CHAPTER VII

Prize Winning Essays of the French Academy

(1720-1726)

The controversy over living force as 1t unfolded in
france in the 1720's centered around different oproblems
than had the experimental phase 1n England., In England
the vis viva produced in free fall and its experimental
evidence had been a central issue. Here in Frsnce the
problem turned to the laws obeyed by bodies moved under
the sction of elasstic springs, while the problem of the
impact of bodies continued to be of prime importence. The
view of the composition of matter, whether of “hard" atoms
or elastic bodies determined the sitand of some partlcipants.
Relsted to thig position was the question of the congervation
of mv or mﬁa in a universe which was running down or period-
ically fluctuéting. Here in France, the home of Descartes!?

2
philosophy, the champions of MV yere in 2 minority. A

séries of papers written for competitions sponsored by the
French Acsdemy produced only one defender of Leibniz, Jean
Bernoulli, who wss not a Frenchman (See Che VIII). A
second series of essays at the end of the décade resuited

in resction to that one paper (ses Ch, VIII),
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A nom=-technical contribution to the sargument was
mede by the Swiss professor of philosophy and mathematlics
at Lauvganne, J. Y. de Crouvsaz. A vociferous opponent of
Leibniz's philesonhy, Urousaz had rebukéd Leibnigz for
crrors in hig attecks on Lescartes. In a paper entitlad
"Diseourse on the Principle, Nature and Communication of
MOinﬂ”l which won the prize of the French Academy in -
1720, he ascceots the Cartesisn measure of force,mv.

In lesding up to a definition of the'quantity of
motion, Crousaz first discusses the nsture and origin of
motion,

"T gee bodies at rest after having perceived them

move
in motion end I see them/after having been at rest. Irom
that I conclude that by its nature a body is indifferent
to one or the other of these ststes.” It has been deter-
mined by some causs to be in one or the other state. A
body at rest can be put in moticn by the impulsion of
snother, but since the szecond could have been at rest

before being in motion one must ask whence came the motlon

withawhich it could push the first.2

To undersgtand the nature and origin of motion it
tg first necessary to understand the nature of body. fol-
lowing Descertes, Crousaz states that it is necessary to
sgree thet the extended 1y a substance. ”;The extended’
being a subgtance, the extended, a nd extended subgtance
1J. P. de Crousez, "Discours sur le »srincipe,la nature

ot 1a communication du mouvement,'" PiSces gui ont remportd las
deux orix de 1'Acsdemle Royale des Scisnces, (1720),1-67.

“Tpid,, b
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ars gynonymous terms."

One sess Shat body (corps) and extension (Btendue)
are the gsme thing andéd "no portlon of the extended
can draw itg own motion from itself since of iteelf 1%
doss not...pass from a state of rest to one of motion.'
A body"is indifferent to one or the othsr of thess two
stsbes end is equally susceptible to one and the other....

Congequently some exfterlor cause (cause exterieure) is

noeded to determine one state rather then the othar‘."lL

It is necessary to look for an intelligent substance
to which to sttribute the first motlon of the universe. It
fg in the power and will of this substance that ons looks
for the first origin of motion., The sternal ‘intellilgencs
canrproduce a1l thet it wishes and produce it with infinite
ease.5

In sttributing the original source of motion to
ap externsl cause and in considering pasrticular motions
as states of the moving body, Crousaz is following Desceartes.
Later in the essay he says: "It is the true csuse of motion
which is crested snew and of which %he collision of bodies

6

ig simply the occasion.,”

AL

Thid., 12.

=

I‘bid. 5 16-17.

51hid., 17.

o~

Ipbig., 56.
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This would snem to carry Crousaz beyond Descesrtes to
the occagionalist theory of motlon (gsee footnote 7.

For Descartes and Newton motion was generated and
continued by a cause, God, outside of matter. TFor Leibniz
motion wag not resl but the force which phenomenslly caused
the action of bodises permeated the world. In the sense
that the actions of material boedisg occur in harmony with
the pre-established lives of the wmonads, motlion, for

7

Leibniz, csn be sald to be based on an internsgl principle,

7On the background of the various theories of the

ature of motion - held up until the time of Crousaz =ee
Bdward Jen Pijksterhuls, The Mechanization of the World
Picture, trsns., C. Yikshcorn, Uxford, 1961; on Aristotle

see p. 21t "For Arigtotle, motlon in the most general

sensge of the word is the term used to denote any trensition
from notential to actual being (generatio) or decay (corruptio),
whether it undergoes changes in bulk or quantity (augmentatio
and diminutio), or whether it is going to occupy a different
nlace (motus localis) ...The original Apistotelien definitiomn...
readg: motion lg the actuality of thet which 1lg potentislly,
viewed from the standroint of potential being.” ‘p.2h: "In
contrast with atomism in which the perpetual motion of the
atoms was pogtulated without need for causd explanation being
felt, Arilastotellan physics 1ls basged on the axliom thst every
motion (motus) presupposes a mover (motion). This motor
must either be present in the mobile (moving body) or be
in direct contact with it; Actio in distesns (action at a
distance) ig excluded as inconce.vable; a motor must alwavs
be a motor conjunctus (connected with the mobile). On
Ocena and the Teris Terminists (Buriden) see pp. 175-176:
"Tprom the conception motus loralig saf mobile quod movetur
(Local metion is the body that moves) Occam drew the con-
clugion that the word motus is no more than a word, a VOX,
which degipnates two positive things, to wit the moblle and
the vlaces gsucceggively occupied, and one negative thing,
namely the fact that no two plscesg are occupled simultane-
ougly...The cpposition which this extreme nominalist posi-
tion arouged in the fourfisenth century among the Faris
terminists, for instance,...raised the quesgtion of whether
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by the Fforms fluens conception of which 1% wase the conse-
guence the noture of local motion ig expressed gulficiently,
or whethar it is not rether st the same time a prhysical
reality existing outeide the mind, a fluxus formac. Motion
was defined by the Paris terminisfs ag an Intrinssce
aliter et aliter ge habere (an intrinsicelly dirferent be-
Favior on cach occasion)s it is rsal state distinct from
the morile, which cannot be classed with one of the cata-
cories; its nature iz nov gsugcoptible of sny further deter-
mination, but on the ground of experlence, 1t gimply hed
to be assumed ag existing. ...For the Terminists.,..motion
was something absolute: according to them 1t could be pre-
dicated ofa body that moves without 1ts relationg to other
bodies being taken into conslderation.®

On Descsries,"Principia Philosophiae," op. cit.
Ft. II, Prin. 25. "Purther 1 understand that 1% /motion/
ig a mode of the mobile thing and not a substence, just
as figure is a mode of the figured toing and repose of
that which ig =t rest." Frin. 27: '"Whet 1g in guestion
at present is not the activiiy coneceived to exist in the
object thet produces or arrests motlon, but gimply trons-
lation, and absence of translstion or rest, Fleinly this
translation csr have no being outside the moving body;
and the tody is in a different conditlion when 1t 1s being
frangferred and when it 1s not being transferred or lg at
rest. Thus motion and rest are simply two different states
(tnodi) of a body."

