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For the Scottish engineer and instrument
maker James Watt, the 1780s were a very
productive decade. Fifteen years earlier, while
working on a Newcomen steam engine, he
greatly improved its efficiency by adding a
separate condenser chamber. Butin 1781 a
business partner urged him to invent a rotary
steam engine for use in corn, malt, and cotton
mills, and Watt went to work. In that year he
devised the sun-and-planet gear, which al-
lowed a shaft to produce two revolutions for
each stroke of the engine. In 1782 he patented
the double-acting engine, in which the piston
pulled as well as pushed. This engine required
anew method of rigidly connecting the pis-
ton, engaged in linear motion, to another part,
engaged in rotary motion. So in 1784 he came
up with the required linearizing device. Watt
considered this “one of the most ingenious,
simple pieces of mechanism I have contrived,”
and it’s the subject of “Making the Crooked
Straight” on page 20. In 1788 he added a cen-
trifugal governor to automatically control the
speed of the engine, and with his invention of
the pressure gauge in 1790, the Watt engine
was all but ready to make its dramatic contri-
bution to the Industrial Revolution.

For alook at a cleaner, quieter device at the
forefront of modem technology, turn to “Light-
ninginaCrystal” on page 12.
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Making the crooked straigit

Inversors and Watts steam engine

by Yury Solovyov

HEN STEAM ENGINES AND

steam pumps were invented,

the theory of articulated mecha-

nisms—systems of rigid links
connected by hinges in such a way
that the motion of one or more links is
transformed into the motion of other
links—began its rapid development.
For almost a hundred years progress in
this area was determined by the prob-
lem faced by the English mechanical
engineer James Watt (1736-1819)in
his attempts to improve his steam
engine.

Watt’s original design is schemati-
cally shown in figure 1. He put a
piston inside a steam cylinder, where
it could move back and forth. The
piston was connected to a rod passing
through the top cover of the cylinder.
The rod was rigidly fastened to the
piston and could, therefore, perform
only linear motion. A rocker arm AF
was attached to a hinge on top of the
pillar OP, and the hinge F coupled the
connecting rod FE with the rocker AF.
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steam cylinder
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This connecting rod was, in turn,
attached to the crankshaft QE by the
hinge E. A flywheel was attached to
the crankshaft.

If one could connect the head H of
the piston rod to the rocker AF, the
motion of the piston would be directly
transformed into rotation of the fly-
wheel. But point H is in linear motion
whereas point E makes a circular arc
with radius OA and center at point O.
Consequently, it’s impossible to con-
nect points H and A rigidly without
breaking the machine.
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So this was Watt’s problem: to
develop a linearizing mechanism that
would drive point H along a straight
line and point A along an arc. Watt
solved it by devising an articulated
mechanism that drove point H along
a curve having a small deviation from
a straight line.

Many scientists subsequently de-
veloped linkages that drove point H
with a smaller deviation, but it wasn’t
until the 1860s that a technique for
driving point H exactly along a straight
line was discovered.




Watts simple linearizing mechanism

Here is Watt’s reasoning. Consider
two rockers AO and BO’ rotating
aroundfixed centers O and O’. If the
ends A and B of the rockers AO and
BO’ are hinged to a segment AB,
which Watt called a “shackle,” a point
of the shackle undergoes a motion
very close to linear (fig, 2). In order to

Figure 2

0

define the most suitable position of
the fixed center O’ and the length of
the rocker BO’, consider three posi-
tions of the rocker OA (fig. 3): the
middle OA and the two extremes OA’
and OA”. There shouldbe a pointm

of the shackle that stays on the same
straight line MN in all three positions.
Watt took as that line the perpendicu-
lar to the segment OA passing through
the midpoint of the altitude SA of the
circular segment A’AA”.

Take a shackle ab of fixed length
and choose a point m on it (fig. 4). The
arcs drawn from points A’, A, and A”
with radius am intersect the straight
line MN at points m’, m, and m”’,
yielding three positions of point m of
the shackle (fig. 3). Plotting on the ex-
tensions of A'm’, Am, and A"m"
segments equal to mb, we get three
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positions at the other end of the shackle
denoted by B, B, and B”. These three
points define a circumference passing
through them. Tofind its center we
drop perpendiculars to the centers of
the segments B’B and BB’”, which
meet at point O’. The center O’ de-
fines the length of the second rocker
BO’'=B'O’=B"0".
Connecting the end
b of the shackle with
end B of the rocker by
a hinge ensures that at
least in the middle and
at the two extreme po-
sitions of the rocker
OA the point m of the
shackle stays on the
straight line MN.
Watt hoped that, m
moving from m’ to m”,
point m of the shackle
would experience only
a small deviation from
a straight line. He was
right: the trajectory is
indeed quite close to a
straight line, the pre-
cise trajectory being a
sixth-order curve look-
ing like an elongated
figure eight (fig. 5).

Watt's parallelogram

Watt had one more problem. In
addition to the rod driving the piston
of the steam cylinder, he had to pro-
vide a linear trajectory for another rod
attached to the piston of a pump used
to fill the condenser (fig. 6). Watt
modified his mechanism so that it in-
cluded two points, each of them moving
approximately along a straight line.

mH

Figure 5

Figure 6

Extend the rod OA (fig. 7) and then
complete the parallelogram ABCD.
Plotting the straight line through points
O and m, denote by n the intersection
of this line and CD. Point nn then

Figure 7

moves along a curve similar to that of
point m and, consequently, also has a
small deviation from a straight line.
Since the steam cylinder is higher
than the pump cylinder, Watt attached
the head of the steam piston rod at
point n, which has a greater ampli-
tude, while the head of the pump’s rod
was attached at m.

