing of a prototype in the laboratory. Here we wish
to discover if the design really satisfies the need or needs. Is it reliable? Will it compete successfully
with similar products? Is it economical to manufacture and to use? Is it easily maintained and
adjusted? Can a profit be made from its sale or use?

Communicating the design to others is the final, vital step in the design process. Undoubtedly
many great designs, inventions, and creative works have been lost to mankind simply because the
originators were unable or unwilling to explain their accomplishments to others. Presentation is a
selling job. The engineer, when presenting a new solution to administrative, management, or
supervisory persons, is attempting to sell or to prove to them that this solution is a better one. Unless
this can be done successfully, the time and effort spent on obtaining the sclution have been largely
wasted.

Basically, there are only three means of communication available to us. These are the written,
the oral, and the graphical forms. Therefore the successful engineer will be technically competent
and versatile in ail three forms of communication. A technically competent person who lacks ability
in any one of these forms is severely handicapped. If ability in all three forms is lacking, no one will
ever know how competent thet person is!

The competent engineer should not be afraid of the possibility of not succeeding in a
presentation. In fact, occasional failure should be expected because failure or criticism seems to
accompany every really creative idea. There is a great deal to be learned from a failure, and the
greatest gains are obtained by those willing to risk defeat. In the final analysis, the real failure would
lie in deciding not to make the presentaticn at all,

Words and Expressions
blank [bleenk]} adj. FHMK
jot (d3ot] v. B BCTFR, A4MET
recognition [rekeg'nif enj n.  AIE, &K, B, AT
phrase [freiz) v. RH&#Ex, #ia
vague [veig] adj. ABIEELS, W
discontent {'disken'tent) adj. IHER), &

- 4 -
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perceptible [pa'septibl) adj. RERERBHRY, HEM
package ['peekids] n. ¥, 2% #

Wrap [reep) n. ¥, T8

stack [stask] n. JHE

irritant [iritent) n. F¥Y

exhaust [ig'zost] n. HX

implied [im'plaid} adj. BETRRY, BN
synthesis ('sinfisi:z] n. AR, HE 4B5e
comply [(kem'plai} v. &, MF, BT
synthesize ['sinBisaiz] v. B, 58, BE
originator [a'ridzeneita) n. fIEE, XHEE
accomplishment [a'kamplif mant) n. SERR. SEHME, AR
presentation Lprezon'teif an) n. #HY, BR

Lesson 3 The Machine Designer’s Responsibility

A new machine is born because there is a real or imagined need for it. It evolves from
someone's conception of a device with which to accomplish a particular purpose. From the
conception follows a study of the arrangement of the parts, the location and length of links (which
may include a kinematic study of the linkage), the places for gears, bolts, springs, cams, and other
elements of machines. With all ideas subject to change and improvement, several solutions may be
and usually are found, the seemingly best one being chosen.

The actual practice of designing is applying a comhination of scientific principles and a
knowing judgment based on experience. It is seldom that a design problem has only one right
answer, a situation that is often annoying to the beginner in machine design.

Engineering practice usually requires compromises. Competition may require a reluctant
decision contrary to one’s best engineering judgment; production difficulties may force a change of
design; etc.

A good designer needs many attributes, for example:

(1) A good background in strength of materials, so that the stress analyses are sound. The parts
of the machine should have adequate strength and rigidity, or other characteristics as needed.

(2) A good aequaintance with the properties of materials used in machines.

(3) A familiarity with the major characteristics and economics of various manufacturing
processes, because the parts that make up the machine must be mannfactured at a competitive cost. It
happens that a design that is economic for one manufacturing plant may not be so for another. For
example, a plant with a well-developed welding department but no foundry might find that welding
is the most economic fabricating method in a particular situation; whereas another plant faced with
the same problem might decide upon casting because they have a foundry {(and may or may not have
a welding department).

-5 .
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(4) A specialized knowledge in various circumstances, such as the properties of materials in
corrosive atmospheres, at very low (cryogenic) temperatures, or at relatively high temperatures.

(5) A preparation for deciding wisely: (a) when to use manufacturers' catalogs, buying stock
or relatively available items, and when. custom design is necessary; (b) when empirical design is
justified; (¢} when the design should be tested in service tests before manufacture starts; (d) when
special measures should be taken to control vibration and sound {(and others) .

(6) Some aesthetic sense, because the product must have “customer appeal” if it is to sell,

(7) A knowledge of economics and comparative costs, because the best reason for the existence
of engineers is that they save money for those who employ them, Anything that increases the cost
should be justified by, for instance, an improvement in performance, the addition of an attractive
feature, or greater durability.

(8) Inventiveness and the creafive instinct, most important of all for maximum effectiveness.
Creativeness may arise because an energetic mind is dissatisfied with something as it is and this
mind is willing to act.

Naturally, there are many other important considerations and a host of details. Will the machine
be safe to operate? Is the operator protected from his own mistakes and carelessness? Is vibration
likely to cause trouble? Will the machine be too noisy? Is the assembly of the parts relatively simple?
Will the machine be easy to service and repair?

Of course, no one engineer is likely to have enough expert knowledge conceming the above
atiributes t© make optimum decisions on every question. The larger organizations wiil have
specialists to perform certain functions, and smaller ones can employ consultants. Nevertheless, the
more any one engineer knows about all phases of design, the better. Design is an exacting profession,
but highly fascinating when practiced against a broad background of knowledge.