Opn the occasionalist theory of motlion see Deatrice
K. Rome, The Philosophy of Malbranche, Chicago, 1963, p. 2ll:
"When Malbranche tolks of God os alone the Crestor he equates
thig with ths claim thst God alone is motor. Since God
alone csn ereate he slons can move.' p, 2261 "The essence
of matyten dgnits immu%ahlevinenﬁvquﬁlitaﬁive rélationss~but
1fg-e¥tsténce isglgheer process or movement: matter sacts only
by the efficacy of the movement that 1 impress on it.
Azain Malbranche declareg: 'Matter is egsentially movable.
Tt has b7 its nsture, & passive capecity for movement. But...
't has no active ocarnaclity; 1t is actually moved only by the
aontinual action of the creator.” pp. 227-228:"We may say
that the sun is the cause of wmany admirable effects, bescause
its force is the movement that animaftes 1%. However God
ig the true cause of the movement, and hence the sun is
sn occasionsl or natural cause, for 1fs active power COmMes
from God's lawg.... Occasional causes do movs for Malsbraenche,
they do communicate and Impart motlon; and they do so because
God, throuwh His laws which are but expressions of Hisg will,
smpowers them %To act thug....Natural causes...are not true
caures at all. ‘lhey are only occaslonal causes which act
solely by the force and efficacy of the will of God. Thus
the occcasional csuse remains active but ite actlvity depends
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To understand the nature of this first mobtlon, Crousaz
continues, it is necegsary bo suppose all parts of the unl-
verse in perfect rest. One begins with the mogt simple
supnositions: rest isg infinite 1in comparison to motion,

A body at rest is always in the same state and conastantly
congerves the same relstions.

Ts show how motion could have been initisted by an
intelligence, Crousaz concelves & sphere gix feet 1n radius
in which nothing ig changing and which is completely &t
regt. Its convex surface at rest is perfectly polished
and immediately touched at all points by the con--
cavity encircling it and which is also perfectly polished.

"Imagine thet the supreme intellirence wishes That
this ephere apply successively the convex surface wnich en-
closes it to the concave surface whilch immediately embraces
$t. This wish will be immediately carried out and the sphere
will put itself in motion." Following this "all its paris
will apply successively the convex surfaces which enclose
them sll,to the concavity which touches them" and all parts

will be get in motion.B

on UGod's crestive and conserving power.”

On Leibniz see this dilssertatlon ch. ILI, pp.l02-1C3,n.44.
and TLeibniz, Ime Discourse on Metaphysics, op. c¢it., 32:
M., .motion iT we repard ite exact and rormal meaning, that
ig, change of place, is not somsthing entirely real, and
when several bodies change their places reciprocally it
ig not posgible to determine by considering the bodies alone
%0 whieh among them movemont or repose ls to Dbe attributed...
But the force or the proximate cause of these changesz is
something more real and there ere sufflclent groynds for
sttribpoting 1% Lo one body r-ther than to anolher...'

Ibid., 20.
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The way in which this i1s accomplished lg not clerifisd by
Crousaz,

"motion is & sbtate of

From this it can be gsgen that
e body which successviely applics its surface $o the exten-
glion Immedistely touching it.”g This is the first sssential
progerty T of moticn., A second characterlistic no less essen-
ilal 1g thet there 1s no part in this schere thet changes
without ceasing to be in the sgame piace with respect to
the parts of the concavity %o which Tthey are compared. All
the parts change their gsituation in the successive applica-

. O
tions of the convex surface.l

The entire agsemblage which composes the sphere in

applyving itg surface succegsively znd in changing its git-

uationy, .traverses s space.”ll Thig is the third essentisl

property of wmotion. "The concavity which the sphere in
motion embrsces 1= the extremlty of an extended body. It
18 necessarily of a certain capscity, and...bhet which en-
cloges 1%t 1s also an extended body..., this concavity lis
of a deterﬁined capecity.”lg‘ When & sohere moves itgelf

around 1lts center s certsin portion of the concgvity,after

having veen traversed successively by a certain part of

9
Ibid., 20.

0]
Ibid- 32 210'
lIbid., 22.

12
. Ibid., 23.
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convaxity of the moving body,ls alterwards treversed by
another in the same way. & third succeeds the second,

treversing the same part, and thus without interruption.
"Thia idea of motion conceived as a state of a
hody which traverses & gnace, or which trsverses a con-
cavity of a determinsd capacity...is what one calls the
ouantity of motion. A1l physiciste...define this as

" being the product of the weirht (pesanteur) snd the veloclty
nl3

(vitesss). When more snace is traversed there is more

motion then when lesg space 1s traversed, or when the con-
cavity traversed lsg of lesser capacity, there lg leogs
mbtion. One veloscity is to ancther as the length of the
path thaet one of the moving bodies traverses 1s to the
lenath of that which the ofher traverses in the seme time.
Yen one talks about guentity of motion, one nsver thinks
of the motinn of only e single body but onelalways compares
ths motion of two bodies.lLL

"Motion being the state of a body which traverses a
gpace and the guantity of motion being slways proportional
to that snace, one sees that motion doeg not differ from

15

its quantity.”

131p14., 23.

ryea,, 23-25.
15

Ivid., 27. In saying thet motion does nos differ
from its gquantity, Crousaz goes further than Jsscartes.
Descartes said that spsce (or matter) does not differ from
ts quenbtity i.e. extemsion. BSec "principa Fhilosphise,”
op. cit., Prin, 8%For guantity differs from extended substance
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"A body only has force by its motioen; the force of
motion ig the moticn itself....The force of motion and

its quantity are egain the same thing."16

A mevine body of one ounce which traverses gix feet
in one minuts hag the game quantity of motion and conss-
quently the ssme force ag a moving body of three ouncas
which traverses two feet in the same time. Thus if & body
of two ounces at rest resists colllslon wifh one of these,
it will resiet the other, gince they are of the game

17

strength.

