CHAPTER XIIL
KINEMATIC SYNTHESIS.

““In maguis el voluisse satesi.”—~PROPERTIUS.

§ 138.
General Nature of Kinematic Synthesis.

HaviNG now examined at some length and through a great variety
of cases the problems of kinematic analysis, we come to the con-
sideration of the reversed operation—kinematic synthesis. While
the former showed us the nature of the constrained motions
obtained Ly the use of given comibinations of elements, links, or
chains, the province of the latter (which has already been
mentioned in § 3) is the determination of the pairs, chains, or
mechanisms necessary to produce a given constrained motion.

This problem is the highest of those which here come before
us, and perhaps the most important of the whole series, for it
has for its immediate object the creation of new machines. For
this reason, and also because its solution presupposes an acquaint-
ance with kinematic analysis, it fitly forms the conclusion of
our investigations. The reader who has followed these so far,
nowever, cannot failed to have noticed that various synthetic pro-
positions have presented themselves in the course of our work,
both in the general view of machinery to which the history of its
development led us, and also in our special examination of single
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elements and of several series of mechanisms and complete
machines.

These propositions have more and more limited the road to
the solution of the problem, so that we already know something
of the general nature of the results to which we may expect
kinematic synthesis to lead us. The methods, however, in which
the problem niay be treated differ very greatly, and we must in
the first place endeavour to determine which form of application
of the synthesis promises the best results in the treatment of
1ts problems.

There are, I think, two principal methods by which the desired
end can be attained ;—these may be called direct and indirect
synthesis respectively. Each of these again divides itself into
two branches, according as its treatment is general or special.
We shall attempt to determine, @ prier:, the usefulness of these
different forms of synthesis.

§ 139.
Direct Kinematic Synthesis.

The general direct synthesis should give us immediately the
mecbanisms which are required in each machine to effect a
given change of place or form in its work-piece, or to utilise in it
a given natural force. It is evident at once, however, that we
cannot hope to arrive at useful results by this method. For our
analytical investigations have shown us that one and the same
motion can be obtained in different and often very many
different ways. The synthesis must therefore either give us a great
number of different simultaneous solutions to the one problem,
or must be able to furnish us with that one out of them all which
is the best. The latter 1s, however,; impossible,—for the practical
merits or defects of each single result lie to a considerable extent
beyond the sphere of kinematics (§ 3). Two steam-engines, for
instance, in different circumstances may be equally good, equally
useful, equally “ practical,” although they may be kinematically
very different. We cannot expect,therefore, to build up any system
of general direct analysis which can be useful to us.

The function of special direct synthesis would be to furnish us
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directly with a pair of elements suited for any required place-
or form-change. This is generally possible, for if we know the
required motion we can determine (Chap. I1.) its axoids, and these
themselves may be used (as wasshown in Chap. ITI.) as the profiles
of the elements. In the cases, however, when the centroids are
infinite (§ 9) this cannot be done, and the problem requires a
wider treatment, which presents the same difficulties as those
of general direct synthesis. DBut it is not necessary to consider
this further, for we saw long ago that the practical value of
solutions of these problems by pairs of elements was far less
than that of solutions based upon kinematic chains. This second
method of synthesis, therefore, cannot furnish us with results of
any practical value.

§ 140.

Indirect Kinematic Synthesis.

Itis the province of the indirect synthetic method to give us
beforehand the solutions of all those problems under which it
1s possible for the given problem to fall; to solve, that is, all the
problems of machine-kinematics in advance. At first
sight this problem may seem so extended, in fact so measureless,
that any attempt to solve it may appear to be notliing more than
a mere theoretic proposition. We must not forget, however, that
some of the investigations we have already made point to the
conclusion that the region covered by the problems of machine-
kinematics is not unlimited. We may remember, for instance, the
remarkable smallness of the number of lower pairs (§ 15), or the
definite number of mechanisms which can be formed from a given
chain (§ 3). So here also we shall find on closer examination that
al] these kinematic problems lie within a region which it is possible
for us at least to survey. If the requirements of the case be not
made too high, the difficulties attending the use of this form of
synthesis, although great, are by no means insurmountable, espe-
cially within the limits ordinarily covered by machine-construction.

That the special indirect synthesis is really practicable is
proved by the results of our analytical investigations, Itsfunction
18 to show us what kinematic pairs actually exist. Now we know

K M M
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(§ 56) that the number of elements is not very large, for we have
been able to- express them all by a very moderate number of
symbols. It follows necessarily that the pairs built up from
these elements can only vary within tolerably narrow limits.
This is really the case; we see at once therefore that a field for
the application of kinematic synthesis is becoming visible.

The object of general indirect synthesis is to do for the
kinematic chain what the special synthesis does for the pair of
elements. The great number of possible cases at once presents
itself as a difficulty. On examination, however, it will be found
that these fall together very much. The number of simple
chains especially—that 1s, of chains in which no link contains
more than two elements—is by no ineans as large as might be
at first sight imagined. The determination of these possible
simple kincmatic chains alone, however, forms no inconsiderable
part of the whole problem.

There is, of course, no limit to the number of compound chains
~which can be formed, so that in this direction the solution of the
problem can never be complete, and these compound chains demand
investigation on just the same terms asthe simple ones. In actual
machinery, however, the compounding of chains is not carried very
far. In those cases which appear most complicated it is almost
always possible to subdivide the whole according to the purpose
of each of its groups of parts, and to treat it as a series of
separate mechanisms, no one of which is in itself very com-
plex. The method of descriptive analysis (§ 135) has given us
very extensive and satisfactory illustration of this, and we shall
further on find a more exact method of distinguishing between
different cases of compound chains. There are certainly, however,
many compound chains which eannot be subdivided in this way.
Seine of the more important of these we can already treat fully
synthetically without extending their investigation to any excessive
length ; others will no doubt yield in time to synthetic methods.

We see, therefore, that we may apply the method of indirect
synthesis to our subject with every prospect of obtaining by its
wieans results which are really of practical value.
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§ 141.

Diagram of the Syathetic Processes.

The importance of this part of the subject is so great that I
have thought it worth while to add the accompanying diagram
(Fig. 362) in the hope that it may make the connection between
the different synthetic methods somewhat more clear to the reader.

Kinematic synthesis as a whole divides itself into direct and
indirect, and each of these classes again subdivides into general and
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special. The direct synthesis should combine the kinematic

elements at its command into the required pairs or chains

according to the laws of pair- or chain-formationa In part it

strikes upon insoluble difficulties, in part it furnishes results which

have no practical value. The indirect synthesis first (as special
MM 2
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synthesis) forms and arranges all the possible pairs of elements,
and then (as general synthesis) finds all the combinations of these
pairs into chains. From this systematised arrangement of pairs
and chains the special combinations best suited to each particular
case can then be chosen by an inductive process. When the required
chains have thus been found the remaining processes of forming
them into mechanisms and machines present no difficulties.

We must now examine the results to which this indirect
synthetical nethod leads us.

§ 142.
Synthesis of the Lower Pairs of Elements.

In§ 53 we chose twelve class symbols for the kinematic elements,
of which ten were for vigid elements :—

S Screw, - II Hyperboloid,

R Revolute, G' Sphere,

P Prism, A Sector (portion of a revolute),
C' Cylinder, Z Tooth,

K Cone, V Vessel,

and two for the flectional elements,

T Tension-organ. () Pressure-organ.

We shall first look at the combination of the rigid elements
into pairs. We may therefore omit the element V, which is
always paired with the pressure-organ . &, also, stands only
for a particular revolute, and A for a portion of the same element,
so that these symbols may both be included under R, Seven
clemnents therefore,

SSRPHKCZ

remaln for synthetic treatment. Three of the pairs which can be
formed from these elements are already well-known to usg the
three common lower pairse—

SIS~ or (S) the screvw- or twisting-pair,
RIR- or (R) the revolute- or turning-pair,
PLP- or (P) the prism- or sliding-pair.
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Strictlyspeaking the word “lower” should be addedvnspeaking
ofthe first tworpa ra,butwe have seen that in mosteasesitmayhe
omitted without fear of misunderstaading. ~For (R) we commonly
write(C), calling the pair often a cylinder-pair; wevcan however,

The two pais () and (P) may, a5 we saw in § 3, be treated as
special casea of the form (). Ifwee place the tangent of tle
pitch angle as an exponent, to the symbol § (as was done, for
izstanc, i, hemssom{ the lace byperboli, p. 24)m0 bare
at once (£) = () and (P) = (8. We may als, ia places

include all the lower pairs under the symbol (S). We require, iu
‘ather words, insuch a gencralvelassification as is required for the
syuthesis, toveonsider only the one lower pair (S).