Words and Expressions
evolve ['valv] v. EE, #
arrangement [e'reindzmant] n. BE, HE, B
linkage [linkidz] n. EH,. ETFHA
seemingly {'si:minli] adv. Bl L, #8RLE, HEE
kinematic fkaini'maetik] adj. IEBNFR
annoy [a'noi] vi. {f‘ﬁﬁﬁ
compromise [kompramaiz] n.  Zh
reluctant [rilaktant) adj. AR, BRe). BB
attribute [etribju:t) n. B, 5, T
acquaintance [o'kweintens] a. BE TH.
foundry ['faundri) n. %iE. B
fabricate [feebrikeit) vt ®I9E, EIE
atmosphere [‘eetmasfia) n. KSE. %,
cryogenic [kraia'dzenik] adj. HIRET, {REH
stock [stok} n. RE, M8,
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empirical {em'pirik(a)I] adj. £RKN, LB

aesthetic [i:s'Betik] adj. WERK, FER, FRH
appeal {a'pi:l} n. B[ X, FHEh
comparative [kem'paarstiv] adj. LRI, FHERY

justify [‘d3zastifal) v. iFHE, hRgeeeee EHi
inventiveness [in‘'ventivnis] REPEERE S, iEH
instinct ('instinkt] n. X, Xk, HE
energetic Lena'dzetik) adj. BB, FHRY, WAMSER
host [haust} n. €, £

service ('se:vis] %, B¥, WH, &% #8
consultant [ken'saltant] n. KR, ¥, Bl
fascinating [faesineitin] adj. SIAAKER, BEEN

a host of &, —KB, —Xit

Lesson 4 Philosophies of Design

We think of an inventor as starting from scratch and creating a new design. However, even
though he creates a machine never before conceived, he uses ideas that have long been known and,
in more or less degree, he benefits from the engineering experiences of one or several industries.

Most designs follow a pattern familiar to and typical of an industry: a new model sewing
machine is generally quite similar to the previous one, and a new model automobile is similar in
most respects to the old. Changes (based on experience with the old model) are introduced either for
the purpose of improving the machine or to gain or maintain an economic or competitive advantage
in the market.

The philosophical approach to a particular design depends somewhat on the kind of industry or
the kind of machine. A chemical plant, which is a large and complicated machine, may be a
one-shot proposition. One plant only is designed and built. If the design is not right, the mistakes are
corrected on the job, an expensive but necessary procedure, until the plant operates as planned. The
designer who works where only one product is made from the design develops attitudes or
philosophies quite different, for instance, from an airplane or automotive designer.

In the airplane industry, light weight and reliability are of utmost importance. The philosophy of
the airplane designer leads him to relatively high-precision (and high-cost) designs, because the
results are worth the money. Often the designed product is manufactured and operated under actual
or simulated actual conditions, perhaps repeatedly, before the design is considered acceptable. In the
automotive industry, the designer wants to be sure that his design is suitable for mass production. A
subassembly design, such as the transmission, which will be made in quantities of hundreds of
thousands or in millions, will be tested under actual operating conditions, because the “bugs™ need
to be eliminated before mass production begins.

In heavy industries, such as the manufacture of large pressure vessels, the designer does not
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think in terms of the precision necessary in an airplane engine, nor is he particularly concerned
about the weight. Moreover, there is no mass production in the automotive sense.

If theory and practice do not agree, either theory or practice is wrong. Methods of design
undergo an evolutionary process, just as a machine invariably evolves into better and better forms.
New discoveries are made each day, but, because many theories are or become inadequate, we never
know when the accepted formula will be discarded.

In any derivation, we first make certain assumptions in order to simplify the work and to obtain
a formula which appears to satisfy our requirements, but before long we often find that the formula
fails. This failure results in renewed study, and we usually find that one or more of our original
assumptions were not justified. We then search for a formula with new variables that will care for a
new environment. With respect to the use of theory, it is not by any means always economic to
design by the most comprehensive theoretical and experimental analysis available, and engineering
judgment must answer the question of whether a certain design decision is worth $10~15 or
$10 000~ 15 000, or what. This means that the designer needs to continue to add to his knowledge
of theory in order to be in a better position to judge. When it is difficult to incorporate the results of
experience into a theoretical equation, we often resort to the use of practical, modifying constants
until the difficulty is resolved. Hence, if experience dictates certain portions of a design, it behoves
us to use experience as a guide until a more satisfactory state of theoretical knowledge is attained. If
the machine is almost entirely new and different, as a rocket engine was a few years ago, look for
related experience. So much information is still uncoordinated, so much remains to be learned, that
the student, particularly in design, should adopt an agnostic attitude, welcoming further
investigation.

Design problems have more than one answer. Given a general statement of a design problem,
such as design a machine to wash clothes in the home automatically, and there will be as many
different answers as there are design teams——as attested by the number of washing machines on
the market.

These btrief remarks are intended, not to define the philosophies of design in each of the
industries mentioned, but to show that are quite different attitudes and to suggest that, in each field
of design, the designer evolves a philosophy befitting the nature of the work he is doing.

Words and Expressions
philosophy [fi'lasafi) n. B, HBARRE, [R
scratch [skreet]] n. RIE, AF
conceive [kan'si:v] v. B, @8, §F
pattern ['paetn] n.  HERA, B, BIE
philosophical Lfile'sofikal] adj. YN, SRABMEHHRH
approach [a'praut|] n. &%, T FR
proposition [propa'zif en) n. B, EK, R, HE
simulate ['simjuleit] vi, R, BIEEE, SRR
transmission [treenz’mi] an]) n. 1R, TEM
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