Like other Ysrtesisng, Croussz emphasized that one
of the essential properties of time was to be the measure
of rotion. If this is not recognlzed one finds oneselfl in
o viciocus circle in comparing two unequal velocities, Ons
must compare the distances traversed in equal tlmss. Egual

times are those during which egual disltances are traversed

not in reality but only in our conceontion.” Prin.1l:" ...The
same extonsion which constitutes the nature of body constit-
utss the neature of apace, nor do the tTwo mutuslly differ.,
sxcepting as the naturs of the renus or specles differs from
the nature of the sndividual..." Concerning motion Descartes
seid only that it wss a mode of the moving body and had @&
definite quantity, but d¢id nob identify motion and 1ts
guantity. See Prin 36. "Motion 1s indeed only a state
(modus) of the movine body; but 1t has a ceftain definite
gquantity and it is readily conceived that this quantity may
be constant in the universe ss & whols, whils varying in

any given part."

Tbid., 27, The Cartesisns charachteristically admitted
only force of motion in their enalysis. The Le%bnizians
also includeé force of posltion, or "dead force .

17
Tphid., 38.
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by squal velocitles. <The exlstence of motion in a body
ig the existence of time in this body, and the time and
motion of a body are the same thing.lB

Althougﬁ Crrusaz does not directly attack Leibniz
in this highly metaphysical prize winning paper, he recslled
to the attention of the French literary public, the Cartesisan
concept of motion as a state of a moving body rather than
as & phenomenon manifesting forces inherent to matter (Leib-
niz). He apreed with the Cartesian measure of motion as
the weight times the velocity, equating 1t with the ides
of force acting through tims.

The second paper to appear in the French Academy's
series of orize winning papers on motion likewlse gided
with the measure of force as mv. 1%t did so not from the
Cartesien point of view already familiar and accepted in
¥rance, but from the Newtonian. It came from the brilliiant
Scottish professor at Abserdeen, Colin Maclaurin.

For the year 172iL, prompted by concern over the
nroblem of the communicetion of motion and the question of
"hard" bodiss, the Fpench Academy of Science had announced
that a prize of 2500 pounds would be given to whomever
could resolve the following question: "What are the laws

according to which a perfectly hard body, put into motion,

Wrpsa., 18, so.
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moves another of the same nature which 1t sncounters
_wh@ther at rest or in motion and whether in & vold or
in o plenum?lg

The winner of the prize was Colin Maclaurin for his

‘essav, Demonstration of the Laws of Collision of Bodies.ao

Honorable mention was civen to Jean Bernoulii. In the notice
to the reader at the head of Maclaurin'e sssay the Academy
sxnleined thet it had asked for the laws of collision of
cerfectly hard bodies without asking whether they exist.
Some authors they ssid (meaning Bernoulli) had submitted
essavs on the laws for elastlc bodies which are not the
game as %those for haerd bodies.

Although the question was strictly on the laws for

hard body coliisions, the competition became part of the

vis vivs controversy. For Maclaurin (172l) submitted laws

in terms of mv, at the game time criticizing the possib-

¢ . 2

11ity of using mv™, Bernoulll (1727) however denied the

existence of hard bodies and submitted an snglysis based
i - 2 N

on conservetion of mv ', Mazidre (1726) derived the laws

of collision for perfectly elastic bodies in terms of mv.

For thig stestement concerning the detalls of the
competition see Jsan Bernoulll, "Discours sur les loix
de ls comminication du mouvement,” Hecuell deg nideces quil
& remnortsd les prix de 1l'academle rovale des sclences, 2 (1727}4,
cseparate paginstion . =

20 X X . .
Colin Msclaurin, Memonatration des lolx du choc des
corps,"” Recuwil des picces gul a remnortd les prix de
iiacademic rovelsdes sciences L (L/24)1l-2l, separate pagin-
atlon, : ;
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Thugs the queagtion of impact became of prime importance
in the controversy over my_2. The pzpers of Maclaurin anG
Mazidre will be discussed in thisg chapter; that of Bsrnoulli
in the next chsoter.

Colin Meclawrin (1698-1706) hag been congidered ons
of the three greatest disclpleg of Newton (the othsr two
being Devid Gregory snd Roger Cotes). He had bscome ac-
quainted with the geometry and natursl philosophy of Newton
while in college, before mesting him in 17197, It was Newton
who later helped him attain the chair of mathematics at
Eginburgh with the recommendation: 'not only because you
sres my friend but principally because of your abillitiles,
you being acquainted as well with the new improvements of

mathematics as with the former state of thesge societies.”al

Maclaurin taught the Principia for 20 years at Egin-

burgh and in 1748 wrote_An Account of Sir Issac Newton's

Philosophy.

Hig contribution to the French Academy's 172 contest
waes wriltten whiie he was in Lorrsine during a three year eX-
tenﬂed 1save of sbsence from Aberdeen where he had hsld a
teaching nosition. In Lorrsine from:1722-1725 hie had been

encaged as a tutor for the son of Lord Tolworth.

21
. 4. Turnbull, "Bicentenarv of the Deakh of Colin

Maclauri&,Aberdeen,l@Sl, &.
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Maclaurin's essay on percusgion finds its found-
tionrin the third law of Newton, that zction and reaction
are equal,
Before discugsing the laws for ecolliding bodies,
however, Maclaurin thought 1t essential to examine the
hynothesis of Lelbniz and g Gravegande that the forces

of bndies sre as ths procduct of thelr masses (magses)

and the squares of their velocities. He writes,

As 1t ig absolutely necessary to know how to
determine the nroportionsg of forces of bodies
in motion, bhefore looking for the laws of thelr
colligions, and as 1% is contegted that the forces
of bodieg sre as the rectangles or the products
of their masses by their velobecities, 1t aprears
to me essential %o clarify this matter and to ex-
smine with attention the opinion of M. Leibnisz,
explained and lately supported by M. Tsg Grqvaﬂande,
in an essay which he published on the collision of
bodles. ‘Yhis is the fundamental problem to be
treated in connection with the impasct of bodles;
thet L1e¢ why I will elaborate particulsrly on 1ts
discussion.

