CHAPTER L

GENERAL OUTLINES.

§ 1.

Nature of the Machine-Problem.

WHILE in appearance a machine differs greatly from any of the
force- or motion-distributors of nature, yet for the theoretical or
pure mechanician no such difference exists,—or rather it completely
disappears on analysis, so that to him the problems of machinery fall
into thesame class as those of the-mechanical phenomena of nature.
He sees in both forces and motions existing, and subject to the same
great laws which, developed in their most general form, govern and
must govern every single case. - In pure Mechanics machines are
now treated only as illustrations; they no longer receive their
complete development as they did when many of their problems
were still new and strange, and apparently stood opposed to those
of Mechanics. This present subdivision is quite correct, so far as
the question 1s one of scientific comprehension only. As, however,
the actual machinery itself, deriving its existence from various
sources, and having its own characteristic features and methods
of classification and treatment, forms a quite distinct and special
subject, a separation of its scientific mechanical problems from
those of Mechanics in general is possible, and indeed has already
been made.
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It must be admitted, too, that the sense of the reality of this
separation has been felt not only by Engineers or others actually
engaged in machine design, but also by those theoretical writers
who have had any practical knowledge of machinery, in spite
of the increasing tendency in the treatment of mechanical science
to thin away machine-problems into.those of pure mechanics.

There are good reasons for this feeling. Such a treatment of
machine-problems is first of all greatly to be deprecated because
it would place the scientific part of machine-construction upon
a base too indefinite and- widely extended. The fundamental
notions of force and motion themselves are subject to uncertain
interpretation. In the attempt to define ideas standing on the
boundary line between Physics and Metaphysics an uncertainty
which demands the closest mathematical and philosophical in-
vestigation makes itself felt. This uncertainty or indistinctness,
by holding open a perspective of ideas entirely beyond all pur-
pose of the study concerned, exercises a disturbing influence on it.
It affects every definition, every explanation intended to be ex-
haustive; it compels the teacher who desires to express himself
with scientific accuracy either to use generalisations of which he
feels the unpractical nature, or to employ illogical limitations such
as “ common practice,” “usual arrangements,” and so on. He who
knows laws only is fain to content himself with rules where he
would far sooner employ strict scientific methods. Not every
generalisation, that 1s to say, is practical, nor from a certain
point of view indeed, even correct. This point of viewnis
that from which Geometry separates itself from Mathematics
in general, Descriptive Geometry from Geometry in general, still
more from which Kosmical Physies, Hydraulics, Aerostatics, branch
away from Natural Philosophy,—in other words, the point of view
from which special sciences are seen to separate themselves from
the more general sciences to which they are subordinate.

Such a separation becomes at once possible and advisable if any
complete circle of ideas lie at the base of the region separated.
In the case of machine-problems their separation from those of
general Mechanics can be demonstrated. A distinct line of demar-
cation, although in certain examples less distinct than in others,
shows 1tself between them. To find the real nature of this differ-
ence let us endeavour to look at the whole question from outside,
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examining, without regard 1o any existing machine-theories, one
and the same motion a3 it appears in Nature and in the Machine.

Let us take the case of aocirenlar motion, whichoshallobe
supposed to occur first as the motien of a satellite about its
planet; and then as the revolution of a theel.

Suppose that fromany cause the satellite 7'(Fiz. 2) 5o move about
the planet, P that itsacentre descrives a circle about the certre of
Pin agplane pussing throughthat point. Solong
es the conditions remain unaltered the motien
c-ntm\ws the same. So soon however as any

disturbing force ¢ (shown here per-
p‘ndxcul“ to the plave of motion), begins to
act upen one side of 7, 7 alterstits path. 1t
this is to be prevented, agother external force
Q equal andt opposite tot @, tmust be brought
simultancously inco action. If @, be &
pound, @, must be also a pound; if @, in-

intocthe question, which is one selely of the
ilibriumoof the externa 1 disturbing forces
acting upon 7 The existeuce of such am equilibriumoinonature
would presuppose the existence always of equally divided causes of
forea; B A e e e ] bodies
ility in order

e however at liberty to assune its possibi
to

the
T st et ARSI o ey o it mes
imgle. Tn ordercthat points of the wheel &, Fig. 3, may wove in
inde,Te t be fxed upon a gl shaf of i she wnds 4 A and