§ 13
The Simpler Higher Pairs.
The element C not only forms the closed pair (C), but is used

alsovin higherspairs, such, forvexample,vas theveylindric friction-
wheels, Fig. 363, whichwould be written €,C' orwaorevgenerolly

ne T

€. Thevlassvof wpairsvof whichwhisonewormsva. specialvease
iswhewpaic of general hyperbaloids, H.u" Non-ciroularcones,
KK and non-circular cylinders, €€, are also special cases of the

Ahiy. Wol badigsimera, conmpleeofUie neETendl
Bt e eartitor § 21 ¢t sog, of which FizwiGi
ropresentra. general case.




534 KINEMATICS OF MACHINERY.

The pair C, C results from a further simplification of form in
the same class, and it again takes several definite but general forms.
‘We may use for the symbol of these pairs, as we have done for
former ones, a single letter. This presents no difticulty, as the

{
el

Fic. 365.

{wo elements always have the same name-symbol. We have only
to provide means for distinguishing them from the lower pairs,
(the name-symbol being sometimes the same), and this can easily

be done by adding a comma to the name-symbol. We have
therefore the class

H, H or (H)) the general pair of hyperboloids,
and within this the following subdivisions:
K, K or () the pair of non-circular cones,
C, C or (C,) the pair of non-circular cylinders,
as well as the three special cases of greatest simplicity —
H, H or (H)) the pair of hyperboloids of revolution,

K, K or (K,) the pair of circular cones,
C, C or (C,) the pair of circular cylinders.
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thevgeneral and
oceur, suchws the pair H, S, which is represented in Fig 355, and
hesplane-hyperboloidwridcone, bothof which piirs
we havewnentionedbefore (pp. 81 and 83). These formswrouldbe
indieated bythe symbols () and m»mpume\y, for thewerew
a ruled sutface, ie. 7,

The pair €,0 is to bewistinguished fom theveloscdveylinder-
pair; this is easilydone by usiug the symbol(C,) for the higher
pair. The pair G, P is the specialscase of () when one of the
cylinders is of infinitewadius. The sign (C,) may bevased forit,
thewommaindicating suficieutlythatihepairing between C and
Pis high

§ 1t
Synthesis of Toothed-wheel Pairs.

We come now to toothed-wheels. These might also be included
under the classw( £,),butthe wepetitions of the same profleweeur

it ap “
class by themselves,as it haswhithertobeen wsual to do. 1t must
not be forgotten here tlat. chain-closure

not. necessarily
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avsompany tho use of toothed-wheels. We have already seen
(§§ 43 to 50)that they maybe employed with pair-clesurealone,
insuch & way,forinstance, as is represented in Fig:
Takingsirstoothed-wheelsworw liich thewcentroids arevcixcu
ietey ‘astie Tasm wl wader tha. syahol 7, 7, ort700 G
stands for a pairof shyperboloidal toothed-wheels, andswonsider
KK, or (K) the pair of bevel wheels, and
0 Clor(€) 4o spur wheels

as special cases underthis general clase.

h of these wheels are in general formedwas rulel
surfaces of the same character a8 the axoids for the motion which
they transmity they may, however, be made belicalwad in that
case I, becomes A, The most general chsawtormed inwthisway

for its

ttenw: Hav

(K) conicvor bevelworew-wheels,aud
(€ eylindricwerew-wheels

Thepairof wlementa 5, § or (S)), represented

forable. Thesymbol(S.)is, kowever,valuable,in
rehtmnw.uwuwhxgharvlmmu(s,) as ]wmtmgvmlt
ralvelosed wecrew-purw(S)

e . ey s
of weciprocallyenveloping se

S o'l ] it B s ghar
elasses. of woothed-wheels, those. mamolywhich
have non-oireular centroids. Of these we have
thesgeneralwases

(A and (),
which include as special cases (K. and (&%), () and (C:). The
forma (PR, (KD, ete, uay also bewonsidered us subdivisionsnnder

forme F5,K,—(hyperboloidal face-wheel with
bevelwhecl (Fig. 36) and 7., (¥ig. 365)—may bo included under
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theseclzss signa. This bolds good also for those pairs in whitl a
spur-wheel becames a rack P, in which P may be treated as a
specialtease of C.
§ o
Cam Pairs.

The pairingtbetween the links @ and b in thecam traima Fig. 368
and369 may betconsidered a specialtcaset fallingt underttheclass
(A7) Tn the casss shown we have @ non-cireular cylinder (¢

X

s,

pairedwith a tooth Z; thegencral case would be a non-circular
hyperboloid £Zpaired with a tooth of general form Z. The pair
maybetalledtthegeneral cant pair andbwritten

. Zor (M.

Sy T

Astsubdivisionstwehave, besidest( H..)
(&) and (K,
(Eatandt(C,)
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Among cam pairs we have also to include (as we know from
§ 120) the click-pairings in such trains as are shown in Figs. 370
and 371. These may be writter in the geueral case

(H;) and {H.),
respectively (see § 119), and these classes subdivide themselves as

in the case of toothed-wheels. The case of the toothed-rack
occurs here also, as the limiting case of C' = P.

§ 146.

Recapitulation of the Pairs of Rigid Elements.

We have seen in the foregoing sections that the pairs which are
obtained from the rigid elements can be systematically arranged in
divisions and subdivisions so that each special form may fall
under the more general case to which it naturally belongs. Of
the divisions obtained in this way we may call the highest and
most genreral the order, and the next lower the class, while
special subdivisions of the latter we have treated as groups.
The following table gives a general view of the pairs of elements
which we have considered, arranged in this way.”

Pairs of Rigid Elements.

Orders. Classes. Greups.

-

L (S) ........ S) et (8) L, W@® L, (P
IL (#) ...(H) ,(K) ,(€) ... (&) ,(K) ,(C)
UL (H) ... (H) , (K) , () ... {H) , (&) ,(C)
IV. (Hi) ...(H) , (K5 , () ... (H) , (&) , (C)
Vo (Hy) . (H) (KDL () - (@)L (), ()
VL (H) ... (H) , (&), G) ... (H) , (&), (C)
VIL (H) ... #H ) , (KD, (G ... (HY , (K , (Ca)
We have here all the pairs already considered, in their numerous

varieties, included in seven orders. Those special classes and
groups which are obtained by the use of the limiting case € = P,
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N Pares w

H=IP and K = K* may alvays be considered as falling into

as, forvexam)
Tiose-engines, which are_often SR - o
long

wanyguite free-forms. Akbongh e gaiabavaf rioary divaiois
whichwe have employed is so small, we include among them,wo as
ok the clamsibadion a5 waefulmpraotically sa posatl,sovecl
which in strictness are only varieties of other orders,us, for instauce,
Nos. VL.wnd VIL

i
Pairs of Elements containing Tension-organs.

Rl S G e T

wire, ., chain ., 50 far as their mauner of pairing gocs,

agibo suffcientiyindicatedihythemso of thosymbol T for the

whole of them, and this accordingly will sufice ushere. We have
of 7

under a tensileworce-closure. 1t can be laid upon, 0x woundround,

rigid elements, but obviously only upon “positive” (sce § 56)

clements, so that its pairiog with rigid elements is restricted to
stain clase of forus.

Beginning with the screw, we find both higher and lower forws
of the pairing of T'with § frequently in use, The cemmonchain
drum of a crane forma an clement of the pair 5,7, which we may
shortly write (§,)y and exactly the same formula represents the
eylindric. rope-drum, on which the rope is spirally coiled, tho
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cylinder itsell here becoming a screw (§ 15). Higher screws
are not unfrequently paired with 7, the fusee of a clock orwatcl,
for example, Fig. 372, or the conic rope-dru which has lately
been much used in winding engines,or the fusee in Roberts mule,
FigaT3. Thewonoid with a ropevenveloping it (Fig, 374) belongs
also to this class. The order to which these pairs Uelong is
therefore (5., under which the class (S,) is a lower form. At

-

the limit § = R we obtaiu the group (Z.) of which Kig. 375
showstwowexamples.

The next onder is fumished us by the pairing of T with Z, the
pairbeingsherefore (7). As a representative of the class (C.u)

we have the pair formed by & rope-drum and a flat beltlaid spirally
round it.

With &, wecan pairthewhain 7. Itgivesusthe order (J,
of whichstherew remsay wpplications.