Mogsieurs Leibniz gnd ‘s Grovessnde malntain that
the Torces of bodies are as the products of their
magsea snd the squares of their velocities. rfor ex-

amnle 1if ths valecxtieﬂ of two equ%% bodies are asg
10:8, the forces should be 100:6L.

Using these numbers as an c¢xample, suppose that two persons,
one on a ship which advanceg with uniform motion with a vel-
ocity of 2 and the other at rest on the shore,throw 2 equal
bodies & and B with eqgual efforts in the direction of motion

of the shin. Supposs that the body E which was at rest

Maclaurin, op. cit., 7.



218
mains a velocity of 8. Body A advances on the ship with
2 velocity of B, but advences in the air with s velocity
of 10, the sum of the boat's velocity and 1ftis own, According
to Leibniz the force of body A before it was thrown forward
was l, the square of the boat's velcocity. Its incroase
of foree after being thrown is 82 or 6l making ite total
force, 6L+h=68, But since its total velocity after being
thrown is B3+2=10, its force ought to be 100, This ig con-
tradictory and therefore forces cannot be propamtiohal

to the squares of the velocities.23

Maclsurin is making an algebraic error. The total

force of body A after being thrown is (Av + vo)2

2 2
AVT 2V AV T VS ave + V02 , as Maclaurin calculated.

: 2
nus (8 + 2)° = 6l + 2(32) + L = 100, Maclaurins figure of

. ; . . 2
68 is based on the incorrect equation, AV + y 2
_ 0

To further stow the abesurdity of this notion, continues
Maclaurin, ruppose thet someons throws forward body Q eagual
again in mass to A and_ S with the same ef fort,3, on a ship
advancing with velocity L. The totel velocity of ( will
then be B8 + L = 12, and it s force wlll be 122 = 1hl. If
I or 16, its force before it was tbrowﬁ,'is subtracted

from 1lll., the result, 128, is the force added to the body

23Ibid., 8.
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by the same effort of throwing which added 96 or 100 -
Il degrees of force to body B snd &L degrees toc body £.

Eut these increases should bhe Equal.gu

Lgain Maclaurin ie making the ssme error. The

= il | : 2

force of body C after belng thrown l1s: v, = ( &Vb+VO)2 or

2 _ e
Ve = (8 + L)% v 2 _ gl 4 2(32) + 16 = 1. In this
problem the increase in velocity 1ls needed: vc2 - v 2 _

0

.2 2

Be-< 4 2v BV -l = 128 =u&v02 + 2 (Lav}; Avc2 + Bav, -

128 = 0O: (4gvc + 16) {avc - 3} = 0, Thusgvc = 8, not 128

ag Maclaurin calculated. For body B the effort of throwing,
AVB)iS: V%% :‘AvBa + EAVBVO +'v02; 100 ::&ng + RQVB(2)+22;
avg? + bavg - 96 = 03 (avg -8)(AvVp 4 12) = 0, Thus avg = 8
and not 96 ags Maclaurin erroneously calculated,

Suppose now that two bodies, & and B hit two "harg"
immovable obstascles, one on the ghore and one on the ship.
They should lose equal quantities of force. DBut body B
will lose &L degrres of force which is all it had received.
Body 4 in losing 6ﬁ would have 100 - 6L4=36. But body A
actually loses all its velocity, except the two degrees
it hag in common with the ghip. Its final force then 1s

52 _ L 25

Again fthese resgsulfts are contradictory.

2itpia., 8.
ESIbid., 5.

i st
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The game error on Maclaurin's part accounts for the

supposed contradiction. Solving for Av, one obftains:

168 :‘AVAZ + BAVAVO 4 22

It

AvAz + Lav, - 96 = 03

(avy #32) (av, - 8) = 0. av, =8 s0d avy® = g, “hus

& Joses bl degrees of force, but 1lts loss of velocliy

body
i & which ig all but the 2 degrses contributed by the
ship.

Consequently if this sytem of Leibniz and 's Gravesande
were true, the moticns and collisions of bodies contalned
in a space which edvances uniformly will be different
from the motions and collisions in a space at rest respectlve
to the firet., Thusg 1t will be poegsible to distinguish rel-
stive from sbsolube motions which is usually considered
impossible in physics.26

A similar argument can be drawn from colllsions of

elastic bodies. Suppose there are two eqgual elastictlodies
L andg B moving in the gsame dirsction with velocities 10 eand
5. If they had no elasticity they would stick together
and procede after collision with a velocity of T7%#. Butb
gince they are perfsctly elastic they exchange thelr velw
ocities ond body A4 will now have 5, and body B, 10 degrees

of velocity, 'S Craveszands, says Maclaurin, apgrees that

26Ibid., 9.
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they separate with s difference of 5 degrees of velocity
and thsat during the colllsion the elasticity of the bodies

imprints 24 degrees of velocity to each of 25 degrees of

force. Without the action of elastliclty the force of body

2 ‘
A would be (7%) or 225 . Thus gE degrees of force are
|

removed since there 1s no elasticity. There femains in

body A, 225-25 = 50 degrees of force. But since the
{ —_ﬁ__ .

common velocity of body A is only 5 Its force can be no

higher than 25, Thus there 13 a contradiction.27

An interesting case of colllision dilscussed by many
of'the antagonists in the controversy waes that of two bodies
having velocltles of 1 and 3 1n the Inverse ratio d their
magsses colliding from opposlite directions. In thils case
1f they have no elasticlty the bodies rest motionless&after
hiﬁting each other. According to 's Gravesande, says Mac-
laurin, the forces @mxz) are in the ratio of 1(3)2 + 3(_1)2
i.0. 9 to 3 or 3 to 1, According to Mgclaurin, however,
the forces (mv) are s 3 to 3 or 1 to 1.