Figure 6 is a schematic drawing of a
steam engine with Watt’s parallelo-
gram as it appeared in 1784.

Watt himself considered the dis-
covery of linearizing mechanisms his
greatest scientific achievement (and
not the governor now bearing his name,
which is the cornerstone of automatic
control theory).

Chebystev's lineanizing mechanism

A number of remarkable linear-
izingmechanisms were invented by
P. Chebyshev, the outstanding Rus-
sian mathematician and mechanical
engineer. He used his theory of func-
tions with the least deviation from
zero, developed in 1858. I'won’t go
into the details of his theory here, but
I'll describe one of the most practical
Chebyshev mechanisms.

This mechanism (fig. 8) consists of
a link AB with a hinge C at its center.
The second link OC equal to AB/2 is
attached to the hinge, so that OC =
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AC = BC. The otherend O of OC is at-
tached to an immobile hinge O. Point
A is attached to a third link DA at-
tached to animmobile hinge D. If

_OC+CA+AD
3

then point B of the Chebyshev mecha-

oD , OC=AC=BC,

nism describes a curve mPn, the por-

tion mn of which has a very small de-
viation from a straight line. Chebyshev
showed that the maximum deviation
of the curve fragment mn from a line
parallel to OD is given by the formula

3
l[ Jg()‘—(t) 2r+a) +w— Al g(r—u) (2r+a) J,

2 122r+a)’

where r = AB, a = 2AD. It’s a very
small value indeed. For example, for
AC=0C=BC=32inches(81.3cm),
OD =25 inches (63.5 cm), DA = 11
inches (27.9 cm), we get 8 = 0.032 inch
(0.081 cm).

Rigorous linearizing mechanisms

All the linearizing ar ticulation mecha-
nisms I've described so far are approxi-
mate: a straight line is approximated
by a suitable curve. The theory of
rigorous linearizing mechanisms is
based on an important geometrical
transformation called “inversion.”

T

T Figure 9

Consider a circle with center P and
radius r (fig. 9). Take a point M lying,
for example, outside the circle. Plot
tangents MT, and MT, and find the
point M’ where chord T, T, intersects
the line PM. The right triangle PMT,
yields

PM . PM’ = 2. (1)
Conversely, for each point M’ lying
inside the circle, we can easily find
the corresponding outer point M.

Points M and M’ lying on the same
ray radiating from the center P of a
circle of radius r are called inverses of
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each other with respect to this circle if
their distances from the center satisfy
equation (1). It’s obvious that the
inverse of a point lying on the circum-
ference coincides with the point and
that there is no inverse of the center.

A transformation that produces an
inverse M’ for each point M is called
an inversion with respect to the given
circle. The circle itself is called the
circle of inversion, and its center is
said to be the pole of inversion. The
square of its radius is the degree of in-
version.

An inversion defines (the center P
being the sole exception) a one-to-one
transformation of the points of the
plane. The relation between points
and their inverses is a reciprocal one:
if M corresponds to M, then M corre-
sponds to M’. Each point of the circle
of inversion is a fixed point.

Let’s take a look at one property of
inversion that’s very important for
our purposes.

Tueorem 1. A straight line that
does not contain the pole of inversion
is mapped by inversion into the circle
passing through the pole.

Proor. Let A be the projection of
the pole of inversion on the given line
(fig. 10), B an arbitrary point of this
line, A’ and B’ inverses of points A and
B. By definition, PA - PA’= PB - PB’, or
PA:PB = PB":PA’. This relation en-
sures that triangles PAB and PB’A’ are
similar. Since angle PAB is a right
one, angle PB’A’ is also right. So point
B’ lies on the circle with diameter
PA’, which is what we set out to
prove.

1

Figure 10

The reciprocal property of inver-
sion immediately yields another as-
sertion.

THeorem 2. A circle passing through
the pole of inversion is mapped by in-
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version onto a straight line perpen-
dicular to the line through the pole of
inversion and the center of the circle.

So, if we could design a mechanism
that applies inversion, rotational motion
would be transformed precisely into
linear motion. Mechanisms that make
use of inversion are called “inver-
sors.”

Peaucellier's inversop

In 1864 the French engineer A.
Peaucellier constructed the following
inversor. Four links of the same length
are connected by hinges to form a
rhombus ABCD (fig. 11). Two other
links of equal length BO and DO, but
longer than the sides of the rhombus,
are attached to opposite vertices of the
rhombus. Hinges are put at points B,
O,andD.

Figure 11

Taeorem 3. For any position of
Peaucellier’s inversor, the product of
lengths AO and OC is a constant
value.

Proor. Denote the length of the
longlinks by m, so that

OB=0D=m,

and the length of the short links by n,
so that

AB=BC=CD=DA=n.

Now plot the diagonals of the rhom-
bus. One of them will pass through
point O (since the vertices of isosce-
les triangles DOB, DAB, and DCB
with a common base BD belong to the
same straight line). Let OA =1, OC =
p. Considering the triangle OBM, we
have

BM?=m?- OM>. (2)



The triangle BCM yields
BM2=n®-CM-. (3)
Subtracting (3) from (2), we get

m?-n? = OM?-CM?
=(OM + CM)[OM-CM)
=0C - OA,

or

p-r=m’-n?
which means that the product
p-r=0C-0OA

doesn’t change when OC and OA
vary, and our proof is done.

Consequently, if point O is fixed
and point A moves along a curve, then
point C follows the image of that
curve under inversion. So if point A
moves along a circle passing through
the pole of inversion, point C moves
along a straight line. (It turms out that
Chebyshev’s student Lipkin at St.
Petersburg University devised this same
inversor independently in 1872.)