‘The combinations of the element 7' with £ and H, may be
included in the order (§,); it does ot require, therefore, special

Click d thei
has increased of late years. They are both single scting (fiee-
clicks) asin pulley tackl, and double-acting (fast-clicks). Fowler's
el (Fig. 876),whi

in agricultural and in towing operations, is atcase of the latter.
We have thus the two orders (#,.), and (#,:) not merely theo-
retically possible, but actually in practicaluse. If in a click-train

of this kind the element 7 e used in the form of @ chain, 7,
(a5 e9. in Bermior’s pulley) the element H, takes the place of H
We thus may lnve both the orders (Hoc) and (..

Wefindtthereforetthat it istpossible totemploy a tension-organ
in everytone of thetseven orderstintotwhichtwe dividedtthepaira
of rigid clements. Oneothertpeiringmayalso be carriedout,tthat
namely, of two tension-organe. We have already mentioned ono
suchtease intspeakingtoftthet spinvingt process (§ 131)t Intthe
wrenching-spring, Fig. 377, we have another example of it so that
the pair 7,7 was one which came very ewly into use. The
symboltforthis order of pairs is (77)
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§ 148.

Pairs of Elements containing Pressure-Organs.

We have seen (§ 56) that the pressure-organ ¢ takes several
special forms: the liquid @,, the gaseous ¢, and the globular or
grained @; or ¢ . Although these forms have very important points
of difference, yet so far as their kinematic pairing is concerned
they may all be denoted by the single symbol ).

The characteristic of the element ¢ that it has no resistance
except to compression, allows it to be paired with rigid elements in
the most various ways. It can be used as one of the elements in
all the first five orders of pairs mentioned in § 146, as a substitute
for a rigid element. The turbine, the screw-propeller, the water-
wheel, the chamber-wheel train, the pug-mill and so on, give us
numerous and various examples of such pairs. We have therefore
the orders

(":q) ’ (‘ﬁm) 5 (ﬁm)'

The order (H:,,) and its lower form (H,,) may also be distinguished,
but it is more convenient to include both in the order (S‘,q).

We have already found, further, that pressure-organs are paired
both in free and in fast click-trains,—in those namely, in which
the clicks are valves. If we consider the valve in such pairs as
a tooth, Z, (which the analogy of the rigid click-trains allows us

readily to do), we can indicate the two orders of pairs thus obtained
by the symbols

(8.) and (Q..)

In none of the cases mentioned is the pairing possible wvithout
another pairing taking place at the same time, that namely of the
pressure-organ with its vessel or chamber, ¥ -, Fig. 378. Besides
this we have also the pairing with the piston V*+ (Fig. 379), so
that we may write this order of pairs in general as

(Vi)

We have noticed before (§ 41) that this kind of pairing can
be and has been also extended to the tension-organs, as in the link-



CESSTHE MR 4TI "

i guided in a pipe Kig. 380 and the spring brake Fig. 331
The same principle isvalsowtilisedwin certain mnchivessforthie
wanufacture of wire-work. 1t is unuecessary, however, to. treat
these pairs a8 an order (¥,), for in al cases the flectional element.
of the pairwnaybewensidered as a pressure-organ. Theyherefore.
areallincluded in thewrders¢V..)

Auother and very remarkable pairing of Q is that with 7. This

pump, whetherwith buckets or

[

of thispairing. Tt would be passible to indicate by  specialwign
hewpecnarscansiruction of the clainaealing 3 tenionorgan
winstance.

necessary however, :.m(“) miolshoww pairingsbetiveen 7', and
Q it mayvbeheld to indicatewthatthestensionworgan is arvanged in
such a waythatthe pairing is possible. Tnwsomewcases also no
peciabmlrsion o the fom of o teadinorgen s o e mlde
for this purpose, as in Veras * rope-pump;” wher: & mere

I e watr by adsions ATl ke pas together form i

The rope-ump, e wter.ops machive, has s frequently saerited to the
clder Frunel, | Tevis ceruilyvolder flan hisvts, L Lnaguit,
Saschinenkunde 8., .3095 5 Hichette 9\t Rlemniuire, 34—
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fore au order for which we may use the symbol (7,,) and one of
which very frequent use is made in machine practice.

We have, lastly, pairings between tivo pressure organs, analogous
to the pairing of T with T which we have already examined.
These oceur somewhat frequently in a form which we may express
by the symbol (@.,,»), and of which we have illustrations in the
air vessels of pumps and various hydraulic mnachines, in spiral
pumps, hydraulic blowers and so on. We may indicate this order
of pairs generally by the symbol (§),).

§ 149,

Recapitulation of the Pairs containing Flectional
Elements.

In summarising the pairs of elements considered in the last two
sections it will be sufficient to tabulate the symbols for the orders
alone, those for the classés and groups can be formed from these as
in the case of the pairs of rigid elements. We have to add to the
seven orders already tabulatedt—

(a) The six following orders containing tension-organst—

VIIL (S X1 (Hy)
IX. (H.) XII. (H,)
X, (H.) XIIL. (7))
(6) The eight following orders containing pressure-organs :—
XIV. (S,) XVIIL (Q.)
Xv. (H,) XIX. (V)
XVI (H,) XX. (T,
XVIL  (9.) XXL (@)

If 1t be required to indicate that the pressure-organ is a fluid, the
svmbol A or vy (as the case may be) can be used instead of the g.

Examples of the majority of these twenty-one orders of pairs
already exist in machinery, others of them have not yet found
practical application. QOur object here does not allow us to treat
them further in detail. Our investigation has, however, gone far
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enough to show us the notable fact that the number of possible
pairs of elements is limited, and that the whole can be determined
collectively by a synthetic treatment. We may nowassume this
to have been done, and proceed to the synthetic determination of
kinematic chains. |

§ 150.
The Simple Chains.

We cannot adopt so direct and definite a treatment in the case
of kinematic chains as was possible with pairs of elements. In
treating the latter we could build directly upon the definite and
limited series of axoidal forms discussed in Chapter 1Tt here, how-
ever, we can make but accidental use of these, for the relative
motions of the links of very different chains may be identical, and
have, therefore, similar axoids. We might indeed treat chains
by working throuch every possible combination of twvo, three, four,
&c. pairs, and take systematically all the relative positions for the
pairs in each combination. But the extreme unwieldiness of such
a method, and the certainty that very many of the combinations
so found would prove useless, unpractical, or altogether impractic-
able makes it very desirable that some other treatment should be
adopted, even at the expense of external uniformity in our
methods. |

We shall adopt in general an inductive method, as 1s so
frequently done in matbematical investigations, and choose for
each series of problems the treatment whieh seems best to suit the
special conditions of the case. It must be remembered, at the same
time, that our object here is not to complete the synthesis of the
chain, but merely to note its general direction. On these grounds
we shall not begin with the general case of compound chains,
but with the simple ones, the essential characteristics of which we
have already examined somewhat closely. The conclusions arrived
at in § 128, where we found that the constrained chain took its
place in the series of possible combinations of links between
the unconstrained and the fixed chain, will be of great service to
us here. If, that is to say, we find a chain to be fixed, we can

convert it into a constrained clesed chain by inductive addition of
K N N



. EIFEMATICN 0P MATIINEET

links to it, or canobtain the sime result from an unconstrained
chain by the removal of links fromit. We shall follow in general
thesame order in treating the simple chains that we. havetadopted
in classifyingthepairsof telements, withoutedheriug to it rigidly

§ 151
The Screw Chain.

L e S A
obtain such an in Fig. 382,torwhich we
see at once zm we may use (5;) as a enntncwd symbol. This
chainformsantorder by itself. The three mechanisms which can
be obtainedtfromtitaretessentiallytthesame

Besides the class which the order (§) itself represents we
obtain epecial classes from the limiting osscs in which one or other
oftthescrewsbecomes 5% =

L

In the chaintshownin Fig 383 the pairs 1 and 2 remain (S) as
before, while 3 has been made (S7) = (PY; its formula runs (S;P)

this chain two different mechasismet can be formed, the
trains (3P)° and (S;P)* being similar. They are the well-
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known *differentialwscrews"wwhosevinvention hasvbeen ascribed

put the eader in o position from which he will recognise in
Hunter's press,* thewifferentialvacrew vice + and sovon,onlysuch
alterations of (S;P')" as are due to the reversal of pairs or to

o 1P'Ywioes

notappear to have beenshithertowpplied.
1f we makesthepairs 2 and 3 = (S)and pair 1=(S") = (€). we
obtain the chain shown in Fig 334, which gives the two mechan-

i j
Wg! mmMme\nmmn1mnnlmmummnmmm‘

tsms (SJ7Y = (S{C) and (S The latter appears mew,
the fist has been more than once applied, as forinstance,very
happily by Skinner} in his steeriuggear,which, however, isva
compoundtrain.