This 1s an inelastic case, hence 312 is not conserved,

2 2
(1)(3)7 + 3(-1)" = 12. The ﬂlz of the bodies before and

after collision would not have to be equal, Since momentum

27

Ibid.,, 9. The same error on Maclsurin's part
accounts for the apparent contradictlon.
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is conserved however, the mv's (1)(3)+3(-1) = 0. But
Maclsurin argued that in 's Gravessnde's system this
meang thet one force should stop another force of which
i1t 1s only a third. The proponents of this, he said,
argue that the larger force loses its advantage in com-
pressing the parts of the other body and the forces mut-
ually consume themselves, But since the actions are
mutual and contrary and begin and finish in the ssme time,
1t 1= repﬁgnant to experience that these unequal forces
should consume themselves entirely snd both end at rest,
In the case of the forces belng equal, as 1ln the system
of Descartes and Maclaurin, there 1s no problem in seeing
how.the todiea can come to regt after collision due to the
equality of action and resction, i.e. Newton's third law.
In the Leibnizisnds Gravegande system, to resolve the
difficulty one muét say that the larger body resista the
other, not only by its force, but also by its inertis in
order to explain the phenomenon. The greater force of
the smaller body 1s consumed by compreséing the more

28

numerous parts of the larger body.

It would be necessary sald Mscleurin, to change
entirely the /MNewtonian/ ideas on force and motion in

order to concede to 's Gravesande his explanation in

281p14., 10-11.
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terms of the inertia and reaslatance of bodies.l

'S Gravessnde's explanation of the inelastic bodies
resting after collision in terms of inertia and resistance
13 not correct; the kinetic energies of the ihelastic
bodies are changed into heat energy as the bodles are de-
formed 1in collision. However both the Newtonian measure
of forece, l.e. the time rate of change of momentum, and
the equal but opposite moménta of the two bodiés are
measures of other properties of the body. 'S Gravesande's
explenation that the bodies rest motionless after collision
could not be given in terms of the force defined as ma or
mv, Thus Maclaurin's statement is.trde, but he does not
recognize that two different concepts are at issue. Here
the problem 1s truly s word dlspute.

Meclaurin objects to 's Gravesande's 1Lth proposition
which forms the bagis for his treatment of inelastic and
ultimately of elastic collisions: "The force lost in the
collisions of two non-elastic bodies i1s the same as the
absolute velocities of the two bodies 1f thelr respective
velocity is the ssme."

Maclaurin then challenges 's Gravesande's 19th pro-
posltion in which he speaks of thé force lost in a non-slastic
collision in terms of the sum of the absolute forces of the

two bodies /ABdd/. But according to Maclaurin the absolute
E+DB “

motion lost in the collision of two non-elsstic bodies
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moving from opposite directions is double the force [mv7
of the smaller body. In this example the non-elastic
bodies sre perfectly hard bodles, not soft bodies. Thils
{1g Maclasurin's solution to the problem posed by the acad-
emy. To clarify this statement Maclaurin supposes that
two bodies A and B have velocities V end u and that the
sum of their absolute forces before the collision is

JAV§ +1iBul. If the force of body A 1s the greatest and they
travel toward each other from opposite directions, the
force after the collision will belAV - Bul and the differ-
ences between these two forces before and éfter collision
will be the force lost or (AV + Bu) - (AV - Bu) = 2 Bu.

This loss then is equal to doubls the smallest force.2

29
Tbid., 13.In explaining the reasoning behind Mac-

laurin's statement, Wilson Scott, op. cifb., 20-22, gives
the following analysis: "In contrasting the difference
- of elastlc bodles' behavior to thak of hard bodies, Maec -
laurin points out that the former undergo no net loss of
force upon Choc regardless of whether their prior motion
1g in the same or in opposite directions. Moreover he
explaing why in a way that makes the entirs problem quite
clear:
The action of spring in the lmpact of perfectly
elagstic bodies doubles in the exchanges of the
foreces which would have been: ppoduced in the
bodieg if they had had no spring. The parts of
the olastic bodies are depressed by the impact
and always give way until the two bodles are ad-
vancing with a common velocity~--just as 1f there
were no elasticlty, the respective velocities
which compregsed their springiness no longer acting.
Then the altered parts rebound, and regaining theilr
gshapes bv the same steps and with the same forces
by which they werse depressed produce the same effects
in the bodies, which become separated st the res-
pective speeds equal to those with which they approached
sach other before impact. There 1s therefore a
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'S Gravesande, writes Maclaurin, says that forces
/defined as m327 never mutually‘destroy themselves but
consume themselves in compressing the parts of the opposing
body which susteins itself by lts contrary force. One
deduces from fhis that a force cannot loge very much in
compressing the barts of a body if that body 18 not sus-
tained by a contrary force or held by another obstacls.

It sppears reasonable to believe then thet the force lost

by the collision of bodies from opposite directions should

double augmentation produced in the Force of the

body which gains by the impact and a double dim-

jnution in the forces of the body which loses by
_ the impact. ) '
Scott gives the following example of L. W. Taylor by wayy
of sdditional c¢lezrification (L. W. Taylor, Fhysics, Cam-
bridge, 1941, 209). "Imegine s man standing on ice. If
he cetches a ball he will be pushed backwards with a cer-
tain veloeity. Upon returning the ball he will be pushed
backwards with the same velocity agesin. The first repre-
gente inelastic impact, the second elastic. The double
augmentation has the effect of reversing the relstive vel=-
ocity., Thus if a hard body should strike a statlonary
wall the body would come to a stop, losing a velocity of
gay 88'/sec, But an elastic body would lose double
881/gec, which would cause it to end up with -88'/sec.
Now take similarly two elastlic bodles of equal mass
approaching at B8'/sec., the velocity of each turned
through 180°, 7In this latter case howsver there is no
‘net loss of speed or momentum.'.'To sum up: The mathe-
matics developed by Maclsurin demonstrates thatb the momentum
lost by one hard body is gained by another hard body when
they are both moving in the seme direction. However hard
bodies moving in contrary directions suffer a loss of mom=-
entum equel to 2MpVp. (myvy + momy) - (myvy - mpvy,) = 2myvp

Upon doubling the loss of the first body and doubling the
gain of the second body a process which takes place in

the cage of elastic bodies, there is no gain or loss what-
goever."” For a mathemstical explanation of this statement
gee appendix to this chapter containing Wilson Scott's
calculation for the momenta of hard body collisions in
oppoasite directions.” (Wilson L. Scott, op. cit., appendix.)
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- be greater than when one of the two, with a veloclty equal
to the sum of their velocities,ﬁits the other at rest.
However, the respective veloclty is equal in the two cases.
If the respective velocity remains unchénged, the forces
of the bodles do not change and conseguently their resis-
tances to each other, the compressions of the parts and

the force lost cannot vary. This contradicts Maclaurin's
own conclusion that the force lost would be greater when
the bodles proceded from opposite sides. The whole system
of 's Gravesande, concludes Maclasurin, is thus subject to
question because he can never reconcile his principle with

the laws of collision established by experience.30

Maclaurin's argument here rests on the different
meaninge given to the worde force and in particular to
the force lost. 'S Gravesande expression for the force lost
in an inelastié collision is in terms of the difference of
the living forces of the two bodies before and after col-

lision i.e. ABAd. Maclaurin's expression is for the momentum
A+ B _

lost in & hard body inelastic colllsion. Here again the

disagreement 1s a dlspute over the meaning given to the

word ﬁforce". | |
Maclsurin's paper shows-that.:&c loss of forcs, or

momentum is suffered by "hard™ bodies meeting in collision

0
3 Ibid., 13-1b.