urneddowmnd fitted in holes in fixed and rigil supports 1 L,
the whole system baving a conimon geome trical axis. 1f now the
wheal be setdn motion by some suitable handle, every pointoin it
lying boy ond its geome trcal axis deseribes a circle about some
point in that axis.  If any disturbing force @ act sideways upon
the wheel, then (if we suppose thematerial of the wheel, skaft,
aud bearings to be completely rigil) no alteration of the cir-
cular motion occurs ; and this s true equally whether @ he great
or amall, contimeus orimermittent , consta or changing in direc-
tion. There is. neverthcless continuous equilibriumohere, but in
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another way than bebore. S0 s00n as the force @ begi ns tomat it
call's forthén theinteriorof the wheel, the sl 11l andhe supports,
intermal molecukr forces, opposite in dirocion and exactly equal
0 it. Theactiomof thedor ces therefore, consi dered by theaselves,
is here exactly the same s, or exastly corresponding to, their action
in the case of the salclliteo There exists however theodifference
that there all external forces are i i ependent of each otleer,
while here theoaction of an external forceobecomes at once the
cause of thempposite action of amolecular force.

Tn actual machineswe do not. employ absolutely rigid material,
for 00 such material exists; we use however oaly those materisls
which when of suitable dimeasions alter their form under the

action of external forces very little, 50 lttle that the corresponding
varistions from the original form may beoneglan ted. The clroice
of suitalle dimensions nd forms is the work of o machine
designen 1¢ we d isregard the very small variations of form which
actually oceur, it appears that theosolution of the problem by the
mebiosonrios sad s thet it di fare dasestlly from that
urri og i

i i he system, whi chwe may call kosmical, the
extemal measurable me chanical forces are opposed by similar
external forces, in the second, the machine sysem, there are
epposed to a1 xteral ores othes concenled i the inteior J
thecbodies forming the system, and appearing there,—and acting
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exactly the required manner,—in consequence of the action of
the external forces. One might apply to these forces,—with
a very small alteration which 1 hope the reader will permit,—
Schiller’s riddle about the spark:—

““ Sleeping, yet ready for the expected foe,
1 lie concealed within my iron walls ;
He comes, he feels my iron weapon’s blow,
We fight ; 1 sleep again,—for soon he falls.”

The force is challenged, and immediately it appears ;—the ex-
ternal challenging force ceases, and immediately its opponent,
which has so energetically defended the form of its dwelling, also
disappears. Nothing is to be seen of the inner force so long as it
is not awakened by an outer one. It is asit were concealed in the
interior of the body. 'We shall not be carrying the analogy with
Thermal Physics too far if we call these molecular forces, which in
their hiding-places gu~rd the stability of the material world, latent
forces, as opposed to the directly measurable sensible forces which
externally influence bodies through gravitation and other causes.
The difference between the two systems 1is therefore that
sensible forces are in the one case opposed by other and inde-
pendent sensible forces, and in the other case by dependent
latent forces.

We have considered both systems in a form of special simplicity
which, it may be thought, does not permit sufficiently general
deductions to be made. Then let us suppose the kosmical system
to be enlarged into a solar system with sun, planets, and satellites
moving in their circular.or elliptic orbits, and let us add to
our wheel other wheels and shafts connected with the first as
spur-gearing or in any other way, so that rotation occurs throughout
the whole system, and a machine suitable for any particular
purpose is formed. We shall then note that in the kosmical
system the mutual motions of the bodies, both as to their paths
and their velocities, are entirely dependent on the influence
of sensible forces, while in the machine system the paths of
motion are absolutely determined, and at the same time no point
can alter its velocity without the velocities of all other points
being correspondingly altered; that in the litter case, therefore,

disturbing sensible forces are without influence,—they are every-
K p
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where balanced by the latent forces. Not less is it these last
which carry the moving forces from body to body. The difference
we found above, then, is general, so far as it relates to the nature
of the forces coming into action, and is in no way limited to the
simple case supposed.

Both the cases chosen as illustrations are extreme,—in general
the kosmical and machine systems do not differ so widely, but
approach each other mutually more or less. The plant, for in-
stance, so far resembles a machine system that the motion of itse
sap takes place in tolerably rigid channels or tubes, and in definite
prescribed directions. The correspondence is not, however, exact,
for the leaf-stalks, twigs and boughs undergo alterations of form
both small and great from kosmical forces. The nearest approach
to our machine system in the vegetable kingdom is perhaps the
circulation of the sap in the tissue of a firm, strong tree-stem, for
here only arethe alterations of form small enough to be neglected.
In a few existing machines also actions occur which must be
classed as kosmical, as for instance the motion of the water in
the ancient water-wheels (Straube-rdder) used sometimes in moun-
tainous districts to drive saw-mills, upon which the stream dashes
almost like a waterfall. Thus the two systems are not divided by
a hair-line, but still their differences are always notable,and become
the more distinct the more decidedly each belongs to its own class.
The more perfectly the water-wheel is made, the more completely
do the freely-playing streams of water disappear; the rude wheel
becomes the smooth and quietly running turbine, where the foam-
ing and splashing of the water is reduced to the smallest limits.
From the huge swinging lever, by the help of which the Walloon
brickmaker or the Hindoo builder lowered his empty bucket into
the brook and raised it again full, has grown the beam-engine, with
its quiet and regularly working pumps. The kosmical freedom
of natural forces is brought in the machine under order and law,
which no ordinary external force can shake. On the other hand,
latent forces also act with those of nature, as in the waterfall,
hurling the rebounding streams of water upwards from the rocky
channel ; or as in the meteoric stone, diverting it from its original
path by atmospheric resistance. The balancing of sensible by
latent forces is therefore not solely a distinctive mark of the
machine but we have in it a principal characteristic of the machine-
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like or machinal as distinguish'ed from the kosmical, and it must
be kept distinctly in view in endeavouring to understand the exact
1dea conveyed by the word machine.