If the pair 1 be made=(S")=C, thewair
alonewwemainingy(S),we getwthievchain (5'P'C"),

e 1

(P), the pair 2
%g. 385,wwliich

bas alreadyweveral timeswcome undervour notice. Ofithe three
‘mechanisms which it gives us (§'P'CY’ especially has found, as
weknow, mumerous applicstions. (Cf §§43 and 107)

Thewyuthesis has therefore given uswherethree classesof whains
furnishing seven meclanisms, and thiee of the latter appearnew.
Let usvaow applyvourmethodsto the cases in which one ofsthe
rigideletaents is replaced by a fectionalone.

. echanical Principln, &z, vl |
+ ItsdalsoWeisbach, Mechanik,iis. by, 288.
: e, p. 182,
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The use of awtension-orgsn in this waydoeswotwgive us aoy
useful results.  Itvmwotherwise;showever,withwtherpressure-organs.
Rl ol o RN )

i m form several practical mechanisms from it. The
e e

which_would be contracted, the link ¢ being supposed fired
into (57, P,Cy. Ifwe now take a as drivinglinkwwe get the
machine (§,P’,0"%. This formula represents the screw-pum,
the Archimedisn waterlifting screw, the scrow-ventilator, the
main-train of @echlickeyzen’sclay press, &
mechunism the pressure organ & be made

the driver, i wouldgive us (3,77, 05 —we have the simple
sorew turbine *

1f we place the chain on b aud make « the driver we obtain
the mechanisms (7,P,0') which is the leading train of the
screw-steamer. _a ia the propeller, ¢ the vessel and b the water.

The train of Fig. 384 is also applied in & well-known machine
1 we replace 5 once more by a pressure organ (here specially by &
liguid) we obtain a cbainof whichthewompletefermula is :—

le:mg the chain on ¢ and making the fuid
link b the driver we obtain a mechanism
(St wtih i hat ot the Jowal ox
Henschel gos) T saprote te
working ot SR U rown 1 1ma 354
blisrvstenomiimtnarl Crmiisxic
shouldcontain instead of v

Once wore we have a Wikes Af maches
Phacelogecherwhich differ immenselyiredhet
objectswndintheirwonstructiveform, butwhich
arewformedwuponvoncvandsthewsameriinematio
T Soinidan i o
chainssin § 15

* Such for xample s the turbines at the mil of St Maar deserbod by Leblanc
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§ 152.
Cylinder-Chains.

We have already (Chap. VIIL.) studied the chains (€?) and (C%),
and found that they divided themselves into twelve classes con-
taining fifty-feur mechanisms. Ourinvestigation resembled so very
much a synthetic treatiment of these chains that it is not necessary
here to repcat the investigation. Let us look what other siniple
chains containing none but cylinder pairs can be formed.

If we attempt to form a chain from three cylinder pairs we see
at once that its closure is fixed (Fig. 387), we need not, therefore,
€Xamine it further.

Fic. 388.

Fic. 387.

I*.‘ive parallel or conic cylinder pairs give us a simple chain
_Wthh 1S unconstrained, so that this combination also is of no
Importance to us. If we put a normal or normally crossed pair
In place of one of the parallel pairs we obtain a chain which is con-
strajned, and which contains five cylinder pairs, but here no motion
can take place in the normal pair. It might thus be altogether
omitted without affecting the motion of the chain, which is there-
fore really one of four links only, If the pair instead of being
normal be oblique or obliquely crossed, as in Fig. 388, the chain
becomes fixed, no motion whatever can take place in it. We have
not, however, reached the limits of the cylinder chain, the two last
mentioned may be considered to be only special cases of one con-
taining a larger number of links.a Working upwards to this from
Fig. 388 we obtain first, by the addition of another cross-joint,
and by destroying the parallelism of 1 and 6, the six-linked chain
of Fig. 389, which again, like Fig. 388 is immoveable. If, however,
We divide the link joining the cross-blocks into two parts, as in
Fig. 390 for example, where a cylinder pair whose axis passes



through 3 and 5 has been inserted in i, che chain becomes moveable.
Thelinks  and / move in different planes, but the linkage bed e
allows them to be constrainedlywonnected. Thechain now consists
of seven turning-pairs,aud may be written genevally (C3). Grossed-

s g
in planing machines for giving motion to the fork which moves the
- 3 3

specialieases, and out of many of thesemechanisms can he formed.
It deserves @ complete andwsystematic examination ; a glance at
the subdivisions of the much simpler chain (C%) gives some idea
of the number of special cases to which such an examination
would Eadl us.
Under certain conditions the six-linked chain, which we may
il (Cf) ean also we made
moveahllew and  constrainedly
closed. Applications of this
occur fnwpractioe,sbutnot in an
msigyrecogaisable form Indeed
it is specially moticeable tinat in
these applications the primcple
of chan reduction (§ %) i
alnost always employed. In
order to fully understand Lhem
it becomes oecessary to add or
supposewddedthewnittedlinks
‘The mechaniaru represented Ly Fig. 391 gives us an illustration
of this. It serves here and there for working shunting signals

Fo. 500




AT ST =

ich require to be turned through 90°,—the signal is connected
with the liuk . Of the links in this reduced train ¢ and f are
normal crossedlinks, a and ¢ have paralleltcylinders; the links 5
and d are omitted. The two open cylinders 2 and 4 of the link ¢
havetherefore higherscresw motions relatively tothetfullcylinders
f @ and ¢ upor, whichthey worl. In ordsrtotcompletatthetchain
ddtthettwo linkstd
each in the form €~...|... P+, and to make thetelements in ¢ a pair
oftopentprisrus.

[ Fam
Robertzon’ s

Kind,ite loading train is repreented by Figt292. Thotlnk o has

o C*t; the liuk b, 0=...|...P*, istomitted, but ¢ is

still x.m On account of the ornission of b the latter has no longer

odaxix, 18T, 5. R Tl Juse 814, 190 Dingers
Tt s v
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the form P........ , buttbecomes C....L Tt istcarried by the

linktd = O ... || . C. This Jink Robertson uses as thetpiston-

vod, that is the driving-link of the chainthe omitsthowever,

the link ¢ = C ... || ... P, so that the piston d is constrained to
its axis abth

unreduced, is
(COPLETPi%, and in the fomn wed by Robetaon,omiting
b and ¢ (puttingttogetherconseoutivetsimilar symbol),
(CIPAOPYE b — .
We need not examine here whether the mashine be practically
useful or not it servesequallywellin eithertease a3 an exampletof

dyﬂmn!tws inthe delight oftoriginating newtmechanisms.

Robertson las used also another form of the chain for his
‘machive, as is shown in Fig. 393. Here ¢ onlyis omitted, but the
arangement of the links is at the same time semowhat altered
The formula of this chain unreduced is (C"*CLCLPLC" PLS, or
more shortly,and with thetreduction, (C"C+P+C* P+ Ja The
reader will have no difficulty in finding still other forms in which
the chain (C3) can be employed. Some of these may find useful
]\ncuu.lﬂppli ions.

be arranged ly
o 0 ways than that above mentioned, m the way, for example,
shown inFig.9. nymkmwunmmmnmnmr
B lengtht wetcant oftcoursetobtaintvery
5 3 unmmu.hm.ef the chain. A very
inteesting example of it isshown in
Fig. 395, a mechanism which has
been appicl by Brewn * as the lead-
ing train of a steam engine.’ 1f 1 am
not mistaken it had been used earlier
farthe same purpose by Maudslay ®
Here) gk aNas o o
©+...L..C¥,the link b being C'~...@, it consists, that is,tof &
cylinderand a sphere, the centre o Iying uponta normal
tothe axis of2 drawnfromthe point of insection of 2 and 1. The
sphere s paired with the cross slide ¢

Fie 398

* Enginaering, Feb, 1867,1,,159.




BALL AND SOCKET JOINT. s

The * ballandsocket” joint which we have here is simply the
result of the omission of ono of threet eylinder pairs, the axes of
whichintersect at ngm.u;m in one point. It is therefore marked
345, The bloc
drivingliok, of the .mmm.gmc
mechanism is therefore (C-C'LP- P

U

oo o
a comparison withthetgeneral form (CF) moreteasy, T haverepre-
sented the chain in Figt396 80 that thettwo prism pairs,twhich
we mayteonsider as R or €, arereplaced bytheteylinderpairs
6 and 7. The formula for the mechanism in this form, placed
on g, runs (C-CL-C™CYY.

