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TRANSLATOR'S PREFACE.

The Open Court. Publishing Company has acquired
the sole right of English translation of this work.
which in its German o.riginnl formed a volume of
the Zntcrnationale wwissenschaftiicie Hitirotick, of F. A
Brockhaus, of Leipsic.

In the reproduction, many textual crrors and ir-
regularitics have been corrected. marsinal titles have
been inserted, and the index has been amplified. It
is believed that the usefulness of the book has thus
becn increasced.

- No pains have been spared to render the author's
. meaning clearly and faithfully.  In this, it has often
been necessary to depart widely fromethe form of the
original, but never, it is hoped, from its spirit.

The thanks of the translator are due to Mr. C. .
Peirce, well known for his studies both of analytica:
mechanics and of the history and logic of physics, for
numerous suggestions and notes. Mr. Peirce has read
all the proofs and has rewritten § 3 in the chapter on
Units and Measures, where the original was mappli-
cable to this country and slightly out of date.

Trhoyas J. MeCorack.
La SaLie, ILL., June 28, 1893.

'

"AUTHOR'S PREFACE TO THE TRANS-

: LATION.

Having read the proofs of the present translation

cof m¥ work, D )/ cchanik i ihrer Lntwickeluny, 1 can

testify that the publishers have supplied an excellent,
accurater and faithful rendering of it, as their previous
translations of cssays of njme gave me every reason to
expect. My thanks :u‘g‘luc to' all concerned, and
cspecially’to Mr. McCormack, whose intelligent care
in the conduct of the translation has led to the dis-
covery of many errors, herctofore overlooked. 1may,
thus, confidently hdpe, that the rise and growth of the
1deas of the great inquirersg which it was my task to
portray, will appear to my new puf)li_c in distinct and
sharp outlines. E. Macn.
Pracue, April Sth, 1893. -




PREFACE TO THE TFIRST LDITION.,

Tur present volume i1s not a treatise tupon therap-

plication of the principles of mechanics. Tts aim 1y

to clear up ideas, expose the real significance of the

matter, and get rid of metaphysical obscurities. | The
Little mathematics it contains 1s merely secondary to
this purpose.

Mechanics will here be treated, not as a branch of
.mathcmatics, but as one of the physical sciences. If

the reader’s mterest 1s in that side of the subject, if he

. e
is curions to know how the principles of mechanics

have been ascertained, from what sources they take
their origin, and how far they can be regarded as per-
manent acquisitions, he will find, I hope, in these
pages some enlightenment. All this, the positive and
physical essence of mechanics, which makes its chief
“fand highest'interest for a student of nature, is in exist-
ing treatises completely buried and concealed bencath

~a mass ¢f technical considerations.
The#fist and kernel of mechanical ideas has in al-
most evgPy case grown up in the investigation of very
d special cases of mechanical processes ; and

s of the history of the discussions concern-

e

“
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ing these cases must ever remain the meihod at once
the most effective and the most natural for laying this
gist and kernel bare. Indeed, it is not too much to
say that it is the only way in which a real comprehen-
sion of t} ; upshot of mechanics is fg’}be: at-
tained. :

I havg framed my exposition of the subject agree-
ably to these views. It is perhaps a little long, but, on
the other hand, T trust that it is clear. I have not in
every case been able to avoid the use of the abbrevi-
ated and precise terminology of mathematics. To do
so would have been to sacrifice matter to form ; for the
language of evervday life has not yet grown to be suf-
ficiently accurate for the purposes of so exact a science
as mechanics.

The clucidations which 1 here offer are, in part,
substnn’ti:lll_\" contained in my treatise, Dir Geschichte
und e Wursel des Satzes von der Erialtung der A 1'/:('1'/
(Prague, Calve, 1872). Ata later date nearly the same
views were expressed by Kikcnuorr (Dorlesungen iiber
mathematische Pivsike: Mechanik, Leipsic, 1874) and by
Hewsuovrz (Dic Thatsachen in  der Wahrnchmung,
3erlin, 1879), and have since become commonplace
enough.  Still the matter, as 1 conceive it, does not
scem to have been exhausted, and 1 cannot deem my
exposition to be at all superfluous.