257
from contrary directions. In cther words in this special
case, momentum 1s not conserved.

Msclaurin's arguments like those of the English
experimentalists were mainly based on Newton's 3rd law
of the eqﬁality of action and reaction. Since Newton de-
fined force to be. the quantity of motion or momentum pro-
duced in a unit of time, 1t follows that bodies acting on
sach other communicate in equsl units of time, squal and
opposite guantities of motlion, mv. They receive velocities
reciprocally proportional to their masses and opposite in

sign.Bl

This was the basis for the Newtonlan-Cartesian
positidn on the communication of motion. .

Because of tﬁe fact that Jean Bernoulli had submitted
an essay on elastic collision the French Academy had announced-
a second contest for 1726 on "the laws of collision of bodies
having perfect or imperfect elasticity." The winner thils
time was Father Mazidre for hls title, "The Laws of Impact
of Bodies Perfectly or Imperfectly Elastic, Deduced from a
Probable Explanation of the Physical Cause of Elasticity."32

MaziSre's essay adhered closely to the Cartesian

explanstion of the universe and brilliantly explained the

1 - )
3 See Brnst Mach, The Science gg_Mechanics, op. cit.,2L3.

2Pierre Mazidre, "Les loix du choc des corps a ressort
parfsit ou imparfait , dedultes d'une explication probahle
de la cause nrhysique du ressort, B Recasil des pisdces qui a
remport8 les prix de l'academie royale des sciences, 3(1727)
1-57, separate pasgination,
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laws of impact on the basis of mv. This may be the
reagson 1t was chosen for the prize, since Cartesianism
was still the accepted philosophy in France. |

"The bodies which surround us, began Mazidre, are
in continual agitation and communicate motions following
uniform rules called the laws of collision. By these laws
God producea the infinite varieties which are the object
n33

of admiration of all men... Between the two extrems

‘cages of perfect and imperfect slasticity range all bodies.

The following three principles are presupposed by
Mazidre - in his essay:

I. The spaces traversed are in a ratio composed of
the velocities of the bodies and the times which they usze
in traversihg them uniformly.

II. The forces of bodies or their movements are in
a ratio composed of their masses and the velocities which
they have at the instant they are under consideration.
From this second principle follow three propositions:

A. The forces of bodies are in the ratio &7 their
veloclties when their masses are equal and in the ratlo of
thelir masses when their velocities are equal,::.”

B, The forces of bodies are egual when their vel-
ocitles are in ﬁhe inverse ratio of thelr masses.

C. The velocity of a body 1s equal to its forcs

divided by its mags.

33Ibid., 1.
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ITI. The centrifugal forces of bodies are as the
squares of their velocities, divided by the diameters of
3L

the circles which they describe by uniform motion.

Mazidre divided his memoir into two parts. The
first contained a probable explanation of the physical
cauge of elasticlty. The second contained the laws of
the collisions of bodies with perfect or with imperfect
elagticity exemplifled in problems.

Mazidre tried to explesin the physical cause of
elasticity in the Cartesian tradition by use of a theory
gimilar to ?escartes’vortex theory. Two bodles colliding
with equal forces rebound only 1f they have elasticity.
This unknowq force of which the cauge is sought 1g¢ called

elastic virtue (vertu elastique) or elssticity (ressort).

Soft bodies remain at rest after collision as do perfectly
hard or inflexible bodies gsince no new cause of motion
occurs. FElastic bodies rebound only bscause theilr elastilc
parts are pressed together during the moment of compression
and restored during the moment of regtitution by that unknown

35

force of which the csuse is sought.

Because the cause sought is physgicel 1t cannot be

gn intelligence but must be & body. Since rest has no

3uIbid., 1-lj. This third principle was necessary in
giving & mathematical basis to the vortex theory of matter
discussed in the latter portion of Mazidre's paper.

351bid., 6-8, ;

———
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force, the cause must be a body in motion. This in turn
cannot be the solid parts of a body slnce these are fastened
and integrated with one another. These solid parts cannot
cause motion since by themselves they cannot :return to
their original position during the second or restitution
part of the collision. They are at rest at the instant
compreasion begins and at the instant it ends, and rest
does not produce motlon.

The cause of elasticity must therefore be the cor-
puscles of fluid which f111 the pores of a body. It isg
not the air but rsther a subtle ether penetrating all
bodies., This subtle matter hes an infinite force glven to
it by the Crestor so that it can cause perfect rebounding
by restoring the primitive forces of bodies after collision.

36

"A11 men before Descartes have ignored its existence."

Likewlse it 13 a perfect £luid. Should a solid body
receive a blow, 1t transmits the vibrastions through the
fluid., Thus the parts of bodies can change and re-establish
their original positions in the gmallest lnstants of times.
It flows through all bodies with extreme facllity and
leaves no void in the immense spaces that it.occupies. One
corpuscle of air, for example, can contaln a million cor-
pusclés of subtle matter. The corpuscles of subtle matter

are ordinarily spherical, but when a change occurs 1n a

36Ibid., 8-12,



261
Body whose pores 1t occuples, they can divide themselves
into smaller parts, as doss for example mercury, or lLncor-
porate with other corpuscles, or change their figure to
ellipses.B? |
Subtie matter is infinitely compressible snd responds
to the force which compresses 1t with all the power of that

which is compressing it, It is composed of an infinity of

vortices {tocurbillons) which turn sbout their centers with

an e xtreme rapidiﬁy,'counterbalancing one another as do

the large vortices described by Descartes in nis_Principles

of Philogophy. One cannot admit the large vortices of Deg-

cartes and the principles on which they depend, without at
the sgame %time admitﬁing the small vortices described by
Malebranche., These vortices whether large or small counter-
palance each other by their centrifugal forces. This“dynamic
balsnce prevents them from moving away. Their centrifugal
forces are in the inverse ratio of their diameters, increasing
when thelr diameters decrease. Thus the centrifugal force

of the infinitely small vortices is infinitely greater with
resnect to the infinitely large vortices, And therefore

the centrifugal force of the amall vortices is infinite.