The foregoing exauples ate sufficient to show the importance of
the chains (C'#) and (C) and to serve as an introduction to their
complete synthesis. The former appears to have the largest
number of links that can be used in any constrained simple chain
furmed from the lower pairs of elements

L}
Prism Chains,

‘We bavetalreadymorethan once examinedt(§§ 64 and 108) the
three-linkedtprismchain,ortiedge-chain, (PL),  Fig 397 represents
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it in  formwith whichw eatenow familiar, Fig. 398 shows it in
another form, in which all three prism pairs are closed. 11 instead
of three we attempt to combine two prism pairs into a chan we

obtain either a singlepair or a fixedwehain. Fromfoursprismpairs,
however, wecan very easily form a simple chain, as is shown in
Fig. 399, of which the formula is (P5). We mighttreat the chain

(P) s derived from this one by making the angle between the
paits 3 wud 4 infinitely small. The chain (P%) itself,showever,
might bewconsidered aswobtained fromw(C7) by making all four

long:
(P%) is not constrainedly closed. Tf we suppose, for example,




aRT Ca

that the links & and ¢ be fixed together,—the pai 3, that is, made
immoveable,—se see at once that the chain still remains moveable,
andindeed dusebecome simplyethateof Fige397

§ 154
‘The Crossed and Skew Screw Chains.

Tn our devempmenmraheenyhmmcha.n, § 152), me:om.d
sevencto bethedimiting numberafelinksen a simple chain.

R T ke S e et o
cylinder pair is not the highest form of the lower o closed pairs.
‘This position iswccupied s we know, by theescrew-paire(S). We
shallethereforeobtain the most general form of chain containing

only lower pairs if we place (S) instead of (C) in the mostextended
cylinderchain, The hxghesl chain formed from closed pairswill

fethisoch i S 5

veally epecial cases, is part of the work still before aynthetic

Kinematies. _Further on wo shall have to return to the question,
y ofethe chain

v machinery.
ferring again toetheechaine(C)whichewas shownin Fig.e394,
it will be noticed that we can make the cylinder 2 oblique or
d i

crosse
an exceedingly complex motion can be obtained. Leaving this



d however,ve may goa step cylin-
ders 1 and 2 conaxial. We obtain in this way the chain shown
in ig 401 Tt is no longer, however, constrainedly closed, for the
link a can be turnedaboat ts asis, (theteol inciding axes of 1 and
2), without any motion occurring in the other links, while in these

remaining linkstthechainis fixed,they move together like a singl
link,ortratherelement, relativelytiota
These conditionstoant betentirelytaltered however. Tf eithertof

thepairs 1 or 2, Letus say 2, be changed from (C)=(S ) to (8), and
atthe samettimethetchain be so arranged that the axes of 6 and
4 aze not i the same plane, we obtain such a chain as is shown iu
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Fig. (402). Tnlorder to make thelrelativelpositions of itheaxes 2,
4 and 6 more distinct we have here given a plan as well as an
elevation ofithe chain, which is now constrainedly closed, and
which we may call a crossed screw-chain. Its formula is
(beginning with the pair1); (C'S*C+C+CA0Y). A more general

ol
= o( the same umn could be formed from the chain shown
t be noticed a3 a conditionoflthelmoveability
of . sbain thathe sresttgie pairs 4 and 2 must always
intersect, each other, and also thoselof the pairs 6 and 1.

If in thehlain Fig 401 wehreplacch2 byhahsorew pair but
leave the nxes 4 and 6 still con-plane, there is no longer any
motion inthe pairs 4 and 6, and they maybe altogether omitted.
Thelzhainlthercfore talesithelformishownliniFig 403

§

Pou il

Herethere are fivelinksonlyinstead of seven; f and ¢ have been
united and d and ¢ have also become a e link T
for this cluin ia (C'S* €} C*). This fi chain has very
many practical applications. yplacing it on Prar mple e
getha screw-reversinghgear which has been usedhfor locomotives,
bylpl it on & we have a trainwhichhas been used as steering
gear HnuckleHeverlpresses e
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1¢ the link ¢ in such a chain be made infinitely longwe ubtain
the chain shown in Fig. 404, which also fiuds a number of applica-
tions. Tts formula is (°SC2P+C*

If nowthetlenyth of thelink ¢ be alsomadetinfinite, or in other

words the axia 5 removed Lo an infinite distance, the chain takes
the form shown in kig. 405 The varying angle between the links
band ¢ in Fig 404 has here become constant, the cylinder pairing
at 3 isttherefore superfluous tandtwetobtain the four-linked chain
(C'S-P%) which we may call a skew screw-chain. Placed upon

d ithasteceivedaveryneat application by Nasmyth inhis dividing
machine® Fig. 406 showstthe arrangement adopted by him
Thet frame d is here the bed of the dividingtmachine and ¢ the
slide. Thetangle between the pair 3 and 4 is made variable, so
thattthemotionsf theslidetforeach revolution of the screw cau
be ulteredtwithgreattnicetytwithintverytwidelimits.
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We see that chains derived from (S%) take in themselves many
forms which are of practical value; they can and do also receive
very numerous useful applications in compound chains.

§ 155.
Substitution of Higher Pairs for Pairs of Revolutes.

We have seen that we can regard the chains (C,), (Cy), (C,) and
(C,) with all their special cases as derived from the chain, (), as
the highest form of the chains fortned from closed pairs. This,
however, we are not obliged to do. For the element C may be
considered as a special case not only of S but of other higher

forms, namely the general cylinders and cones C and X, with which
(as we saw in § 21, etc.), we can form higher pairs of elements.
Considering, then, the circular cylinder € as a particular case of the
general cylinder ¢, we can substitute the pair (C,), formed from the
latter, for the pair (') where it occurs,and thus obtain entirely newy
motions in the cylinder chains. In this way an immmense series-

of chains can be formed, and an almost inexhaustible series of
constrained motions obtained.

The substitution of (€,) for (C) in the general chain (C,) is not,
however, possible in every case. 1t cannot, for instance, be carried
out in the chain (C%) or (generally) in those cases where oblique
cylinder-pairs are applied, for here the universal condition of the
closed pairs, the coincidence of the axes of the two elements,
becomes essential, and this is not fulfilled by the elenients of the
higher pair, In these cases, however, we can still nse the higher

pairing if we substitute (X) for (C',),—the higher cone for the
higher cylinder. The instantaneous axis of the pair then always
passes through the same point.

It must not be supposed that this use of (€,) or (X&) instead of
(C)is mere speculation. We find many instances of it in practice,
especially in chains of the class (C}). Asan example very often met
with I may give Hornblower’s curve-triangle train (Fig. 407), beside
which is placed (in Fig. 408) the slider crank.train from which
it is derived. The latter is a reduced turning double slider-crank

* Civil Ingénicur, 1863, p. 215, 1864, p. 21.
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(§§72 and 76)tite formulatrunst(C5P — b IntHorablovers
train the curve-wiangle G, (whichtwe have alteady examined in

§ 26) takes the placetofthepin 2. Thechain being reduced by the
Jink b, the Gurve-triangle appears without its rectangular partner

element. Theformula of thetehainruns therefore ("¢

we obtain the mechanisms shown in Figs. 409 and 410. The
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centroids of @ and ¢ becometsomewhattzomplicated, wetcannot here

employed in practice unredaced; I know of one case,at least, in
which the pair 2 has been used complete. Fig. 411 shows this

T oo

mechanism in our schematic form and with the addition of our
i COPGL T i the

N hn
Duechaniams of thischsn—A.
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slide-valve of a 100 HP. Woolf steam-engine.* I place beside it
in Fig. 412 the analogous mechanism (CyPL);, which we already
know, in order to make the comparison between them more easy.
In both trains the pair 2 is expanded.

I may Just note here in passing that the whole series of forms
obtained by pin-expansion from the chain ((7), &c., (see § 71). can
be used directly in the higher chains which we have been con-
sidering. This has scarcely been noticed as yet by machinists,
and many forms possessing considerable constructive advantages
have consequently not been utilised. There are mmany cases
indeed, as the foregoing example shows, in which these cani-

trains may be employed as easily and advantageously as the
comnmon eccentric-train of a stearm-engine.

Chains of the class (C}) containing more than one higher pair
have not, to my knowledge, ever been practically applied. It is
probable enough that really useful applications may be found for
some of the numerous cases which we see here to be possible. [t
must suftice here to have noticed the general case.

§ 1536.
Simple Wheel-chains.

Ameng the siinple chains which counsist ot wheels with their shafts
and bearings (cf. § 43) the friction-wheel chains naturally come
first, The circular wheels with the frame which pair-closes thein
give us the chain (C4{ ), with the special forms (C4 X)) and (C3C',).
Hyperboloidal wheels seldom occur in this way, but are occasionally
employed. Still higher fornis, indeed, have ocasionally found ap-
plication, as eg. the spiral friction whe:ls of Dick’s cotton press.
Friction-wheels generally occur in cornpound chains, 1 merely refer
to them here because of their lmportance in some industries,
in particular in rolling-mills, where the rolls themselves are really
friction-wheels.