* In my fundamental conception of the nature of sci-
ence as Economy of .Thought,—a view which 1 in-

dicated both in the treatise above cited and in my
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pamph]ct,'l)ir Gestallen der Fliissigkert (Prague, Calve,
1872),..1:1(] which T somdwhat more extensively devel-

oped in my academical memorial address, Die dbono-

mische Natur der physikalischen Forschung (Vienna, Ge- .

rold, 1882,—1 no Jonger stand alone. [ have been

much gratificd to find closely allied ideas developed,

in an original manner, by Dr. R. Avexawivs (Philoso-

phie als Devden der el pemdss dem Llrincip des klein-
sten Araitmaasses, Leipsie, Fues! 1876 Reward for
the true endeavor of phllo_‘soph_\‘, that of guiding intn
: stres he me "ll“f"w'l-l"* 11l
one common stream the many rills of knowledee, wi
not be found wanting in myv work, although it takes a
(htcrmmcd stand against the cncroachmcnts of meta-

physical methods.

The questions here dealt with have occupied me

since my carliest youth, when my interest for them was
-powerfully stimulated by the beautiful introductions of
LaGraNGE to the chapters of his Analvtic Mechanies, as
well as by the lucid and lively tract of Jorry, /’/‘1)}{1}1/}‘/1
der Mechanik (Stuttgart, 1852). "If Durenking’s esti-
mable work, Avitische Geschicite dev F rincipren der Me-

hanik (Berlin, 1873), did not particularly ihfluence
me, it was that at the time of its appearance, my ideas
had been not onlv substantially worked out, but actually
published.  Nevertheless, the reader will, at least on
the destructive side, find many pomnts of agreement

between Diihring’s criticisms and those here expressed.

The new appnrdum for vthc tllustration of the sub-

Ject, here figured and described, were designed entirely
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by me and constrmt(d by Mr. . Hajck, the mechani-

clan of the pn\:.xc‘ 0 institute under my contraol,

In less nnmcdmu connection with the text stand
the {ac-simile reproductions of old originals in my pos-
session. The quaint and naive traits of the great in-
quirers, \\}11(11 find in them their expression, ]m\'c al-
ways exerted upon me a refreshing influence in my
studies, and T have desired that my readers should
share this pleasure with me. ’

‘ 2. Macuw.

Pieue, May, 18583,

[

O o A4 M0 MR L b e 28 4 1 et e Snb e e

B UV I PP

e et et 2 e o e e e aa e




\

PREFACE TO THE SECOND EDITION.
' x

TABLE OF CONTENTS.
Ix consequence of the kind reception which this
book bhas met with, a-very large cdition has bheen ex- Translator's Preface
Author's Ireface to the Tmml ation
Preface to the First Edition .
the treatises that have since then appeared of E.\WWohl- -~ Preface to the Second Edition’
; Strel 2 ; h 3 ’ able of Contents
will, H. Streintz, L. Lange, J. Epstein, F. AL Miiller, Tab N -onte
[mtroduction .

J. Popper, G. Helm, M. Planck, F. Poske, and others I

Lausted gn less than five years. This circunmstance and

are evidence of the gratifying fact that at the present - ' ‘ CHAPTER L
day questions relating to the theory of cognition - are . N CHE DEVELOPMENT OF THE PRINCIPLES OF STATICS.

pursued with interest, which twenty years k.'\;o scarcely ' I. Thc Principle of the Lever
anybody noticed. » ' ] : 11 The Principle of the Inclined Phne .

’ ' I1I.  The Principle of the Composition of Forces .

IV The Principle of Virtual Velocities .

yet seem to me to be expedient, | hate restricted my- V' * Retrospect of the Development of Statics .

VI The Principles of Statics in Their Appllcmon to F]uxds

The Pr inciples of gx.mcs in Their Application to Gas-
(nubBL)dl(,s. e e e e e

As a thoroughgoing revision of my work did not

sglf, so far as the text is concerned, to the correction
of typographical crrors, and have referred to the works
that have appeared since its original publication, as
far as possible, in a’few appendices. ; ' : CHAPTER II.

- E. Macu. _ FHE DEVELOPMENT OF THE PRINCIPLES@F DYNAMICS.

Pracue, june, 13858. : ‘ . Gualileo's Achievements . . . . . . . . . . . 128
' ' The Achievements of Huygens . . . .. . 155
The Achievements of'Nc\_vton N . 187
Discussion and Illustration of the Pry 1p]e of Rc'lcuon 201
Criticism of the Principle of Reaction and of the Con-
ceptof Mass. . . . ...216
Newton's Views of Time, Spqce and \Iohqa ... 222
Synoptical Critique of the Newtonian Enunmmom . 233
Retrospect of the Development of Dynamics. . . . 245




TABLE OF CONTENTS.