.1t is this porperty which is the physical cause of elastli~

city.3

3 pia., 13-15.

8 _
3 Ibig., 16-21.
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Mazidre's idea of an elastic body 1s as follows.

It is filled with an infinity of pores through which by
1teg circulasr motion moves the subtle matter. Each pore
contains one or more little vortices, giving by their
centrifual force, stability to solid bodies. The smaller
the vortices the grester the elasticity of the body, be-
cause the greater 1ls thelr centrifugal force uniting the
parts of a gsolid and repelling the externsl forces which
tend to separaﬁe them,

Suppose now that two bodles hit each other dilrectly
with equal and oppoaite forces. In succesgsive Ilngtants of
time they use thelr primitive forces to mutually compregs
one another. The subtle matter which by 1itg nature never
regsigts motion partially leaves the pores in the direction
toward which it is pushed, Motion 1s communicated succeg-
sively through the first pores to the others. The pores
are flattened, assuming elliptical configurations, and
continue to be flattened up to the precise instant that
the bodies have exhausted all their primitlive force in
mutual compression.

The centPifugal forces of the vortices outside the
two bodies sre equal to what they were before the collision,
when the exterior and interlor vortices were in equilibrium.
But the centrifugasl forces of the vortices remaining inside
are sugmented because thelr dlameters sre diminished. At

the end of compression the interlor vortices have increased
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their centrifugal forces whereas those cufside have not.
Thus the exterior vortices do not have centrifugel forces
capable of stopping the action by which the interior vor-
tices tend to enlarge the pores. They continue to enlarge
the pores uﬁtil the point where the compressed parts have
been re-sstablished. Thus bodies having perfect elasticity
sxpand with velocitles equal to'those with which they were
compressed, due to the infinite force of the little vortices.

Having explained the cause of elasticity to his sat-
isfaction, MaziBre then procedes to describe the laws of
collision for elastic bodies.

If one gupposes that the colllding bodies have
intecral homcgeneous parts, the effects of collision can
be reduced to uniform laws and can be exXpressed by'veﬁy
simple formulas., If experiments are conducted with an
ingtrument similar to Mariotte's, one will find that these
laws extend to all bodies homogeneous or heterogeneous,

to elastic bodies perfect or imperfect, fast or slow;39

Four laws of collision are set down.
I. In the instant that compression ceases, the two bodles
have an equal velocity whether their motions are con-
trary before collision or they came from the same

direction.

g
) Ipid., 25.
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The subtle matter ceases to act dnly when the
attacking body 1s no longer acting on the other body.
After having communicated part of 1ts motion, it re-
taineg such a quantity that.it can accompany the other
body without compressing it. At the instant the subtle
matter ceases to acﬁ or that compression cesases, the
two bodies have an squal veloclty.

II, At the instant that compression céases, the attascking
body and the body hit have lost an equal quantity of
their primitive forces, when thelr motions are con-
trary. Up to that instant the two bodies have
mutually compressed one another, and in these mgtusl
compressions have employed equal forces. The forces
they have used have been losgt.

III. In the instant that compression ceases, the asttacking
body has lost as much force as the body nit has gained
when their motions sre from the same side.

In this cage a3 inthe preceding, the compression
1g mutual; but the attacklng body which has more vel-
oclty than the body hit should have lost in this instant,
a part of its velocity, or a part of its force. The
force that this body loses, the other gains. (Cf. Maclaurlin,n.29)

IV, The elsstic retio or constant (rapport elastique) 1is

the same in bodies of the same nasture,

If in a collision the force with which the elastlcity
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is regstored in two bodies 13 to that with which they were
compressed eg. 15 to 16, then in all other collisions of
these two bodies, or of two others of the same nature,
these two forces will always be asg 15 to 16. That is
why if one knows the elastic constent, pr, and the force
lost or gained by one of the two bodles in the time of
compression, one cen obtain thet force logt or gsined in
the time of restoration, by multiplying the force lost
during compression by the elastle constant r. This con=-
atant 1s equal to unity when the elasticity 1s perfect

and less than unity when the elasticity is impeffect.uo

Mazidre then procedes to the solution of several
fundsmental problems. In the first the masses 4 and B
of two bodies, their velocities a and b before collision,
and their elastic constant r are given., Their motions
after collision are to be found.

Fhis problem is reduced to two principle cases.
Mhe Pfirst 1s when the motions are from the same side be-
fore collision as in figures I and III. The second ls
when the motions sre contrary before coilision as in
figures II and IV. (Ses p. 266,)

Cagse I. When the motionslare from the same slde,
the attscking body A having a grester veloc¢clity then 3B,

loges one portion of force in the first moment of col-

4O 1ps4,,28, 29.
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lision, and another portion in the second. Calling x
the velocity which it loses in the first moment of col-

lision, the force thet it loses in this time is AX and

that which it loses Iin the second 1s rAx. Its forcse

before collision is As and after collision As'. Thus one
has this equstion

Aa' Aa-AX-TAX

il

or Aa' = Aa-A(r+l)x

But in the first moment of collision the body B gains as
much force as is lost by attecking body A. Thus 1t gains
the force +Ax in the first moment and thence the force
+rAx in the second. Its force before the colllsion is +Bb
and after is +Bb‘'. One thus has the second equation:
BY=Bb+Ax+rix

or BU=Bb+A (r+1)x

In the instent that compression ceases the force of the body

hit is Bb+Ax., Consequently its velocity i1s Bb+Ax.  The
B

velocity of attacking body A in this same instant is g-x.
But in this instant the velocity of the body hit is equal
to that of the body attscked. One thus has the squation

BbtAx=a-x
B

or . x=B a-b

A+B
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By placing thls velue of x in the two eguations preceding,
the following two equatlons are obtained resclving the
firset case of the problem:.