Let’s look at one more inversor
before we leave the subject.

Hart's inversor

Soon after the appearance of Peaucel-
lier’s inversor an English mathemati-
cian and mechanical engineer named
Hart constructed an inversor based on
an antiparallelogram. A quadrilateral
ABCD is called an antiparallelogram
(fig. 12)ifits opposite sides are equal
and two of them (sides AB and CD in
fig. 12) intersect each other. The fact
thatahinged antiparallelogram pro-
duces inversion stems from the fol-
lowing two theorems.

D B

Figure 12
A c

THeoREM 4. For any antiparallelo-
gram the product of its diagonals DB
and AC (fig. 13)is a constant value.

Proor. We'll begin by denoting the
relationships

AB=DC=m, AD=BC=n.
Take a segment BL parallel to AD and
draw acircular arc with center Band
radius BL. This arc passes through
point C since

BL=DA=BC.

Now draw the line AM tangent to this
arc. Tts square equals the product of
the secant and its outer segment.
Consequently,
AM?=AL-AC=DB-AC. |(4)
Considering the triangle ABM we have
AM? = AB> - BMP

= AB>- BC?

=m>-n>
Comparing this with (4), we get

DB-AC =m?-n?=constant,

as asserted.

D B

A — C

Figure 13

THeOREM 5. Choose any two equal
sides of a hinged antiparallelogram
and fix a point on a third side. Draw a
straight line through this point paral-
lel to the diagonals of the antiparalle-
logram. The product of the distances
from the fixed point to the intersec-
tions of the line with the chosen sides
remains the same for all positions of
the antiparallelogram.

Proor. In the notations of figure 14
the product in question is one of the
following four: MN - NQ, MN - NP,
PQ - PM, PQ - QN. All these products
are evidently equal. It’s therefore suf-

Figure 14

ficient to consider the product MN - NQ,
where the point N is fixed. The simi-
larity of triangles AMN and ADB yields

MN = BD - M,
AB
while the similarity of triangles ABC
and NBQ implies
BN
NQ=AC -—.
0 AB
Multiplying these equalities we get
AN-BN
AB’
The ratio (AN - BN)/AB? is a constant
since all its terms are constant val-

ues. The product BD - AC is a con-
stant by theorem 4. Consequently,

MN -NQ =BD - AC-

MN - NQ = constant.

This is how Hart’s inversor works.
Taking any of the above four points as
the pole of inversion, we move the
second point along a circle passing
through the first point. Then the third
point traces a straight line. Q
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HHBEPCOPBI

HAoxTop GuUIlKko-MATEMATULECKUX HAYK
0. COJTOBBER

C uaofpereHseM napoBodl MAIIHHEL H
MApPOBHIX HACOCOB Havaja GypHO DABBH-
BATHCA TEODHA WAPHUPHLX MEXAHUI-
MO8 — CHCTEM, COCTABNEHHRIX M3 TBED-
AHX 3BEHBEE, COBJAVMHEHHBIX MEXKIY CO-
Goif mapHEpaMB ¥ TpefHAIHAYEHHBIX
s npeclpasoBaHUs IBHMEHHA OIHOTD
HJIH HeCKOJEBKHMX 3BeHbEB B Tpedvemsuie
IBMAKeHHA NpYrux seenben, Oxono cTa
JIET PA3BHTHE TEOPHH MAPDHHPHEX MeXa-
HH3MOB ONpelefiAJ0och CTPeMJeHHeM
naubonee YHOBMETRBOPHTE/IBHEIM ofipa-
30M pEmMTE 3afa4y, ¢ KOTOPOH CTOJMK-
HyJica aHrawidckud mexanmmk [[meiinmc
¥arT npn YcoBeplieHCTBOBAHHH Napo-
BOM MaIIHHEL

¥arr sagyman yCTpOMTE MADOBYIO
MamuEHY caeayomusm obpasom (puc. 1).
B maposoii qunuEAp AB oH moMecTHI
NMoplleHE, KOTOPHIE OBMrajicd BHYTDH
nuAnHApa Baax H pnepen. OT HOpHIHSA
wes nopmHesw# wmrox CD, npoxops-

muil CKBOSE KPRILKY numHgpa. Tak Kak
nopuIHeBo# IMTOK COCTABIAN ¢ IHIAMHA-
poM eguHOe Lejxoe, To ronoekxa D nopm-
HEBOTO [ITOKA COBEDPLIANA MpAMONHHEeH-
HOoe OBHMeHue B3aj u Boepen. Ha ko-
nourky HEK npH DOMOIIH MAPHHPHOTO
coefuenHa K Oelne HACAMEHO KOPO-
Mmuecao EF, ¢ KOTOpDEIM MNOCDEACTBOM
mapHupa F 6uln copgunen matyr FM,

K
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coegMHeHHBI, B CBOIO OYepelb, LIAPHH-
pom M ¢ kpupommnom OM. Ha kpuBO-
urHn OM HacasKHBaJICA MAaXOBHK.

Ecau 68 Mo HO.OBLIO COSIHHHTE TO-
noBry [) nmopmIHEBOTO IOTOKA ¢ KOPO-
meicsiom EF, To gBuieHHe NNOPUIHA Tpe-
ofpazoBeipanock GBI Bo BpalleHHEe MAXO-
sxka. Ho Touxka D comepinaetr npaMoan-
HeliHoe IBHXKeHHe, & Touka F onuceIiBaer
AYTY OKpY:HHOCTH paguycoMm KE ¢ ueHT-
pom B K. CnemoBaTelbHO, COELHHHTH
roukH [ u E RecTHO HeNbaf: MAUIMHA
CcAoMAeTed.