The prevention of disturbing motions by latent forces is
then a principle in the machine. Its application is connected
with various objects. When a machine is constructed it is meant
to be an arrangement for carrying on some definite mechanical
work—it may be the moving of some body, or the alteration of its
form, or both together. ¥or sucha purpose we require that so soon
as motion is caused by any effort in any part of the machine that
motion shall be of an absolutely defined nature. Thus our wheel
in Fig. 3 might be used for lifting weights if we made the disc B
a drum and passed a cord over it,—or 1t might serve as a grindstone
if the disc were made of suitable material, and so on. Every
motion then which varies from the one intended will be a
distur'bing motion, and we therefore give beforehand to the parts
which bear the latent forces—the bodies, that is, of which then
machine is constructed,—such arrangement, form and rigidity that
they permit each moving part to have one motion only,
the required one. This having been done, so soon as the external
natural forces whichit is intended to employ are allowed to act,
the desired motion occurs. Qur procedure is therefore two-
fold; negative first—the éxclusion of the possibility of any
other than the wished-for motionnp and then positive—the
introduction of motion. The result is that the natural force whenn
applied accomplishes the required mechanical work.

A machine may be perfect, or may contain more or fewer
imperfectionsy it approaches perfection just in proportion as it
corresponds to what we have recognised as its special object,—.
the special end for which it has been constructed. After the
insight we have now obtained into its nature it is possible for us to
frame a definition of the machine. 1t is as follows : —

A machine is a combination of resistant bodies so
arranged that by their means the mechanical forces
of nature can be compelled to do work accompanied
by certain determinate motions.

This shows within what distinct limits machine-problems lie,
and that they allow themselves to be readily separated from the

general problems of Mechanics, as we have already maintained.
D 2
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While the science of Mechanics examines motion caused in the
most general cases by the action of mechanical forces, Machine-
mechanics occupies itself with certain special cases only, with
motions produced by a limited circle of rneans. It draws its first
laws from the same fountain as Mechanics, to which, as the more
comprehensive science, it is subordinate. But the region which
it specially concerns can be separated from the science as a whole,
and its function is to create systematic order within this separate
region, and to investigate the laws specially belonging to it. Here
is work enough, challenging some one to undertake it. It is greatly
to be wished that those who are familiar with machine-design
should not leave these investigations entirely to others, as has of
late years often been the case with us, and still more in France.
It is this that has caused what I have already alluded to as the
volatilisation, the thinning away, of the problem,—a method of
treatment from which practical mechanists, upon whom the
machine depends for its further development, and for whose
benefit specially the investigations have been undertaken, turn
away dissatisfied. They have the right to demand, within certain
limits, complete concentration upon their special problems, and
will not allow the question to be carried off into another region,
where the solid ground seems to them to disappear without any
counterbalancing advantages being gained.

§ 2.

The Science of Machines.

The scientific carrying-out in practice of the requirements covered
by our definition of the machine has caused the rise of an extended
apparatus of sciences in connection with the progressing develop-
ment of Polytechnic instruction. From the foundation sciences of
Mathematics and Physics three or four other sciences specially
concerning the machine have separated themselves. Their common
object is the elucidation of the causal-connection of machine
phenomena. Together they have been happilynenough called
Practical Mechanics. I speak of them here assciences without
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pretending to insist on their absolute right to the title; they may

be called sciences of the second or third order, or by their usual

names ; they employ scientific methods, and treat by their means

special regions of investigation ; within these they have reached bye
degrees an independence which has made necessary their separation

from the more general sciences.