N |
CHAPTER III.V'/(

THE EXTENDED APPLICATION OF ’FIII?,('ISVI(-I.N(jIPI.Iis OF
MECHANICS AND THE DEDUCTIVE DEVELOP-
MENT OF THE SCIENCE.

. PAGE
I Scope of the Newtonian Principles . 256
IT. The Formule and Units of Mechanics . .o 20y
. . III. The Laws of the Conservation of Momentum, of "the

Conscrvation of the Centre of Gravity,
Conservation of Areas.

and of the

4 287
IV The Laws of Impact 305
T D'Alemberts rinciple . 331
' V1 The Principle of 17, iva | 343
VIL The Principie of Least Constrajnt . 350
VIIL The Principle of Least Action., .35
IX. Hamilton's Principle. o -« . 3%

X. Some Applications of the Principles of Mechanics to
Hydrostatic i.nd Hydrodynamic Questions . 354

CHAPTER 1V.
THE FORMAL DEVELOPMENT OF MECHANICS.

L. The Lroperimetrical Problems . e e g2

11 'l"hcu‘lo:ic;ll,_ Animistic, snd Mystical Points of View
in Mechanics . 4460
IIT  Analytical Mechanics., . 4h5
IV, The Economy of Science RS ¢

CHAPTER V..

THE RELATION OF MECHANICS TO OFHER
MENTS OF KNOWLEDGE,

DEPART-

I The Relations of Mechanics to Physics
Il The Relations of Mechanics to

-

. . 405
Physivlogy” . . . . 504

Appendix . P =

Chronological Table of 4 Few Eminent Inquirers and of Their
More Important Mechanical Works . - 31

Index .3

THE SCIENCE OF MECIHANICS




The Inter-

nattotial
Bureaw of

Weieh

and Meas-

urces.

The inter-
national
unit of
length.

280 THE SCIENCE OF MECITANICS.

take the metre as our unit of length, and the second as
our unit of time, the acceleration of a falling body for
example is g-81, or as it is customary to write it, in-
dicating at once the dimensions and the fundamental
measures: 9-81 (metre/second?).  If we pass now to
the kilometre as our unit of length (A = 1000), and to

the minute as our unit of time (7 == 60), the value of the

same acceleraton of descent is (60 % ,60 1000)4-81,
or 35310 {kilometre minute?). '

[8. Thefollowiny statement of the mechanical units
at present in use in the United States and Great Britdin
is substituted for the statement by Professor Mach of
the units formerly in use on the continent of Europe.
All the civilised governments have united in establish-
ing an International Burtau of Weights and Measures
in the Pavillon de Breteuil, in the Parc of St. Cloud,
at Sévres, near Paris.  In some countrics, the stan-
dards emanating from this office are exclusively legal ;

in others, as the United States and Great Britain, they .

are optional in contracts, and are usual with physi-
cists. These standards are a standard of length gnd a

~standard of muass (not weight.) X

The unit of length is the International Metre, which
is defined as the distance at the meltiny point of ice
between the centres of two lines engraved upon the
polished surface of a platimiridium bar, of a nearly
N-shaped section, called the International Prototype
Metre. Copics of this, called National Prototype Me-
tres, are distributed to the different governments. The
international metre is authoritatively declared to be
identical with the former French metre. used untl the
adoption of the international standard: and it is im-

possible to ascertain any error in this statement, be-

'

- called the International Prototype Kilogramme. Each

CNTLENSION OF 1HE PRINCIPLES.

causg”of doubt as to the length of the old metre,
/o-\éif partly to the imperfections of the standard, and
“ partly to obstacles now intentionally put in the way of

such asccrtninxl'lc-xxt./x.-"l‘lltz French metre was defined
as the dist.zmcc,A at’the melting-point of ice, between
the.ends of a platinum bar, called the mcézre Jes archives.
[t was against the Jaw to touch the ends, whieh made
it difficult to ascertain the distance between them.
Nevertheless, there was a strong suspicion they had
been dented. The metre des archives was intendéd to
be one ten-millionth of a quadrant of a terrestrial
meridian. In point of fuct such a quadrant is, ac-
cording to Clarke, 32814820 feet, which is 10002013

- metres, .