Taxum obpasom, BoaHUKAA npobaema:
CO3ATh I:IIDHMJIHIDILIHﬁ MeXaHH3IM, KO-
TOpEI Ben 0wl Touky D) mo npamo#, a
TouKky £ — Mo Ayre oKpPyMHOCTH. YaTT
pemua e, NPHAYMAB NIADHHDHBIH Me-
XAHWEM, KOTODPHEIH Ben Touky D) mo kpu-
BOil, oueHk MAJIO YRIOHAKIOERca 0T npa-
MOH.

BrocrexeTsHE MHOTHE YYeHBIe paspa-
GATEIBAAH YCTPOHCTBA, HOTODEIE EeJH
roury [} ¢ MEHBIIHM, YEM B MeXaHH3IMe

Pue. 3.
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YaTra, YHJIOHEHH-
eM OT IOpAMof, H
JHIIE B 60-e rogk
XIX CTOJeTHA

v BB naobpeTeH
m g cnocol TOMHOTO Be-
AeHHMA ToukW D
no nNpaMoi.

Pue, 4,

Mpocroi
i AW AR
Hu3mM ¥artra

Yarr paccymnan
CcleAywIiiEM obpa-
aoM. PaccMoTpEM
ABa KOpOMBICTa
i A0 m B0, mpa-
, MAKIEXCH BO-
! KpPyr HeIooOBHMK-
HuX HeHTpoB O
H 0. Eeau imap-
HHPDHO COeIUHHTH
KOHOK A u B xo-
poMeicen AQ ®n
BO’ orpeakom AB — ¥YarT HaswiBam ero
cepbroil,— T0 KaxkaA-HHOYABR  TOYKA
cepbrd GyJeT cCOBEPIIATE ABHMKEHHEe, Ma-
N0 YRJIOHAKIIEECA 0T NPAMOJHHelHOrO
{pete. 2). Ins onpegenenus uHaubogee
MOAXONAIIHX AJH 2ToH LenH noJoxe-
HHA HeNMOABHMKHOro NeHtpa O W AAHHK
Kopomeicas BO' paccMOTPHM TPH MOJIO-
MeHHA Kopomuicna OA (puc, 3): cpegHee
OA w gsa kpaiiuux OA" ¥ OA” u norpe-
6yeM, 4TOOR NIPH 3THX TPeX MONOMEHH-
AX KOPOMBICNA TOYKA M CePbIM HAXOLH-
nack HA HeKOTopoil npamoi MN. 3a Ta-
KYI0 OPAMYI0 YaTT NPHAAN NepheHiH-
KyJAAp K CPeAHEMY MOJOXKEHHI KOpO-
Muicna OA, mpoxopmmuil yepes cepe-
AHEY cTpenxu SA (cTpenroit Hazmipa-
eTCH YACTH PANHYCA, TEpNeHAHKY IAPHO-
ro Kk xopjie A'A", 3GaKII0YEeHHAA MEXIY
XOpAOH M JIyToM).

Boasemem cepbry ab onpegeneHHol
OAMHE ¥ BeOepem ©Ba Heill TouKy m
(pHec. 4). Onvcas paguycoM am AYTH H3
Touyer A, A B A7, monyuuM TpH noao-
MEHHS TOYKH M Cepbr'H Ha Iepecede-
HHAX m', m ¥ m"” aTHX A¥r ¢ npaMoi
MN (pue. 3). Ilpomoamas npaMeie
A'm’, Am 1 A"m"” W oTKnaneEBAA HA
HX NPoJOJIKeHHAX OTDE3KH, paBHEle mb,
MLl MOJAYYHM TpH Nonoxenua B, B

cnpam-
Mexa-

Pue. 5.
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Amcelime YVarr (1736—1819).

H B’ KoHIA ceperd, WJH, YTO TO ¥e Ca-
Moe, KoHua KopoMeicna BO’, Tpemsa Tod-
KAME MOJHOCTBIO ONpENe/IHeTCHA MpOoXo-
gAanias 4Yepes HHX OKpyXHHocTe. Jaa
onpegeideHus ueHtTpa O 3ToH OKPYHHO-
CTH BOCCTAHOBHM K npamum B'B u BB”
B HX CcepefMHAX NepHeHJHKYNADH, Ha
mepeceYeHHH KOTOPHIX ¥ GYIeT JNeMATh
HerkoMEH menTp 0. Pas u3BecTHO NoOJ0-
menne uertpa O, To onpegenHnack u
AnuHA EKOpomEicha BO': oxa paBHa
BO'=R'0"=B"0r,

Tenepk, €CJH MB COSTHHHM IMIADHH-
poM xoHen B cephkru ¢ xoHnom B xopo-
MBICTIE, HACAXKEHHOr0o HA wapuHup 0,
TO MoxeM OGLITh YBEPEeHBI, YTO NPH cpej-
HEM M ABYX KpalHMX NOJOMEeHHAX Ko-
poMeicna JA, Touka m cepbrid OKAMKETCH
Ha npamoit MN.

YaTT HAledANCH, 4TO IPH NepeXxode OT
m’ & m” TOYKA M CePBrH MaN0 OTKJIO-
HHTCA OT npamoi. Hagemaa sTa OOpasB-
AANACh: OKA3AJ0Ck, YTO TPAEKTOPHH
m’'m"” TOYKH M BeckMa XOpoluo OpHbaA-
AaeTcA npaAmMoi. MoXHO NOKA3ATE, 4TO
TOYKA M B MeXAHH3IMe YaTTa IBHKETCH
Mo KPHEOH WecTOro MOPAJKA, HMeloNei
BHL YAMHHeHHOH BoceEMepKH (pue. 5),
HO YacTe m'm” srolt KpuBOH OUEHL MAa-
0 OTHKJIOHAETCHA OT MPAMON JTHHHH.