First comes the study of machines in general, looked at in con- .
nection with the workthey have to do. This is known in Germany
under a number of somewhat vague titles, as general or descriptive,
special and theoretical “ Maschinenlehre” 1In its general form it
deals, descriptively, with the whole of existing machines,—it teaches
what machines exist and how they are constituted, and
thus affords us a glance at their manner of growth. It proceeds
teleologically in the fullest sense of the word, seeking always to
refer everything to the special object for which the machine was
constructed. Its methods of classification are made as general as
possible. At present a complete descriptive, or really general
treatment of machinery in this way, is hardly possible on account
of the enormous number of existing machines. To be really gene-
ral only classes and types can be treated of. Quietly adapting
itself to the every-day wants of the learner the study thus becomes
specialised,—single classes are taken up and treated singly in detail,
Along with the construction of each special machine its theory
is also, for the most part, considered,—that is, the nature of the
sensible forces which come into action and the motions to which
they give rise are examined, and deductions are drawn in regard
to the most suitable way for turning these forces to account.
This method of treatment is therefore based also on existing
machines, but differs from the former in not only describing their
arrangement and purpose, but in examining also how they can
best be arranged in order to carry out the given purpose. In
Germany at present it is for the most part rightly grasped and
comprehended, the machine itself being taken as both the end and
the beginning of the problem. The French, however, have not
always freed themselves from the idea that the machine occurs
merely as an illustration—an example—in Applied Mechanics; if
this idea were right, however, it is clear that all other applications
of Mechanics should be treated in the same way. If—coming
somewhat nearer to the heart of the matter,—the applications of
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mechanicsé‘in machinery” be classed by themselves, as is done
by Poncelet,—still the principle is not carried sufficiently far, for
under this title all machines of every kind must be treated, which,
however, has not been the case. Redtenbacher first removed this
stigma of indistinctness from the matter, and thereby laid the
foundation of the freshness and power which the German system
of machine-instruction shows as contrasted with the French.
Redtenbacher’s most lasting services, which have not always been
understood by his successors, lie in this direction,—in the scpara-
tion of the questions connected with machinery into separate
sciences or branches of science. It was on this ground that his
influence was, I may say, so electric, and brought to him so quickly
in hisetime the engineering students of Germany.

The existing treatment of the theory of machines ({hcoretische
Maschinenlehre) confines itself principally to prime-movers,—
Steam-engines, Water-wheels, Turbines, Windmills, and so on,—
or in terms of our definition, it concerns itself with the nature
of the various arrangements by means of which natural
forces can be best applied in machinery. Yet it does also
consider machines in general (other than prime-movers), and obvi-
ously these all belong to its province. To the general examination
of the theory of these machines the name mechanical technology
is often given. = This i1s not universal, nor indeed is it correct, tor
mechanical technology must include all mechanical processes  of
marnufacture, and in a multitude of cases machines are not em-
ployed in these. It possesses therefore a domain of its own, and
must be treated in 1ts own proper way. From its own point of view
it also examines the machine, but in a way entirely differing from
that in which it 1s examined for its own sake in the studies of
which we are speaking. While therefore it can easily be under-
stood how both studies should set up claims to the same object
of instruction, it is on that very account important that they
should not be confused with each other.

The special part of technology here coming into question,—
or what may be called the technological part of the study of
special machines,—concerns itself with the action of the natural
forces, through their various applications in the machine, on the
bodies to be worked upon. It examines, in other words, by what
special arrangement of the parts of the machine the
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required action can be best obtained. As a whole, there-
fore, the specialised study of machines (speciclle Maschinenlehre)
considers both the application of the natural forces to a
given machine and their action in 1it.

The third science is that of Machine-design. It also has
been freed by Redtenbacher from its incorrect treatment under
Applied Mechanics, and placed by him on an independent footing.
Its province is to teach how to give to the bodies constituting
the machine the capacity for resisting alteration of form
mentioned in our definition. In order to determine this pro-
perty fully it must be considered in reference not only to sensible
but also to latent forces.

The first it accepts as found by the aid of the Science just ex-
amined, in the shape for example of the steam pressure upon a
piston, the water pressure in a turbine, and so one these determine
the strength of the bodies. The latter, the latent forces, carry
the force-action from body to body,—e.g. from piston-rod to con-
necting-rod, from spur-wheel to spur-wheel, and so on; and
cause therefore necessarily friction and wear. The problems of
machine-design extend in both the directions thus pointed out.
In solving these problems in such a way as to conform to the
technological conditions of each special cas¢, machine-design
forms itself into a really technical science. Its twofold nature,
as concerning itself both with sensible and with latent forces,
which hitherto has been recognised in fact without being known
to theory, I wish to raise into the position of a leading principle;
1ta reality has been clearly proved from the general development
of fundamental propositions.