We need not non-examine the series of special forins which are
taken by the simple toothed-wheel chain (C, H), for we have

already (§ 144) investigated the various forms which the pairing H-

* Py Ad. Hirn in the Logelbach Works,
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cantake. Wetmusttmention here,thowever,tthe use of a pressure-
organ in the chain. The chamber-wheel trains of Chap. XI.
belaag to the compaund chains ; we ave, hawener, simple chains
in which o fluid—that is o pressure-organ —takes the place of
one of the wheels, and the pairing of the fluid with its chamber
e R ) e £

common water-wheel, the lift-wheel, and the paddle-
el 1188 61 wnd 62}, and w0 some tarbines and contifgel
pumps.

€
Cam Chains

Wetaoticed tl trains verythriefy in §t120, 4l recognized
thetdesirabilitytofttheir separnie reatment  Fig. 413 represents
enctof these taina Its formula s (C36);—wvet lavetalready
examinedt (p. 537}t thet nasnretoftchet pair-
ingt between the cam and the click or .
taoth.  The special fortus whick this chain
can take are very namerous.  The cam
chain, bowever, istuotthere represented in
anything liketitsthighesttform. _Thetlatter,

50 furt as is conditiened by the form of -
thetcam andn oot would bowlechain

(C37.3), which is formed from two pairs (Rjt= () of the first
orderand the highest forms of the pairs of the fourth onder
(§ 146). The mest general form of all will be 0\vl3uml if we

5) the Ligher puirs () or x (C),
Jeads to the lighest forms of the -mvph

substivute (as in
& metbod which
spur-wheel chains.

der this most general form of the cam chuin there come
one imortant pocial caes i v have called o
rVIL

by using
(§1140) We thustobiaiathe chaina
©T) (1T

with their numberless simpler forms.  As we have studied severul
typical cases of these in Chapter X1, we toiglt now leave thew
o2
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i i how-
ever, the one represented by Figs. 414 und 415, which deserves &
i s
as a ratchet-train. Theltrain of Fig.414was called by Redtenbacher
the “one-toothed-wheel ;” it is somewliat widely known by the
names of Maltese cross or Geneva Tatchet, the one being takenfrom
thelformipflthelsvheelhdithelother frombthe employment oftthis
click-train in Geneva musicalboxes. Fighd15 sbowshthaththe
esseatial condition of the train is not that the wheel @ should
haveane tooth only; in thelmajorityofleases however lthewheel &
ishnoretor lesslstar-shaped, on which ground it lias been proposed

heels. 1t istevident
B :peunl(ﬂnn ofithe train (C£1,) or if it be preferred, ofi(C,,),
irable to indicate by a special formul itsirelationltothe
ol yhielchaga, Tl dpecil amitsriatiot[(ha whoi
their segmental arrangement. We may therefore use here U
symbotht Jand willlindicate chuins of the kind beforelus by the
formula(C, 4,),lo7 more generally (€A,
f the radius of the wheel & in the click-train (€4, be made
infinite,b becomesa rod or lulJmlrymu upon itithecurvedirecesses
thelteet
(CAPXAT). The bolt-train in tllelﬂvaml\ﬂnck,l’["ig 416iurnishes
us with an interesting example of tbis. The piece 48CD
belongs to the bolt &; the opeuing 2 in it is the hollow for the
tooth 2 of @, 4 B andI{? D wwe ad jacenteurvedirecesses inlthepiece

* P Sl 1841
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& comesponding to.tho circular recessen ehichwre made inw in
W15, Therevis nlm)ung:r anysegmentsofva made tositihese

inct. form  nthe, Tiramah lock thewyicce a iswuitherveon
mected with & fast click.train, the ingenions nature of which is
wel kao

T caprand slidercam trainsand also n theie specaloforme—
click-trams—pressure-organsvarevsonietimes used  This always
occurs however, in conpoundsehain.

Pulley Chains,

the difficulty of arranging them in simple chains along with rigid
elements (cf.§ 41 etscg). Such simplechains do exist, however,
in belt-chainswrrope-clains A17,and also in chain-gearing,
where 7 takessthe form 7, Thewfurmwtaken by these chains,
apart from the specil form of the m.;i.,n -ongan, is (C,R,). Of
such higher form: JH.) Wt few application
exist. One sp«\nl 2 hlmlmg ot e oo
demandsspecialu 1§ we imagine a belt-train witherossed
Veka) (g 418) to.have it pulleys a abiie browghl fnka
contact, and then the pulley ¢ made infinite in mdius. the pair
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4 necessaxilytbesowes @ prism-pairtandthelorganh?islfived at both
endsitothe prism intolswhich clhas beenlclanged  Figh19 shows

thishel

,1.1.7.u1m1.1m|n=n=,mu, notewonthy that on account

the orgas 7' we have a chain of
slgse Tk ony itead Sl Tk seengie
o

of

BTE.. PPABL...
1 et (o € R (G
1 there,lplacedibothupon

Ly

A common pulley-taskle s an vnconstrained
closed chaiu, or at least s constrained only by
force-closure; hieretherefore wentednol consider it
I it be made canplete by pai-ccloaure, it becomes

o saw also inb§ 43, with the simplified roller arrangewent)
a compound chain. The cnses thus obtained are very intercsting

Fue. 11,

in_ themselves, but do not come iuto this part of our subject
568). This is true also offa number of other important
applications of tension-organs.



§ 10

ChainswithiPressureorgans.

Tntthetfar:gomg treatmentyof tthetsimpletchains we lavetrepeat-
edly bad to consider the replcernent, of « rigil element by a pres-
sure-organ, and in doing this have also exaniined the chains of
which the pressure-organ Lecame

1t The mono-kinetic propertis of

-organ liave in all thesc

wexwish totavoidthistwecome at once
into compoundeliains.  Complete. trained closed chains
containing pressure-organs do not. appear to be pessible. Such n
ple chin, for example, as tat shown in Tig. 420, which would
be written

b .
‘N AV =]

or in & contracted fum (PF.AV.3), is ewentially forco-closed. 1€

Jeavethetchamber. The arrangement s none the less its own
Value, it is simply that of thecommon squit.
tarrance a second piston in thetdelivery pipe wetobtainthe
ent of Fig. 421, alrendytlmown to s Thechainhas now
fourlinks iustead of three; it ist however, a compund chaiot for




- EISEATI 0F MACHIKERT,

w0 of its links are temary ; the water is paired with the three
elements 2, 3 and 5, and the frame d with the threo elements 1, 4
and 5. 1ts formula is

Ry itself, however, the chain is still not constraiedly closed,—
force-closure is always a condlitienof its work
One Jos well

as
hpair-closed hooasi i We

Iwe fourd alresdy that this method
Ius been applied in the case of the

o Welttrains (c£h§ 44) and have ako
seenlthelnaturebofithehdoublinglofithe
chainhnow hbeforehus. ~ Fight22repre-
sentshsichhabdoubledhchain. Ttshmo-
tionsharchnowh completelyh pair-closed;
butlntighelsameltime, although it con-
tainshoulylfivehlinks hitbhashbecomeha
compound chain even more completely
thanlbefore. Tflwehimaginehthehohain
of Fig. 420, nlm to be made pair-
closed by any means, —the addition for
R T
could makehthe motionsha the piston
dependenthuponithose oftanother,—we
see at once that we are again brought into the region of compound
chains. Ttimayjust be noticed that this method oﬂim!hhngchnml
tns to

transformlitinto alzonstraineditlosedichain®

* 1 have llwstrated this by 8 model o the kinematie eslecton of the Kinlg.
Gowerhs, Akadem ~k.
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§ 160,

Compound Chains.

Our synthetic investigation has now brought us, in a nuinber of
different directions, to the limits of the simple chains and to the
ground covered by the compound ones. We see at once that the
latter include so many important practical cases that it would be
impossible to leave their synthetic treatment untouched. But there
1s no end to the possible combinations which can he made by join-
ing one kinematic chain to another, and it is therefore very necessary
to inquire if every problem arising inthis way must necessarily fall
within the region of kinemnatic synthesis, or if some distinction
which may simplify our work does not exist between different
classes of problems.

A distinction of this kind is, fortunately, furnished by the way
in which the compounding has been carried out. A compounding
may be a mere placing iu sequence of known motions or chains,
giving us therefore nothing new, or it may be so arranged as to give
us some result in itself quite different from before. It i1s evident
that these two methods of compounding may be trcated in quite
different ways. Let us first examine a few examples of them.