3 KBAHT N 4

MapaanexnorpamM ¥arra

B napopoii MamuHe ¥aTTA NPHXOAHIOCE
BECTH 10 NpAMOH JHHHHM He TOJABKO Io-
JNOBHRY INTOKA, COBIUHEHHOTO ¢ MOPLIIHEM
NMAapoBOro UMIHHAPA, HO elle ¥ TOJOBKY
LITOKA, COSJHHEHHOID ¢ NMOPIIHEM HACO-
ca, KOTOPHN KAYaeT BOAY B XOJOLHIB-
HHK (puc. 6). Ilooromy ¥YarT HamMeHHA
CBOM MeXaHH3M TAK, YTO B HeM OKaja-
JHCh ABe TOUKH, NpHOIHAKEHHO HANPAB-
aAeMele o npaAMemM, JIas storo Yarr
npogonxua 3peHo OA cBoero MexaHH3-
Ma (pue. T) H JQOCTPOMI NADAJIENo-
rpamm ABCD.

Mposoaa Yepes ToUkH O B 7 OPAMYO
H ofo3aHayas Yepes n TOYKY [epecede-
HHA Tofl npamoll co aseHoMm CD, Mu
mOJY4YHM, YTo Touka n apeHa CD 6ymer
ONMHCHIBATE KPHBYI, MOgo6HYI0 TOH, KO-
TOPYH ONHCLIBAET To4Yka m. CnegoBa-
TeJbHO, TOYKA N TAKMKE [BHIKETCH M0
JMHHH, Majo YKJOHAWIEHes oT mnpH-
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Puc. B,

Moil. Tak KaK BEICOTA NAPOBOrO LMJIHHI-
pa Bouablie BHCOTH HACOCHOTO LIMJIHMHI-
pa ¥ BCJIEACTEHE STOr0 X0J NMOPUIHEBOTO
WTOKA NAPOBOrO UMIHHAPA Gonblie Xo-
L& MOPUIHEBOrQ IITOK& HACOCHOrO I(H-
JHHAP&, YATT YKPenu/i rojioBKy napoBo-
ro NITOKA B TOYKEe 71, MMemei fonsmyio
AMIIUTYLY, NOJIOBKA e HACOCHOTO IITO-
Ka 0Owlna VvEpenJeHa B TO4YKe m.

O6muili Bujg naposoil MAIMHHBI C IA-
pannenorpamMMom YaTTa HaobpayeH Ha
pHcyHie 6. B TaxoM BHjle 0Ha NOABHIACE
B 1784 rogy.

Cam ¥arTT cUMTAN CBOMM BRICIIHM HA-
YYHEIM  JOCTH:eHHeM  mna3olperexnue
CNpAMAAKIOHE MeXaHHIMOB, & OTHHROIE
He Peryaarop, KOTOpeiff HOCMT Teneps
ero HMA M ABJASTCHA KpaeyrobHBIM KAM-
HeM TeOpHH &BTOMaTHYeCKOro YyIpas-
JeHHA.

CopaMasomai MeXaHH3IM
YebOrimera

SuamMeun TR pyccruil MATEMATHE H Me-
xaHuk axkajeMmux II. Yebnimes Haobpen
HECKOJIBKO 3aMeYaTeNbHEX npubnumxen-
HBEIX CHOPDAMAAKNIIHX MEXaHHU3MOB,; KOTO-

&

Puc. 9.
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o |

T,
Pue. 10,

pHle OH HADIEN ¢ MOMOIIBLIO CO3AAHHOH
UM TeopwH OyHRUHH, HAMMeHee YHIO-
HAMuEXCcH oT Hyada (1858 roa). He nmesn
BOZMOMCHOCTH CKOJB-HMOYAEL noppobmo
H3TOMHTDE 3TY TEG]}HEO, MBI OITHIIEM
TOJBKO YCTpOitcTBO OfHOrO Ha Haubonee
NpaKTHYHBIX MexaHuaMos Yebnimesa.

Dror mexauuam (puc. B) cocrouT ma
apeHa A B, B cepeHHe KOTODOTO YCTpPOeH
wapuup C. Ha 3T0T MIapHED HAJETO 3Be-

uo OC, paBHoe i;i. Tak uro OC=AC=

= BC. Npyroii koner O asena OC ykpen-
nAeTcA B HenmomBM:KHOM mwaputipe 0.
Touka A IBHKETCH IO AYTe OKPYHHOCTH
¢ MOMONLI TpeThero 3peHa DA, yxpen-
JeHHOT0 B HeTMOABHMHOM mapuupe D.
Ips BEIMONHEHHH CAeAYIOMHX COOTHO-
mreHHH MeRIY pasMepaMH 3BEHBEB:

oD — &?‘i‘.ﬁg‘ 0C=AC=BC
rouxa B mexauuama Yebnensa onucel-
BaeT KpHBYW mPn, yacTh KoTOpOH mn
OYeHE MAJIO OTANYAETCH OT npaMoil. He-
fnlnieB mMOKA3as, 4YTo HAuboJLIIee oOT-
KJMOHeHHe § OoTpeska KpHBOH mn oT NpA-
MOJMHHeHHOro HANpaBJeHHdA, nDapaJ-
nenssoro OD, Bruncndgerca no gopmyne