Now, lastly, vur definition covers a fourth characteristic of the
machine which has not been a leading idea in either of the thre
studies we have considered. This is the arrangement of the means
for insuring that only certain determined motions shall occur
in the machine. So far certainly as the motions are conditioned
by forces, and are regarded solely in connection with force-actions,
they have been considered in studying the theory of machines in
the way already described. But that study simply takes the mo-
tions lovked at as changes of position as given. Hence another
series of investigations remain, their subject being the nature
of the mutual dependence of the changes of position of parts of the
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machine, If the problems here presenting themselves be treated
separately, those of the three former studies being supposed
to be solved, they formx a province of investigation which can
be worked in by mmeans of Applied Mathematics and Mechanics.
The systematised study of the solutions of these problems forms
the science with which we have to do, Kinematics, the “ Science
of Pure Mechanism.”é& TItis, asfollows from what we have said,
the study of those arrangements of the machine by which
. the mutual motions of its parts, considered as changes
of position, are determined.

The difference between this definition of Kinematics and that
which Ampere indicated rather than gave fully (see Introduction,
p. 11) requires to be noticed. It is principally this, that here
Kinematics is made to belong essentially not to Mechanics, as
with Ampére, but to the Sciencc of Machines, as has been done
more or less, but without any distinct admission of it, by most
of Ampere’s followers. Its objects and methods subordinate
themselves therefore to the chief laws which affect the machinal -
as distinguished from the kosmical, and must at the same time
fit in with the methods of treatment received by the machine in
the three different studies already described. So far, that is to
say, Kinematics i1s not an absolutely isolated science, as it would
be under Ampere’s definition, but works in consciousness of the
neighbourhood of other systems of investigation having a common
object with it. On the other hand we have in our own way
arrived at the same conclusion with Ampére, that Kinematics
observes changes of position only. Only we do not thereby
shut out the actions of forces, as Ampere does; we take the pro-
blems connected with them as solved in every case, and consider
the conditions imposed by them, which is a real and important
difference. The indistinctness remaining with Ampeére upon this
point has been the cause of the unavoidable introduction by his
followers of fragments of three other studies, with which they
could not dispensee thus, for example, Haton gives an abstract of
the strength of materials, Laboulaye this and the study of friction
algo, and so. on.}

* This was the name used by Prof. Willis.
T I have given in the Preface my reasons for thinking that, in this country at
least, it is now too late to make the limitation proposed by Reuleaux, in the meaning
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Summarising this section, we see that “ Practical Mechanicse’
has been subdivided into—

The study of Machinery in general.

The special or theoretical study of Machinery.
The study of Machine-design.

The study of pure Mechanism,

For the understanding of the nature of machines the last-
named science is evidently as important as the three first ; indeed in
many respects it must stand first and prepare the way for them, and
on this account single sections of Kinematics are often included
in all three. The union of the three last sciences 1s necessary
that the machine may be completely understood, the first having
pointed out its existence and treated it teleologically All four
interact continually ; only as a whole do they furnish the practical
mechanist with complete solutions to all the problems of his work.

§ 3.

General Solution of the Machine-Problem.

We must now proceed to cstablish the general principles of
kinematic procedure, in order to gain a standpoint from which
to survey generally the method of solving our problem. The ideas
above developed concerning the essential nature of machine-
systems will serve as an introduction to this. Those parts of
a machineetransmitting the forces by which the moving points
are caused to limit their motions in the definite and required
manner must be bodies of suitable resistant capacity, the
moving points themselves must belong also to similar bodies.
In the machine, consequently, the moving bodies are prevented,
by bodies in contact with them, from making any other than
the required motions. This contact also, if the problem is to be
entirely solved, must take place continually, which presupposes
the possession of certain properties by the bodies in contact. In
proceeding to examine these properties more closely, we shall

of the word kinematics, and for substituting machine-kinematics in the
title of his book.
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\We may now proceed to the combination of three or four pairs
of elements. Suppose the pairs
ab cd ef gh
tobe given. Let eachelement of each of these be joined to one element
of another pair,—then every pair keeps its own peculiarity and at the

same time has another added to it. The combination may take place
in a number of different ways, for example in the same order asabove.

b ——cd ef ——qh

or in the order
b —— dce—— ¢ f—~hge—— a,

@

and so on. The whole now forms a linkage returning upon itself,
like an endless chain, consisting simply of single links connected
together. A combination of pairs of elements in this way we
shall call a chain, or more fully a kinematic chain. The body
which is formed by the junction of the elements of two different
pairs is then a link of the kinematic chain. Every link of the
above-mentioned chain consists of two elements, so that the chain
here has as many links as it contains pairs.