To take first a very simple cases; we obviously obtain nothing
kinematically new by placing one belt-train or one wheel-train
behind another. The relative velocities of rotation of the different
parts may be altered, the nature of these rotations is, however,
exactly the same as in the simple chain, and the advantage of the
compounding in such cases is connected siniply with the repeated
use of one and the same form of train.

Fig. 423 isa sketch of the leading train of a beam-engine. The
chain here used, which consists of the seven links a,b,¢, d, b, 2, and
d,, is clearly compound. It consists of a lever-crank @, 8, ¢, d = (C})?
and a crossed swinging slider-crank (C§P+)°. The latter is shown
separately, 1n a form already known to us, in Fig. 424. The com-
pounding has been carried out by combining the fixed links & and
¢, of the two chains into one frame, and the links ¢ and 5, into a
ternary link, the “beamn” of the engine. The angle of swing of
the lever ¢ and the coupler &, becomestherefore equal, and the stroke
of the slide d, is made dependent upon the length of the crank a.
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Enchbtrain, however, might havelprecisely thelmation swhich itinow
bns wershilantively separetd remighelocen

The case is quite different with the compound train shown in
Fight25, i pair
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of parallel crank-trains,—it consists therefore of two chains of the
form (€7 I C5) having their 4 links equal and common, and their
links @ ‘and ¢ combined into ternary links. We know that this
chain 2 (€7 || €3) has the property that both its parallel cranks can
pass their dead points, which are also change-points (cf. §§ 46 and
66) without stoppage or change of motion. This property, however,
is characteristic of the combination, neither chain by itself

Fia. 426.

possesses it,—the compounding has therefore given us in this case
something new.

The anti-parallel cranks, Fig. 428, give us another illustration of
the same thing. The object of our examination of this train in
§§ 47 and 67 did not lead us to notice that here also, although the
number of links is not increased, we have a compound chain. It
consists of our well-known four links a, b, ¢, d and a second chain
having for its links, A1 B, C4 D, and d. The latter may be written
in full

"t e d

C*+ .ol (Z) o} (€Y o | ... O

Its frame d is identical with the link ¢ of the chain (CY); the two
links C...]|...Z coincide with the links @ and ¢,—both are therefore
made ternary links. By themselves neither of the chains could move
continuously, (C;) would be stopped at the dead points, (C}Z")
1s unclosed in every other position.

These illustrations will suffice to show the difference between
the two classes of compound chains. Wec shall call the class
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last considered combined chains,®* and the former class mixed
chains. The consideration of the combined chains forms an essen-
tial part of kinematic synthesis, while that of the mixed chainsis
not in every case necessary.

§ 161.

Examples of Combined Chains.

The compound chains having a larger number of links than the
simple ones, the mechanisms formed from them have a propor-
tionately greater number of applications than those from the
former. Their investigation, therefore, to be in any degree com-
plete, would far exceed the space here at our command. Our
object here, too, is rather to point out the existence and nature
of problems than to attempt any complete treatment of them..
I must therefore litait myself to a few examples.

An immense number of compounds can be formed from chains
of the class (C%) and its modifications. Among these compounds
some of the mixed chains also give us something new if they be
placed upon certain links. The chain shown in Fig. 427 is a com-
bined chain. It consists of two chains of the form (C",)s the first
i @ b c d, the second a e fb.

When it is remembered that the lengths of the different links
can all be changed, and also that they can be increased to infinity, it
will be recognised what an enormous number of special cases arise
out of the general one shown in the figure. 1f, for example, we

* Prof. Reuleaux uses the expressions dckt and undcht usammengeselzt, —real
and apparent compound,—for what I have called combined and mixed chains.
I think 1 am justified in using the latter much shorter terms, especially as a very
closely analogous use of them is familiar in chemical terminology.
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make the links ¢ and f infinite, and further make the axes of the
pairs in each of the ternary Jlinks (1, 2, 5 and 2, 3, 7,) conplane,
we obtain the combination shown in Fig. 428. If we make the
original chain (CY), @, b,¢,d, a parallelogram (as here shown) we
obtain a combined chain which has some remarkable properties,
although they have not yet been utilised. The line 7-4’ parallel to
a is always=21, and the length 1'4" is constant, the lines 56 and
1'4 therefore always intersect in the same point 0. If we place
the chain on d we obtain a mechanism in which the bar e will

move so that its axis passes always through a fixed point beyond
the mechanism, and which therefore may be itself inaccessible.

If we make e finite and therefore f and 3-7 infinitely long, we
obtain the chain shown in Fig. 429, which is essentially different
from the last.

The combination of cylinder-pairs already described in § 60,
which is again represented in Fig. 430, is a combined chain. The
closure of the links 4-7 and 36 of the (€%) chain makes the other-
wise incompletely closed five-linked chain 1.2. 3.4.5 constrained.
This chain finds several useful applications in “ parallel motions,”
trains in which one or more points move in (accurately or ap-
proximately) straight paths. One of these, for instance, given by
Tchebyscheff,* and another by Harvey,} are formed on this

* Dingler's Jowrnal, 1862, vol. 163, p. 403.
t+ Practical Mechanic’s Jeurnel, 1850, volii., p. 174.
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chain. Both are placed upon the link 67, and give a very near

approximation to the required motion. Compound (%) chains are

also employed in numerous modifications as weighing machines.

The skew screw-chain (€' §-F%5), which we examined in § 154,
has also come lately into use in the “dogs” used upon the face
plates of lathes* &c., in several forins.

Another example which is in place here is that of the reverted
wheel-chain (C,C%), which we examined in § 105. I must
content myself here with merely mentioning thisa we have already
| seen what an immense nuinber of me-

chanisms are formed fron1 the chain
(O,

2 Asa fifth and last example we shall
take the chain shown in a general form
in Fig. 431, which gives us some very
notable mechanisms. It 1s a combined
chain consisting of the simple spur-
wheel chain (C,C3) with two links, each

Fic. 480. containing two parallel cylinder pairs,
added to the twwo wheels. The chain has
therefore five links and six pairs, the latter being the cylinder pairs

Pt

Jﬁjd

Fre. 431,

1, 2,3, 4,5 and the pair 6 of the forrn ((,). We may write it
shortly as (CgC,) and in full .—

6 d L a 2 b 3 ¢

o %.”... ) ...4 ...C) .| ... (C)... 1.
' A {C) L (O)
d 5 e 4 C

* See for example Danbury’s drill-chuck, Scientific American, vol. xix. (1873),
p. 215,

. C.
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For distinctness’ sake I have added the names of the links in
the formula, and also the numbers of the pairs. The formula
makes the symmetrical construction of the chain very distinct.
The lengths of the links can be altered within the widest limits ; so

long as the closure be not made either fixed or unconstrained, any
link may be fixed and any other made at the same time as the
driving link, and in this way we can obtain from the chain most

Tic. 433. Fia. 4384,

various mechanisms. We shall examine briefly a few important
cases. For simplicity’s sake I have omitted the teeth of the wheels
and shown only their pitch circles in the figures.

(1.) Let the length 1'5 be made =0,—the pairs 1 and 5 then
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becoming conaxial. If the chain be then placed on & we obtain
Watt's planet-train, Fig. 432, the motions in which we have
already examined (§ 105). Following the name which Watt gave
to the mechanism (C}C,)* we may call the chain itself (C;C,) the
planet-wheel chain.*

Fi16. 435. Fic. 436.

(2.) If we make 1'5=34, a=b, and the two wheels also equal, so
that the links ¢ and d are equal and similarly placed, the whole
chain becomes symmetrical about the line -2, Fig. 433, and placed
on ¢ it gives us Cartwright's parallel motion.

(3.) We can make the lengths 5'1, 1-2, 2-3 and 34 un-symmetri-
cal, but by suitably proportioning them, and giving the wheels a
particular diametral ratio, we obtain, by placing the chain onz, a
mechanism in which 2 moves approximately in a straight line,
Fig. 434. This arrangement is that proposed by Maudslay. The
path of 2 is very nearly straight if the link & be not allowed to
swing through too large an angle.

(4) We obtain important special cases by making single links
infinite. Let us do this first with  and a, using at the same time
the simplification employed in Watt’s planet-train, namely, making
the length 1’56 =0. We obtain in this way such a chain as is

¢ The planet-wheel train used by Galloway was more complex than the chain
before us, and so does not come into consideration here,
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shown in Fig. 435, of which the contracted formula, beginning
with 1,is (C-P4C%C,). If it be placed upon a it gives a planet-
wheel train with a straight slider, a combination which has found
numerous applications.