{da—r)'r

1 4

—/ % {r—a}(ar—i—a]).

rge r=AB, a=2AD. 3ro oveHs Ma-
JAeHbKAA BenuuHHa. CxaxeM, npH AC =
=0C=BC=32 awiima (81,3 cm),
OD=25 pmwiimos (63,5 cm), DA=
=11 mwiimor (27,9 cm), §=0,032 mwoit-
ma (0,081 cm).
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Tounsle cCHpAMIAINIIAS
mexannamsl. Husepera

Bee onucadHBle Bhllle COpAMIAKIIHE
IMAPHHPHEIe MEXAHH3ME! GRIIH npEGIH-
WEeHHBIMH! TpAMAA 3aMeHAMACE HEKO-
Topoit noaxomamedt wpusoii. Teopus
TOYHBRIX CHPAMAANIINX MexXaHH3IMOB
OCHOBAHA HE OJHOM TreoMeTpPHYecKoM
npeobpaszoBaHuy, HMewineM Gonblioe
3HAYEHHEe B COBPeMeHHONH MATeMATHKE H
dHIHKE — HHBEPCHH,

IIycTe paHA OKDPYMHHOCTE ¢ HEHTPOM
P u paguycom r (puc. 9). Boasmem
kakyw-aubyobs Touxy M, ana onpene-
JIEHHOCTH — BHEIIHIOW N0 OTHOMIEHHIO
K 2T0M oxpysmuoctH. Ha rodkn M npo-
BeJeM K JAaHHON OKPYMHOCTH KACATENb-
Hue MT, u MT; u nMoeTpOHM TOYKY Me-
pecevenuas M’ xopam TT: ¢ npamoit
PM. Ha npAMOYrofleHOrO TPEYTOJbBHHKA
PMT, naxonum

PM.PM'=r?, (1)

QObpaTtHo, ecaw gaHa Touxka M', mewma-
mas BHYTPH OKDY¥HOCTH, TO MOMCHO
6e3 Tpyna MOCTPOHTE BHEILIHIOK TOY-
Ky M.

Oee Toukn M u M’', nemauine HA of-
HOM J¥y4Ye, BHIXOJAAINeM M3 ueHTpa P
OKDYMHHOCTH PamgHycoM r, HA3RIBAIOTCH
B3AHMHOD ﬂﬁpﬂT}IHHII OTHOCHTENEHO B'I'Oﬁ
OKPYMHOCTH, BCAH PACCTOAHHA OT HHX
4O HNeHTpAa ¥AO0BJeTBODAKT COOTHOIIe-
uuo (1), OueBMgHO, 4TO Touka, ofpart-
HAA TOYKe OKPYXHOCTH, ¢ HEH COBNAJALT
M 4TO LeHTD OKPYXKHOCTH Hé WMeeT ToyY-
KH, emy obpaTHoil.

CooTeeTcTBHEe MeRAY B3aMMHO obpaT-
HBIMH TOYKAEMH HJIH, HHAYE, II]JEOG]}EBD-
BAHHE, NMOCPEACTBOM KOTODOTO H3 KaMK-
Aot Touku M monyvaerca obpatHas eit
rouka M’, HASKIBRETCH UMEEpCUEll OTHO-
CHTeNBHO [AAHHOH OKpymHOcTH. Cama
OKPYX¥HOCTE HASRIBAETCH axpyxnacrbm
uHE8epCUL, ee LEHTP — NOAIOCOM LHEED-
cul, KBAIPAT ee PASHYCA — CTENEHBIO
UHBEDPCUU.

M3 ckaszanHoro cilegyer, 4TO HMHBep-
CHA NpefcTaBaAeT cob0ll BRAHMHO OJHO-
sHa4HOe (38 HCKJAKNYeHHeM TOYKH P)
npeofpazoeaHue ToYek naockocTH. Ilo-
noc HHBepcemy o6paTHO# TOUKM  He
HMeer.

CooTBeTcTBHe MeXJY TOYKAMH B HMH-
BEpPCHH BIAWMHO: ecaH Touka M’ coort-

3=

BeTcTEYeT TOYKe M, To u Toura M coor-
pereTEyeT TOuke M’. Kampas Touxa
OKPYXHOCTH WHBEDCHH ABNAETCA HENo-
ABHXHOH TOUROM,
PaccMmorpum Temepk BaMHOE A8 HA-
mWHAX Uenel cBOficTBO HHBEPCHH.
Teopema 1. IlpamMoli JAMHHE, He
npoxogamei wYepesd NOJAKC HHBEPCHH,
COOTBETCTEBYET OKPYMHOCTE, NPOXOLA-
man ‘[EPEB TMoJKoC HHIEPCHH.
JorasatenwcrBo, Ilycrs A
npoeKuHA MOJCE HHBEDCHH HA DAaHHYH
npamy®© (puc. 10), B — npoussoasHada
TouKa ZaHHol npamoil, A" u B’ — Touxw,
of6paTtHeie ToukaM A uw B, Hz onpeaene-
HHA MHBEpPCHH clenver, uto PA-PA =
=PRB-PRB',nmu PA:PB=PB" :PA’. B cia-
JY 9T NPONOPUHOHANLHOCTH TPEYTONE-
HHKH PAB u PR'A’ nopnobuel. Tak kak
yron PAB — npamoii, T0 ® yroa
PB'A’ — npamoii. Touxa B’ nexuT Ha
OKPYHOCTH, MMewmed orpesok FPA’
CBOHM JHAMETPOM, YMTO H T])eﬁOBaJIDCB
ROKAZATE.
B cuny B3aMMHOCTH M3 TeopeMbl 1
BHITEKAET Cclnenyiees YTBRepH IeHHe.
Teopema 2. OKpyYXHOCTB, NPOXO-
OANIAA 4Yeped IOJKC HHBEDCHH, NMpeo-
pasyeTcd B NPAMYH, NepHeHAHKYIAD-
HYK OpPAMOH, COeIHHAKIIESH NMOJMIOC HH-
BePCHH ¢ HEHTPOM AAHHOH OKDPYKHOCTH.
CnegoBaTelbHO, eC/H OBl HAM YIAJOCH
NMOJAYYHTL MeXaHH3M, pe&ﬂ“ﬂ}’lol.[[ﬂﬂ HH-
BEpCHIO, TO YZanock 6w mpeo6pazoBHI-
BATE JBHIKEHHE [0 OKPYMHHOCTH B JBH-
JKeHHe N0 NpAMOH W obpaTHO.
MexaHH3MBI, PeaIH3YIOMIHE HHBEDCHIO,
HA3BIBAIOTCH UHAEPCOPaMLE.