In the chain every two adjacent links have a definite relative
motion, that namely which belongs to the pair of elements con-
necting them. But two links which are connected by a third do
not possess definite reciprocal mnotions except under certain condi-
tions. Such motions can occur only if the chain be so arranged
that every alteration in the position of a link relatively
to the one next to it be accompanied by an alteration in
the position of every other link relatively to the first. In
a kinematic chain which possesses this peculiarity, each link has
only one relative motion to each other link; if, that is to say,
any relative motion occurin the chain, all the links are constrained
to execute determinate relative motions. Such a kinematic chain
I call a constrained closed—or simply a closed—chain.

“We may take as an illustration the simple chain shown in
figure 10. It consists of four similar pairs ab, cd, ¢f, gk, each
being a cylindrical pin fitting a corresponding eye, the axes of
all being parallel. Here each link has only motion in a circle
relatively to the one next to it. KEvery turning of A a relatively
to gj must necessarily be accompanied by alterations in the
positions of b¢ and of de—the chain is therefore closed.
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Tnitself a closed chain does not postulate any definite absolute
motion.  Intordertotobtaintthis atsimilartmethodtmustbe adopted
Fii S A e el
fast or fixin position one linkof atively to the
portion oftsurrounding space e L stationary.
The relative motions of the links then become absolute. ~ A closed
kinematictchain, oftwbich one link is thustmade station-
ary, isalled & mechanism.

Th; shovet chsintean be made a mechanism in fourt ifferent
which i

R i R P
F—
!

g=—"1}
=

In general,ttherefore, a constrained closed kinematic
chain can be formed Into a mechanism [n as many ways
a8 itthastlinks?

Tatorderthat a linkmaybetmadetstationarytitmust betprovided
withtsuitablytformed fastenings or cartiers.

make the demonstration complete, let us suppose that we
employtatsufficientlyrigidtpedestal tsuchas that shown in Fig 11,
as a support to which one link of our chain, a A for example, can
be clmped, o that kinematically it may form one piece with
o v i pjeck|

ythetdottedtines tandwilltbet attoncet recognised. as that oftthe
beamandicrank of a stew ko)

SR Yoo atonosend o rerie " yerte will Mnotxudnt
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once t1nt as a Tule there is a certain i mlination to treat it as &
piece of architeoture, with which it certaioly has i commen the
property of zest o immovability, and in the neighbouthood of
which also it ia often placed. The statiomry arts of mechanisms
huveoftem attracted theoattention of theorists.  We baveoalready
scenatbisoin otheolntroductiono(pol0)oim Borguis’ division ofothe

parts of macbiaes, where the “ supports” figure as a class by
themselven 0 Another indientim of the same feeling is to be found
imthe divisionwhichosften occursof e parts of machincs into
“act ive” and “ passive” The ktter are nothing else than the ele-
120013 connactod with Fhose Tk of & Kinomatichain whih are,
for the time, fixed. - Noabsdutedistinetion existhoweverbetwoen
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ol g B i i 2
structed out of the same chain, the same part of the machine may
S T o dd e s AL
Tn tho mechanisms whichaan beoconsteuctedooutoof acvhainoof
theoabore-describedoarrangement,, t e motionoof aolinkonext the
fixed link is determined by the nature of the element by mo 88 of
which it is paired to tiat link; this one pair of elements alone
influencesditsmotion. Withdhelink upon thedurther sideoof this
S e LDt e gl
as well as upon toothe cle-
ot ot of RS OV T ¥R
it is influencedaby four pairs of dewents.

Fro 1

Ttsamotionarelatively tod hefixed link isohowever o8 determinate
asif ¥ one pair of ence
we whichoin tho fir
obtained the chain,—we can, thatis,combine an element of a new
pairwith it and so furthereextendthe chaino Inorder to obtainat
thesametime the requisite closure, this extended chain must be
Tirought back again into connection with the link at whic hit
L S PR T R r e e
distine. fromowhicl weamay callotheo neclescribed above
chain. Fig 12 shows such a compound chain forme d of six Li
of exactly thesame description ns those used before Two ofthe
linksnowdontainct hree elemen ts:—

d—i—c¢

and @« —h—o
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If we suppose a —— k& (that is «a h 0) again to be
fixed, % ! will have a yet more complex motion than
d - ¢ ; the method of building up the chain further allows the
possibility of obtaining motions according to more and more com-
plex laws, and so to serve as the means of procuring a great, indeed
an infinite number of different forms of motion. It holds equally
good with the compound as with the simple chain that it can be
set in motion after fixing any one of its links; in as many ways,
that is to say, as it has links,

Closed mechanisms also can again combine, and so unite into
higher forms; we may however allow these compound me-
chanisms to class with those built up from compound chains,

We have now before us a general view of the method of con-
struction of Mechanisms :— '

The mechanism is a closed kinematic chain; the kine-
matic chain is compound or simple, and consists of kine-
matic pairs of elements; these carry the envelopes
required for the motion which the bodies in contact must
have, and by these all motions other than those desired
in the mechanism are prevented.