i The international unit of mass is the kilogramme, The inter

avhich is the mass of a certain cvlinder of platiniridium Si::i:«l‘fll

covernment has copies of it called National Prototype

‘ Kilogrammes. This mass was intended to be identical

with the former French kilogramme, which was defined

as the mass of a certain platinum cvlinder called the

Lilogramme des archives. The platinum being somewhat

spongy contained a variable amount of occluded gases,

and had perhaps suffered some abrasion.  The kilo-

gramme 1s 1000 grammes ; and a gramme was intended

to be the mass of a cubic centimetre of water at its

temperature of maximum density, about 3-93 C. It

1s not known with a high degree of‘p'rccisiun how nearly

this is so, owing to the difficulty of the determination. .
The regular British unit of length is the Imperial The Brivah

Yard which is the distance at 627 F. between the cen- ;]L"nlL:‘lln

tres of two lines engraved on gold plugs inserted in a

bronze bar usually kept walled up in the Houses of

Purliament in Westminster.  These lines are cut rela-
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Cenditions tively deep. and the burr is rubbed off and the surface
:Snc::\fr_lxl.'}{i-”'rcndcrcd mat, by rubbing with charcoal.  The centre
Vo of such a line can easily be displaced by rubbing ; which
tres. 15 probably not true of 'the lines on the Prototype me-
tres. . The temperature is, by law, ascertained by a
mercurial thermometer ; but it was not known, at the
time of the construction of the standard, that such
thermometers mayv give quite different readings, ac-
cording to the mode of their manufacture. The quality

tures for many hours. The pvint which upon such a relave
. [ . . leagths of
thermometer swill appear as 6 3wwill really be constder- e metre
. L aud vard,
ably hotter (perbaps a third of a centigrade degree) ,
than if its melting:point were marked in the other way. ’
If this circumstance is not attended to jn making com-

parisons, there is danger of getting the vard too short
by perhaps one two-hundred-thousandth part. General
« Comstock finds the metre equal to 39-36985 inches.
Several less trustworthy determinations aive nearly the

of vlass makes considerable ditference. and the mode

sume valie. This makes theineh 2 S40ulg centimetres,

of determining the fixed points makes <G more, The

At the tinu:’lht: United States separated from Ene- Lln:n\:lﬁ
land, ne precise standard of- length was legal *: and g,
none has ever-been cslnl)]is}icd‘, We are, therefore,
without ani precise legal yard : but the United States
. ofhice of weights and

bestway of marking theae poings is first to expose the

thermometer for several honrs to wet aqueons vipor at

. a known pressures and mark on its stem the heiglit of

the column of mercury. The thermometer 15 then

measures, M the absence of any
legal authorisation, refers standdrds to the British Im-
perial Yard:

bronght down to the temperature of melting ice, as

rapidly as possible, and is immersed in pounded ice

which 1s meltine and from which the water 1s not
allowed to drain off.  The mercury being watched

with a magnifving glass is scen to fall, to come to

o The regalar British unit of fhass s the Pound, des Tie prina,

R . . . unit of
tined as the mass of a certain platinum weight, called it

the Imperial Pound.* This was intended to e so con-
structed as to be cqual to 7000 grains, cach the 5260th
part of a former Tmpcrizil Tx:o'\'.: pound. This waotid be )
within 3 grains, perhaps closer! of the old avoirdupois
pound.  The British pound has bheen determined by
Miller to be 0°4535920525 kilogramme ; that is the kilo-
Aramme 1s 2- 204621249 pounds, ' o

At the time the United Statesgseparated from Great
Britain, there were two incammensurable units of
weight, the aiorrdupols pownd and the Zrov pound. Con-
e dims since established a standard Troy pound,
1t in the Mint in Philadelphia. It was a
ald Tmperial Troy pound which had been
1 England after American mdependence. Tt

rest, and-to commence to rise, owing to the licuing

contraction of the uluss.  Its lowest point is marked
on the stem. The interval between the twe marks is
then divided into equal degrces, When such a ther-

mometer is used, it s kept at the temperature to be

1 R . x - .
determined for ss lone a time ag possible, and 1mme-

. ~diately after is cooled as rapidly as it is safe to cool it

. and 1ts zero 15 redetermined. Thermometers, so made

and weated, will vive very constant mdications. Bt

. » the thermoneters made at the Kew observatory, which
arc used for deterfining the temperature of the

vard,
are otherwise constructed. Naniely the melting-point

ts determined first and the boiling-point afterwards

cand the thermometers are exposed to both tempera-

7Y
" The so-called standard of 1758 had not been legalised.