Husepeop Iocennse

B 1864 roay dpasuysckuil mHmeHep
Ilocennbe CKOHCTPYHPOBAN CJelYOIHE

B

Pye. 11,

B PR OV N



Puc. 14.

HuEBepcop. YeTwipe paBHRX Mex oy cobolk
NMpAMOIHHEHHEIX 3BeHA COSJHHATCH
mwapHupamd B pomt ABCD (pme. 11).
Ot KaxkHX-1HOO ABYX NPOTHEONOJIOME-
HBEIX BepmIHE pomM0Aa NPOBOGATCA [LBA
paBHBIX mMemxay coboi apena BO u DO,
npHYeM KaxkKgoe Hi HUX JIHHHEée CTODO-
Hu pomba. B Tourkax B, D u O nomema-
woTes mapHupel. [lonyuusmuiica mexa-
HH3M H ecTh wHBepcop Iocemnne.

Teopema 3. Ilpr moGoM noJaome-
HuH HEBepcopa [locennpe nponssegeHne
paccroaHuii AO u OC ecTh BenHYHHA
NOCTOAHHAHA.

JokaszaTenAbCcTBO. O6Goznauum
ANIHHY KamA0ro H3 AJHHHBIX 3IBeHBEB
HHBEpCOpA 4Yepes m, TAK 4TO

OB=0D=m.

O6GozHAYHM AAHHY HKAXAOr0 H3 KODOT-
KHX 3BéHbEB Hepe3 n, TAK 4YTO

AB=BC=CD=DA=n.

28

Ilporepem puarcrasn pomba. OaHa
H3 HHX mnpoiiger d4epes Touky O, mo-
CHOMBKY BEPIIMHBL DARHOGERDEeHHBIX
TpeyroasHukos DB, DAB u DCB, ume-
wimHx ofmee ocHoranue BD, nemar Ha
ogHoi npamoii. Iloagomum OA=r,
OC=p. Ha rpeyroacHuka OBM uHmMeem

BM?=m*—OM". (2)
Ha tpeyroneuuxa BCM

BM*=n*—CM".
Briunras (3) ua (2), noaydaem

m* —n®=0M*—CM*=
= (OM + CM)(OM — CM)=0C - 0A,

(3)

MIH
p-r=m’—n?

Hrax, B mHBepcope Ilocenase npomna-

BEgeHHe

p-r=0C.0A

OCTAETCA MOCTOAHHEIM nopH JIIDﬁ BIX HaMe-
HeHuax OC u OA, uro u TpebGoBanoch
OOKAZATH.

CnepoBaTelbHO, eCJH MEL CAeJaeM
Touky O TAKOrO HHBEPCOPA HENOLBHIK-
HOUl ¥ GyJeM AEHTATE TOUYKY A mo Ka-
Koit-nubo kpHuBo#, To Toyxa C omumer
ofpaa oroH KpHBOH TIpH HHBEPCHH.
B uwactHocTH, ecaH Touka A JABHMKeTCH
Mo OKPYMHOCTH, NpOXojfAllled 4epes
TOJ0C HHBEpPCHH, To Touka C 6yaeT ABH-
FaTecd 0o npamoi. OTMeTHM, 4YTO B
1872 rogy onucaHHHI BRI HHBEDPCOD
Hezasucumo oT Ilocennse maobpen yue-
HuK Yebrimens cTyaeHT IleTepGypreko-
ro yHHBepcHTeTa JIHNKHH.

Hasepcop lapra

Berope mnociie NoABJAeHMA HHBEpPCOpa
Iocennse aHrAHiCKHA MaTEMATHK H Me-
xaHuK I'. I'apr nmocTrponmn HHBepcop Ha
AHTHNADANTENOrPAMMEA, AHTHIADANTE-
JIOrpaMMOM HAZBIBASTCH YeTBIPEXYIoNb-
nux ABCD (pue. 12), B xoTOpOM NPOTH-
BOTIOJIOMKHEIE CTOPOHEI PABHHI H CTO-
poird AB m CD B3apMHO Iepe-
cexarTcA. Tor daxrT, 94To IMAPHHUpHBEI]
AHTHNADAJAJEJOrPAMM pealIH3yYeT MH-
BEPCHIO, BHITEKAT H3 CAeIVIOIHX ABYX
TeopeM,

Teopema 4. IlpouaeeneHHe AHATO-
Haneil DB u AC aHTHRADANIENOTDAMMA
(puc. 13) ecTh BeMHYHMHA MOCTOAHHAHA.
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JdokasaTenbCcTBO, ¥CAOBHMCH O
CHegYIOUIHX obo3HAYEHHAX

AB=DC=m, AD=BC=n.