‘.(r+1) (a-b)} {(r*’l) (a-b)|
Ad = Aa-AB A+3 ; BY =Bb+AB A+8 J

Cage II., When the motlons are contrary the attacking body
which is supposed to have more force than that attacked,
loses a part Ax in the first moment of collision and another
part rAx in the second. Thus in this second case as 1n the

first, one has the sguation:

Ad =Aa;A(r+1)x
In the first momenﬁ of colligion beody B when hit loses as
much negative force as the attacking body A lqses of i%s
positive force. Thus the body hit gains the force *Ax in
the first moment and consequently the force +rAx in the
second moment., Its primitive force which 18 negative 1=
-Bb. Thus one has the second equation:

BY =-Bb+A(r+l)x
- In the instant that the compression ceases the force of

body B which is hit is -Bb+Ax, and its velocity is -Bb+ix.
B

The velocity of the attacking body is a~-x. dIn this instant
the velocity of the body hit equals that of the attacking
vody. That is, one has:

g~x=EBO+AX
B

or x=B a-+b
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By putting thle valus of x in the two preceding eguations

one hag:

Ad =Aa-AB [ tp+1)'(a+b)], Bb' =-Bb+AB {(r+l) (a+b)]
A+B ; . A+B
Tnese formulag differ from the first case only in the
gign of velocity b, Thig 1s natural since the direction
of veloclty b 1s from the positive directlon in the first

cage ang negative in the second.

The general formule for the laws of colliding

bodies in terms of the velocity after collision then 1is:

a' =a-B { (pel (aan , Db' =b+A [ (r+1) (a-b)]
A+B— A+D

Thus the veloclity of a body after cellision has two parts.
The first 1s the primitive veloclity a which is always posg=-
itive, or the primitive velocity Q'which is positive when
the movements ars in the same direcﬁ;on and negative when
they are in oppogite directions. The second part is the
total veloclity that each body gains or loses by the come
pression and regtoration in the two moments of colllision.
That of the attacking body is always negative; that of
the body hit 1s positive,?

When the bodies have perfect elasticity, the elastic
constant is equal to unity so that r+l=2. Thus 2 appears

in the genersl formula. When the bodles are not selastic

blrpia., 30-32.

Y2rp1q., 33, 3l
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and are supposed perfectly soft, the elastic constant
will be 0, hence r+l=l, When the elastic constent 1s
equal to the ratio of the mass of the attacking body to

the body hit, one has r=A/B and conseqguently r+l=A+B.
' B

Special cases of collision substituted in the gen-
eral equation check with the previously known facts. When
the elasticity is perfect and the masses, & and B, are
equal, the general equations come down to @' =b, b' =a.
Thusg the bodles exchange their.velocities. 'For the casge
of body B at rest before the colllislon one has for per-

fect slagticity:

a' =Aa-Ba, b' =24a
A+ i¥B

For bodies without elasticity:

a' =b' =Aa  ghowing that the bodles stick
A+B

together and proceed with a common velocity.
When the body hit is st rest end the velocity of
the attacking body is equal to the sum of the masses, a=A+B,
the formulas bscomes:
a' =A-rB, b' = (r+l) A
from which i1s deduced:

r+l = Db'
A

This gives an sasy method of determining in experi-

ments the value of r+l and consequently the proper value
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piven to two bodies with which one is going to experiment,
or to two other bodies of the same nature. In this case
for perfect elasticity ome has a' =A-B, b' =2A; for no
elagsticity, a' =A,b' =A. |

For t he case of body B at rest and infinitely gfeater
than body A attacking, one supposes A=0. One obtains a' =-ra.
‘Thus :+. this 1s the case of direct reflexion, the body A
rebounding with its primitive veloclty multiplied by 1ts
elastic constant. It rebounds with a veloclty less than
its primitive velocity when elasticity 1s imperfect and
with a veloclty equal to its.primitive velocity wheﬁ the

elagticity 1is 1;>ear*i‘rsu3t.LL3

The remsinder of Mazidre's essaj is the solution of
gseveral problems for the purpose of illustreting the gen-
erality of the foregoing solution and to show how all of
the quesfions regarding the lawg of collision have been
resolved, |

This very general and beautiful solutlicn of the
problem of impact solely in terms.éf momentum conservation

merits great respect.

L31p14., 35-38.
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Conclilusion

The papers of Crousaz (1720), Msclaurin, (1724)
and MaziSre (1726), written in response to the interest
of the French Academy in the'question of the nature and
communication of motion, presented a combination of Car-
tesian and Newtonlan arguments in support of mv as the
measure of force.

The paper of Crousaz presgsented a non-mathematical
argumeng along Cartesilan 1ineé, accepting quantity of
motion, mv, as ldentical with force. Since bodlies are
susceptible to either motion or rest an exterior cause lis
neceggary to set a body in motlion.

Maclaurin's prize-winning paper presented the rules
for coliision of absolutely hard bodies in terms of mv.
¥Yhen two hard bodies collide from copposlte directions,

mv is not conserved and the loss of "rorce™ in the collision
is doul'le the smaller momentum. Mecleurin added confusilon
to the controversy in two ways. He made s trivial mathe-
metical error in criticizing 's Gravesande,which seemed to
show that given 's Gravessnde's measure of force,it would

be possible to distinguish relative motion frém absolute
motion. Secondly he gave a different meaning to the word
"force" and to "inelastic collisions” in cfiticizing s
Gravesande's expression for the forcs‘lost in collisgion.

'S Gravesande's analysis had been given in terms of the
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 difference betwesen the living forces of inelastic bodles
before and after collision. Maclaurin gave an expression
for the différence between the momenta of absélutely
"nard" bodles before and sfter collision. The two men
were in reality arguilng sbout different concepts.

Mazidre presented a complete solution for inelastic
_and elastic collisions in terms of mv., Kis explanation
of the nature of matter, upon which hle solution was based,
was cast in terms of the Carteslan vortex theory and was
supported by the concept of centrifugal force.

Thus the Certesian asrgument for force was given in
terms of the conservetion of mv in a plenum of vortex
motion. The Newtonian explanation here wasAin terma of
a special case of the non-conservation of mv in a univ-

eras of "hard" atoms.



Appendix I M
From Wilson L. Seott, "The Significence of Hard Bodies in

the History of Seientific Thought", Doctoral Dissertatlon,
. John Hopkins University 1960,
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