A kinematic mechanism is moved if a mechanical force or effort
be applied to one of its movable links in such a way as to alter

-its position. The effort thus applied performs mechanical
work which is accompanied by determinate motions; the
whole, that is to say,is a Machine.

The arrangement by which the natural force is thus brought
into action must correspond to the purpose for which the machine
is intended. If for example the natural force act continuously,
the machine receives a continuous motion, as in water-wheels, tur-
bines, and so on. If the part acted upon by the force comes after
a time into such a position that the latter exercises no further
influence upon it, then, if the motion is to be continued, artificial
means must be provided for restoring it to a position where such
influence can again be exerted; as for instance in the clock. In
many machines the action is limited to very small alterations of
position of the moving parts, as in the balance, after which alter-
ation they must be restored to their original position. This much
by way of illustration only, later on we shall have to consider
these questions systeinatically.
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The title Machine has not hitherto been used logically.
Commonly it is applied only in those cases where force or motion
appears continuously or to some large extent. Many would not
call the balance which we have just mentioned a machine, in
consquence of the narrowness of the limits within which its
1notion is confined ; but force and motion are employed in it in
exactly the same way as in other machines; it certainly ought there-
fore to receive the same name. We may much rather say that the
Engineer’s measuring instruments, the theodolite, level and so on, are
not machines. Here indeed mechanisms, in exactly the above de-
scribed meaping, are used, and forces must be applied to these in just
the way we have supposed in order that they may beused. The forces
however are very small, and the mechanisms are only used at
intervals, so that the name Instrument may properly be preferred
for them, But the title Machine is even here not incorrect, as one
may convince oneself by looking at the English giant telescope
with its massive foundation and all the appliances for working it.
Withall theseit differs in degree only, and not in kind, from alittle
pocket telescope. To such machines as occur naturally, also, the
name is denied by many. Two blocks of stone which, like “ dog-
knee” levers, grip a third between them, may form kinematically
the same combination as the train shown in Fig. 11lp the so-
called Rocking-stones, which have been weathered into existence in
many places, are formed like balance beams ; the Geysers of Iceland
act in a way to a certain extent resembling the steam-engine,
forcing the water through distinct vertical tubes formed by
stalactitic deposits ; from all these we cannot withhold the name of
Machine. I mention these things, however, merely to show the avail-
ability of the word for our purpose, for the strictly scientific mean-
ingof the name employed cannot be a matter of indifference to us.
It is far from my intention to urge the employment of the name in
cases in which its use is of noimportance. But the examples just
given come as well within our definition of a machine as within
the above demonstration of its general nature. They show also
that, in spite of the non-employment of the name, it is yet
perfectly correct in the circumstances we have supposed ; it serves,
that is to say, to indicate that they jointly possess the characteristics
summed up in our definition.

We have already seen how a mechanism becomes a machine.

E 2
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In its complete form the machine consists of one or more mecha-
nisms, which can, in the way we have already pointed out, be
separated into kinematic chains, and these agaln into pairs of
elements. This separation 1s the analysis of the machine, the
investigation of 1its kinematic contents, arranged in mechanisms,
kinematic chains, and pairs of elements. The reverse of this
operation 1s synthesis, the placing together of the kinematic
elements, chains and mechanisms, from which a machine can be
built up so as to fulfil its required function. :

There is a large region among the exact sciences in which
analysis and synthesis can exist without each other, where at
least nnportant results can be obtained by the use merely of de-
duction from fixed general laws. In our case, however, the two
intellectual operations cannot go on separately, because the
machine never, or scarcely ever, comes to us as a ready-made pro-
duction of nature, but as something which we ourselves have
made,—because, that is, 1t has been created by us essentially by a
synthetic method. The induction by which we have arrived at it
has often been very indistinct, and hence deduction aud analysis
are or must becorne means enabling us to reach it by an induc-
tion or synthesis which i1s conscious and definite.