Ilposegem orpezox BL, napannensHsiil
AD, u onumeM W3 Touku B paguycom
BL pyry. 9Ta pyra npoiger depes Tou-
Ky C, NOCKOABRKY

BL=DA=BC.

Mpopegem M3 ToOuMKH A KACATEABHYIO
AM x a7oit ayre. KeagpaT kacartenbHoil
AM papeH NpOH3IBEJeHHIO ceKywlell Ha
ee BHelIHKil oTpesok. CnegoBATENEHO,

AM*=AL-AC=DB-AC. (4)
Ha Tpeyroasrnka ABM umeem

AM* = AB*— BM*=AB°* —BC*=

=m’—n’.
CpaBauBas 3To paseHcTsO c (4), momy-
qaeM

DB-AC=m"— n*=const,

4T0 H TpefoBanoCh SOKA3IATH.
Teopema 5. Jlwbue TpH Ha yeTH-
pex TouYeR NepeceveHHA CTOPOH AHTHIA-
panieiorpaMma mnpAMol, napannens-
HOl ero guaroHasH, ofpasyT Ha 3ToM
npaMoil IBA OTpE3KA, NPOH3IBEIeHHE KO-
TOPHX IPH BreX MOJIOMEeHHAX AHTHIA-
paANeIOTPAMMA OCTAETCH MOCTOAHHBIM.
DoxazatTeanscTeo. IIpoBegem ka-
KYI0-Hb0 NpAMYI0, Nepecekaloimyl Bee

HoayynsM dYeThipe TOYKH NEpeCceYEeHHN
M, N, P, @ ero cTopoH ¢ 3T0i npamoii.
Hz nopobus rtpeyronesHHkos AMN u
ADB BrHITEKAaET, UTO

AM
MN_BD--ETD—.

Hz nopobusa TpeyroabHukoe ABC ©
NBQ umeem

— B8q
NQ=4C-22.
HEPEMHOJK&H NoOYIeHHO 3TH paBeHCTBA,

MOJYYHM
BQ

AM
MN-NQ=BD-AC-——-—.

AM  BQ
Ho orHOLIeHHe 4D | BC

KAK B Hero BXOOAT TOJABKO MOCTOAHHKIE
BenHuyuHbl. [Ipoussejenne BD-AC mo-
CTOAHHO cornacHo TeopeMe 4. Crenmo-
BATENBHO,

MN - N@Q =const.

TouHo TAKHM Xe cnocoboM MOMHO To-
Ka3aTk, 4TO

MP - PQ = const.

Hupepcop 'apra yCTpOeH clefyOUIHM
obpazom. IIpuHas kakyo-1ubo H3 5THX
yeThHpeX TOYEK 38 UeHTP HHBEPCHH,
Dymem ABHraTE BTOPYIO TOUKY IO OKDPY K-
HOCTH, TIPOXOAAINell Yepes nNepeyo Tod-

MOCTOAHHO, TAK

CTOPOHBI AHTHNAPAJNENOrpAMMAE H na- kKy. Torga TpeThbH TOYMKA BBIYEDTHT
PANNEeNBHYI €r0 JHATOHAIAM (pHc. 14). NPAMYHO.
cTeperaeT ONACHOCTL: CYHTad, HUTO
HHCBM& o @H:BHKE raapHOS [OJA HHX MATEMATHKAa, OHH
«He 3amMevaroTs obnpiedt  GH3IHEH —
{Havaao cm. na ¢. 2} Kypca, BBOOAILErD CTYIAEHTA B MHp

CHOM IIOJHTeXHHYSCHKOM HH(.'.THT}'TE HA
HHKeHepHO-pusHYecKoM  QaKyiabTeTe
€CTE CTNEIHAJMEHEIE PPYNNE, B KOTOPEIX
FOTOBAT (HEMKOB-TEOPETHKOB, Brifop
CTEeLHAIBHOCTH IPOHCXOOHT, KAK IIpa-
BHJIO, HA 3-M Kypce, a NepBble ABA-IBA
¢ monoBmHOH roga GyAyuime dH3HKH-
SKCIEePHMEHTATOPE  H (UIHKH-TEOPeTH-
KM yuarca emecre. TeX, KTO paHo (¢
NepEHIX MecHLeB y4yebul) cmenan BHIGOD,
PEIINE CTATE PHIMKOM -TEOPETHKOM, NOA-

(PucyHky K CTaThE 3QUMCTEOBOHEN U3 KHUZU
eDusuny wyrare.}

duaukn... Hafgo noMHHTE: CTATE XOpO-
IEM  (PHIHKOM-TEOPETHKOM  MOMKHO
TOMBKO XOPOOIOD 3HAA H NIOHHMAA He
TONBKC MaTeMaTHKY (Ge3 Hee, KoHeduHo,
Henbas 0boiiTHeR!), HO ¥ PHIHKY, C HAY-
YyeHHeM KOTOpOi ¥ MHOTHX MIKOJBHHKOB
H CTYJeHTOE MePBBIX IC)T]I)COB BOSHHKAKDT
TpyaHocTH., H XoTen HanmMcaTh +move-
MY-TO BOJHHKAKT TDYIHOCTH#*, HO MHO-
YYBCTBOBAJ B ¢MOYeMY-TO» (ajblib.
Obwas dHzHKa — TpyAHeHUIHA npea-
MET ¥ AJA NpenogaBaHMHA, U IJ#A YCBOe-
HHA.

M. Kazanos
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