We obtain a special form of this by making & an annular wheel
as in Fig. 436. In this form the chain, without recognition of its
nature, has recently found several applications. Among others it
has been used in an arrangement of steering-gear by Caird and
Robertson®* They place the chain on a and use ¢ as the driving-
link, formula (C-PLC;C7)c. The diametral ratio of the wheels
* is made very nearly equal to unity, so that the rudder moving

i—

..-
]
e,

)
..I..."". o = o iy
7, L"'-. : \
R . —
- -"\-.\.-. _.-"'..

.../.-...
| /=l

Fic. 438.

slowly is well under control. The rudder shaft is conaxial with d.
With the wheel as the driving-link this mechanism is sometimes
used in sewing-machines.

Eade’s pulley-block,} schematically represented in Kig. 437, is
another application of the same mechanism. It is again placed on
@ and driven by e. The link & = C...1...P is omitted, and the
higher pairing described in § 76, Figs. 269 and 270, is employed in
its place. The formula of the train is therefore (C+P:-CyC7)s —b.

The same mechanism, with the same reduction, has been used
by Wilcox! and also by Taylor§ in counters or numbering
machines.

* Génie Industriel, 1869, vol. xxxvii., p. 20. Caird and Robertson have applied
the same mechanism also in capstans.
t The Enginecr, 1867, p. 135. T Pngineering, Januavy, 1869, p. $8.
§ Prginesring,nluly, 1869, p. 1.
K PP



578 KINEMATICS OF MACHIN ERY.

(5.) By making the length 34 less instead of greater than 4-5
we obtain in the chain a motion differing very greatly from any
occurring in either of the former cases. Fig 438 shows this
arrangement. Whiletin Figs. 436 and 437 the whole motion of
b relatively to @ was equal to twice the distance 4'5, that is twice
the length e, it is now equal to twice the distance 4'3. 1 have
formerly suggested this mechanism as a leading train for punching,

riveting or stamping-machines, and given it the name of toothed-
eccentric * (cf. also p. 300).

Fi1c. 439, Fie. 440. Fic. 411.

(6.) Leaving still the links @ and & infinite, but giving to 1-5 some
finite value, we obtain a chain represented in a general form in
Fig 439. If we here make 3'4 <e, we have the chain represented
in Fig. 440, whicht I formerly called the general case of the
toothed-eccentric. Placing this chain on @ we obtain a mechanism

which may serve to give to a link (#) reciprocations of varying
stroke. We obtain an interesting case if we make the toothed-
wheels equal and the lengths 1-5 and 3'4 also equal, and at the same
time place the latter symmetrically to a, as in Fig. 441. 1 have

* See Civil Ingénieur, 1858, p. 4; * Das Zahnexzentrik, ein neuer Bewegungs-
mechanismus.” In this article T examined the whole series of these mechanisms.

I had not then recognised their connection, above explained, with the pldnet-wheel
trains.n—R.
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called this mechanism the symmetric toothed-eccentric. The
centroids of ¢ and a and also thoseaof & and & are Cardanic circles,

(7.) By making b and ¢ infinite instead of & and « we obtain an
altogether different mechanism, as isshownin Fig. 442. Itsformula
is (C"C+PLC,). Placed on ¢ and driven by ¢ we obtain a
somewhat complicated reciprocation of 4. Among other applica-
tions of the train is one by Whitehill for the motion of the needle
in a sewing-machine ; he makes the two wheels equal.

If we make ¢ an annular wheel we obtain the chain shown in
Fig. 443. If here the diameter of ¢ be made half that of ¢, and

Fic. 442. Fic. 443. Fig. 444.

1'5 be made equal to 54, the chain takes the form shown in

Fig 444. The point 1, upon the circumference of a smaller Car-

danic circle, moves along a diameter of ¢. Placing the chain on

¢, therefore, we obtain the well-known hypocycloidal ¢ parallel-

motion.” This is a very old mechanism, called both after Lahire

and after White, and is often used in printing-presses. There is noa
longer any motion in the turning pair 2, so that the link 5 may be

altogether omitted. If the same chain be placed upon @ instead of

¢ we obtain again a parallel-motion, this time for the link ¢. So

far as I know this mechanism is new.*

* There iaa 1nodel of it in the Berlin kinematic collection. 9
P
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I can here only mention further, that if the prism pairs in the
chain (C}C,) be made crossed instead of normal to the axes of
the cylinder pairs, a number of special cases occurt these must be
here left altogether unexamined.

§ 162.

Closing Remarks.

The sketch of the synthesis of machines which we have now
ended has given us several results differing greatly from those
which have hitherto been deduced from a general and apparently
scientific treatment of the subject. The most important discovery
which we have made is undoubtedly that the region within which
kinematic combinations are formed is much more narrowly limited
than has usually been supposed. This is apart, I think, from
the inexaclness of the treatment with which so many former
writers have been satisfied, for even the more accurate ideas as to
combinations of elements with which we commenced our study
of the problem did not in theinselves indicate that the synthesis
could be successfully used over so large a field as that in which we
have found it available.

1t is very noteworthy also, in regard especially both to practice
and to instruction, that all the principal problems of machinery are
connected with a comparatively very small number of kinematic
chains. These are : —

the screw-chain,
the wheel-chain,
the crank-chain,
the cam-chain,

the ratchet-chain,
the pulley-chain,—

in all of which fiectional elements may take the place of rigid
ones. The problems not covered by these chains are all more or
~ less inferior in importance.

In § 92 I directed attention to the extraordinary unanimity with
which the inventors of “rotary” engines and pumps have chosen
crank-trains as the foundation for their chamber-gear. This now
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explains itself. Among all the kinematic chains just mentioned as
those most generally and easily applied, the crank-chain is that
which contains the pairs of elements,—the cylinder and the prism-
pair, most suitable for chambering and for the making of fluid-
tight joints. Invention has thus, unconsciously, fallen generally
upon this chain.

We have seen at the same time how extremely important it is
that the synthetic treatment should be carried out to the fullest
extent possible, for it is full of promise of new and valuable results.
The question is, what form this treatment should take; for what
we have here been able to accomplish in this direction has brought
-us only to the outer limits of the subject. It might appear at first
sight that the best plan would be to make “ Synthetic Kinematicst’
a special subject of study and instruction, treating it in separate
books, and working completely through it, pair by pair and chain
by chain. I do not think, however, that this is the best method.
It appears to me far more advisable that under “ Applied Kine-
maticst” we should treat mechanisms, which might then be arranged
according to their practical applications, both analytically and
synthetically. Synthesis should be here simply one of the aids in
the investigation, not its governing idea ; it must be used with and
beside other methods, the whole being combined for the most
advantageous treatment of each particular branch of the subject.

Another remark, however, must be made here. After the satis-
factory consciousness which our investigation has given us that we
are not working in a field of which we can never see the boun-
daries, there may arise a doubt whether the material now placed
at our command may not too soon be exhausted, whether our scien-
tific treatment of it may not speedily work the mine altogether
out. The doubt is made all the stronger by the stress which we have
laid upon the simplifications of the matter to which we have been
able to make our way. It is not one, however, about which we
need to trouble ourselves.

We have carried the synthesis far enough to allow us to look
round, forwards and backwards, and to compare the ground which
has been explored with that which still lies untouched before us.
And in the latter we can see an immense, indeed, an inexhaustible
series of problems awaiting the earnest investigator. The short

sketch which we have given of the planet-wheel chains gives some
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indication of one of the thousand points in which the region ef
the compound chains awaits investigation. And here, after all, we
considered only the abstract mechanism as formed from rigid ele-
ments. If we substitute for some of these flectional elements and
use for all of them the materials actually employed in construction,
each with its special natural characteristics, we find a multitude of
new demands upon us which must be met before the abstract
scheme is suitable for working under its altered conditions. Before
these, that is before the never-ending demands of practical work,
the doubter may well make himself once more happy in the
knowledge of the essential simplicity of the means with which we
have to work. We are encouraged by the conviction that the
many things which have to be done can be done with but few
means, and that the principles underlying them all lie clearly
before us.

And now, finally, I have recached a matter upon which I touched
long ago in the Introduction, and witht which this whole chapter
has been, without directly mentioning it, indirectly connected. This
matter is the invention of mechanisms. What I meant in’
saying that the process of invention might become a scientific one,
and might especially be performed synthetically, has now been made
clear, and the truth of my assertion has, I believe, been proved.
The kinematic synthesis, however, makes the finding of mechan-
isms easier only to those who have scientifically grasped their
subject, while at the same time it places the goal which they
attempt to reach ever higher and higher. It does not decrease,
but rather raises, the intellectual work of the inventor, while it
enables him to see more clearly, not only the object he wishes to
attain, but also the means at his disposal for attaining it, and the
best method of employing those means.
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