The synthesis 1s here, asin most cases, by far the more difficult
of the two processes. On this account it has scarcely ever been un-
dertaken other than empirically. Its province is simply that which
is assigned, in common language, to invention, and about which
we spoke at length in the Introduction. KEssentially, invention is
nothing other than induction, a continual setting down and there-
after analysing of the possible solutions which present themselves
by analogy. The process continues until some more or less
distinct goal is reached,—a goal which generally seems itself to be
indefinite on account of the haziness which envelopes the whole
procedure. In this way a result lying close to the starting point is
too often reached only after traversing a whole Jabyrinth of solutions
each one depending upon the one before it, and each thrown away
as soon as it has been found. T do not doubt that many of my
readers, who have spent hours and days poring over mechanical
problems, have found, after many laborious trials, that they have
been travelling through a circle of experiment only to reach some
well known, but unfortunately not so well recognised, problem,
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The chief cause of all this trouble is that the mechanisms are not
seen, or not recognised, because their proper nature, the
kinematic linkwork with its laws, has not been present in the
thoughts of the mechanician. The acquaintance with this would,
in nine cases out of ten, have shown him any near-lying result
immediately, and would have greatly shortened the way to results
further off. For the scientific theory of mechanisms, if it give a
complete mastery over analysis, sweeps entirely away a great
portion of the difficulties, and entirely alters the nature of those
which remain. While the empirical method is only a groping in
the dark in the hope that by good luck we may lay hold of the
solution, we come here to the application of an inductive
method, based upon a well-understood analysis. The difficulties
now consist only in the incrcased demands upon the capacity for
induction. In this itself, however, Kinematics follows its own strict
laws, like all other sciences. Therc will be further frequent oppor-
tunity for showing how great the difference is between this method

and the old one,—at this point I can only place it before the
reader in general propositions.

We see now the Machine-problem theoretically solved,orin
other words, we have the general features of the method of solution
sketched in an abstract form before us; these point out the direc-
tion in which we must work. The general propositions laid down
as to pairs of elements, chains and mechanisms, are, as it were,
only the titles of volumes as yet unopened, the contents of which
we must now commence to study page by page; for it is neces-
sary, in order that our solution of the problem may be brought
down from general first principles to their detailed applications,
that the latter should be carefully examined. This study we shall
begin in the following section.

It can be readily understood that such an investigation is
neither simple nor easy, to me at least it does not appear
possible to pass quickly over such wide-reaching questions.
Whoever attentively examines the nature of the machine, discovers
in it so many phenomena having mutual relations difficult to
understand that he cannot penetrate to the deep under-lying laws
which connect them, and he comprehends how it has often taken
the whole power of single men to carry forward even one step
some of the problems which present themselves. When we
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consider the spinning-machine, for example, which has been
gradually developing for three generations into its present form,
(one still capable of further improvement), notwithstanding that
the best mechanics have worked at it ;—or look at the changes
through which the sewing-machine has passed, and examine each
step by step, we can form some conception of the difficulties -which
the theory has to overcome. In addition to this, the propositions
to be developed are completely new. They therefore require that
numerous details should be carefully entered into, of which
some may appear to the engineer to be already well understood,
although in reality the lawws upon which they depend have not
yet been investigated, and in the light of these they may be seen
in many new aspects. It will therefore be some time before we
arrive at such propositions as are adapted for direct application.

When, however, we have gone so far as to have demonstrated
these existing laws and their mutual relations, we shall have
reached the limits up to which theory can be our guide.

For the right application of these laws demands certain special
qualities in the designer of a machine besides a mere knowledge
of ifs theory, if his work is to be what is called “ practical,”—by
which is meant that the required object is to be fully
and permanently attained, without too great an expen-
diture of means. This art of making practical work can be but
very partially communicated by teaching, it can only be made
quite clear by example. The scientific abstraction only serves to
show the possibility of the machine, it affords no means what-
ever of judging between ¢ practical” and *unpractical.” This
is often cited as an essential imperfection of theory, a notion
which only arises from an obstinate ignoring of its real province.
We have separated the department of practice from that of ab-
stract theory in order to see more clearly the complicated course
of our subject. REvery time, however, that we have to choose
between the useful and the useless, we are compelled to return
fromn the abstract to the concrete. In the school, therefore, kine-
matic science must frequently be connected with its practical
applications—it has not only to show what theoretical solution
applies to problems already solved empirically, but in most cases
to construct the theory as well as to find it. It is remarkable
that there is scarcely any kinematic problem, scarcely any turning,
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however bold, in the theoretical propositions, for which we cannot
find an example in practice. It must not, however, be considered
that theory has only and always to limp behind practice, as 1is
too often the case; it may rather he said to comprehend in itself
all the mutual relations of the laws which in their application
constitute this practice; it raises a clear flame out of each spark
of truth, and so renders possible new and various roads to its
higher development. The attitude of Theory and Practice to each

other, in connection with the Machine, must be one of mutual
respect,
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