-
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15 a hollow brass weight of unknown volume ; and no
accurate comparisons of ittwith modern standards have
ever been published. Its mass is, therefore, unknown.
The mint ought by law to use this as the standard of
gold and silver.  In fact, they use weights furnished
by the office of weights and measures, and no doubt
denived from the British unit: though the mint officers
profess to compare these with the Troy pound of the
United States, as well as they are able to do. The old
avoirdupors pound, which Is lecal for most purpoccs,
ditiered withoat much donbt guite appreciably f,om
the British Imperind pound @ butas the Office of Weiehts
and Measures has long been, without warrant of law,
standardising pounds according to this Lutter, the legal
avoirdupois pound has nearly disappearcd from use of
late vears.  The makers of weinhts could easily detect
the change of practice of the Washington Office.

Measures of capacity are not spoken of here, be-
cause they are not used in mechanics. It may, how-
ever, be well to mention that they are defined by the
weight of water at a given temperature which they
measure.

The universal unit of time is the mean solar day or
Side-

real tme is only emploved by astronomers for special

its one 8Ggooth part, which is called a recond.

purposcs.

Whether the Internatonal ar the British units are
cmployed, there are two methods of measurenient of
mechanical quantities, the aivodute and the gravitationad,
The wbseiate is so calied becanse it is not relative to
the acceleration of gravity atany station. - This method
was-introduced by Gauss.

- The special absolute syvstem, widely used by physi-

cists in the United States and Great Britain, is called

e e O e
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N
o
w

the Centimetre-Gramme-Second svstem.  In this sys- The absos

L . 2 - lute system
tem, writing C for centimetre, G for SraAImme mass, (l'} ('hcd
. nite

States and

Great Brit-

and S for sccond,

the unit of length is Y OF S
theunitof massis © . . . .. ... ... .. G;

the unit of time 1s. . ; S;

the unitof veloentvis . 0 00 0 . ... . CS

the unit of acceleration vwhich might
be called a o galileo.” because Gali-

Teo Galilet first measured an accele-

rition; is CSz..
the niit of density s GCwy
the unit of momentum is . GC S,
the unit of foree (called a v isl GC S :
the unit of pressure (called one mil-

hohith of an absolute atmospherevis. . G CS82;
the unit of cnergy (24 ira, or work,

called an erviis o oL L 1GCr Sy

cte.

The gravitational system of measurement of e The Gravi-
chanical quantitics, takes the kilogramme or pound, or Ks‘\:ﬂ,‘,l
rather the attraction of these towards the carth, com-
pounded with the centrifugal force,—which is the ac-
celcration called gravity, and denoted by ¢, and s dif-
ferent at different places,- as the unit of force, and
the foot-pound or kilogramme-metre, being the amount
Gf gravitational energy transformed in the descent of a
pound” through a foot or of a kilogramme through a
metre, as the unit of energy. Two ways of reconciling
these convenient units with the adherence to the usunal
standard of length naturally suggest themselves, namely,
first, to usc the pound weightor the kilogramme weight
divided by g as the unit of niass, and, second, to adopt
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' \
such a unit of time as will make the acceleration of &
at an initial station, ynity. Thus, at Washington, the
acceleration. of grm!ty is gSo o5 galileos. - If, then,
we take the centimetre as the unit of length, and the
0031943 sccond as the unit of time, the acceleration
of gravity will be 1 centimetre for such unit of time
squared.  The latter system would. be for most pur-
poses the more convenient : but the former is the more
familiar. ] '

In either system, the formula ps=m ¢ is retained ;
but in the former ¢ retains its absolute value, while in
the latter it becomes 1111.it_\' for the imual station.  In
Paris: ¢ 1s ¢So-g6 galileos ; in Washington it is gSo-og
galileos.  Adopting the more familiar system, and
taking Paris for the initial station, if the unit of force
is a kilogramme's weight, the unit of length a centi-
metre, and the unit of time a sctond, then the unit of
mass will be 1 98100 kilogramme, and the unit of
cnergy will be a kilogramme-centimetre, or (1/2)-
(1000 g81:0) G C*S2  Then, at Washington the
gravity of a kilogramme will be, not 1, as at Paris,
but g80-1/981-0=099907 units or Paris kilogramme-
weights, Conscquently, to produce a force of one Paris
kilogramme-weight we must allow Waghington g?nvity
to act upon g81-0 980°1 == 1-00092 kilogrammes.] N

In mechanics, as in some other branches of physics
closely allied to 1t, our calculations involve but three
fundamental quantities, quantities of space, quantities
of time. and quantities of mass.  This circumstance is
a source of simplification and power in the science
which should not be underestimated.
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