
'rI.XE MECHANISM OF TOOTHED GEARING. 

In the preceding issue the subjeo$ of mechanical reduction 
gearing in warships wa~l dealt with in iba broad aspect. It is 
intendod in Ghis nrticla to  consider more closely the actions that 
take plwa at the surfwoes of the mating wheels and illustrate how 
the required condition3 in the teeth rare obtained, 

Even a% the present time, although experience has resulted 
in an intimate mqu%inSance with the practical worEing of wr~ch 
gears, it seem3 probable tha t  imperfect ideas exid in the minds 
of many of this feature oE gearing, and the following ia intended 
to clarify those ideas, the mathematical aspect being in this 
issue purpossly, and t o  a large exten$, avoided. 

The principal problem to be solved in the design of a pair of 
toothed wheels is t o  impart auch a shape to the working facm 
of the teeth, that the motion of the driving shaft &ha11 be trans- 
mitted h the driven shaft steadily and without fluctuation. 
This condition is necessary if smooth and quiet working is t o  he 
obtained, and it attains specid importance when dealing wi th  
Iarge rnassea rotating ah the high speed3 current in turbinc 
instdIatioas. When underwav these maw9. in virtue of their 
weight;s and speeds of running, possers considerable inertia, ancl 
any chan,~ of speed incurred by inaccurate formation of the  
teeth would require very large forces t o  bring them about, which 
forcm must arise at the tooeh surfaces. Tho Iarge masses in fact 
r& rnny variation in velocity, and fo a certain extent any such 
fluctuation would hiwe to be absorbed in the strain of the teeth 
themselves. The necessity for uniform rtnguE~tr transmission 
is therefora at  once appamnt, and, apart from a true kinematic 
form to satkfy this condition, the necessity of ensuring that the 
theoretiod form is accurately produced during manufacture and 
that the  gears are in correct alignment readily follows. 

The further problems to be solved are t ha t  the Geeeh shall be of 
sufficienk strength to transmit the required force and t b h  they 
shall pm- other proportion3 so a9 to entbbie, them ~ do this 
with the l@hest possible efficiency. 

It is ~ B O  desirable, for generat purposm, that toothed wheels 
should be constructed with standard proportions of W h ,  so 

wheels having any number of teeth of a given pitch will 
work correctly. Thia oonsirleration is perhaps of minor aignifi- 
oanoe in t.urbine reduction gears, where intecohanges except as 
a whole are not requked, bub it has rs bearing in that the outters 
uwd for the production of such gears can be shndardised, 
special tooh for various sized gears being not therefore necessary. 

Rahming to the question of tooth form, theoretically et variety 
af forms oan be given t o  the teeth of one wheel from which corn- 
plemenhry teeth m n  be d&rmiaed for the other eo that the 
xquired ratio of aped reduction oan Be given. h general, 



however, the cydoids have been used a h o &  exclusi~ely except 
for special mechanisms. A cycloid is a curve traced out in space 
by a point on a circle aa this circle rolls without slipping on 
mother fixed circle. S£ the roUing Birele becomw very lmge 
a portion of %his ciroie is prmtically .y straight line and the curve 
traced, out by a point on this line is of the v i a l  epicycloidd 
form known as the involute, which is the ody form of tooth of 
practioal interest at the present time owing to the essential 
advantages it possess over other forma. An invoIute to a circle 
is genexalIy dmcxibcd W the curve traced out by the free end of a 
cord as tJhe cord is wound on to a, stationq dim, the cord being 
kept taut. This ddnition it will be seen is synonymous with the 
preceding, buk the first definition eaabIm the fmt that the 
involute is a, special form of epicycIoid. to be apprsci&M. 

The advantages of involute teeth are :- 
(l) The flank and addendum form s aontinnous mrve 

and the tooth has ih maximum thickness at the root. 
12) m e  fine. of a d o n  of the r e u d t a n t  force on the 

tooth apart from frictional effecb i~ comtant, thus 
steadier conditions on the wheels axld bearings. 

(3) The distance between the centres of the two wheels 
can be varied so long as the teeth remaim in contact without 
disturbing %he constant, relative angular velocity of the +we 
wheels. The importance of this can be appreciated for 
marine gearing where small changes in alignment consequent 
on the necessary b r i n g  cIearances and wear in inhe 
bearing cannot be ent;ireIy avoidd. 

(4) The teeth can be automatically generabed in a 
machine with cutters having  straight c u t 6 g  edges. Theae 
cutters can therefore be accurately made and ao with due 
care teeth having the correct theoretical form amumte1y 
prduced. 

The I& two conditions in themselves are suffioimt to displace 
other forme of teeth which would aatiafy the condition of tram- 
rnitting uniform velocity. The advantage indicated at (2)  is 
seen by considering the problem in the following aimJSle manner. 

Slnppose the dotkd circlee in Rg. 1 mpsesent the pikh 
circles of two toothed wheeh which are required t o  revolve with 
angular velooities in a constant ratio, proportional ta the pitch 
circle diamekem; imagine two pulleys, shown by the full circles, 
to  be put an the same centres, and to drive one another by a 
crossed belt; if the &meters of the pulleys be made the same 
proportion as the diameters of the pitch circlea, it will be evident 
with a non-dipping bele that the pulleya will turn with a, cwatant 
velocity ratio equal to  the ratio desired between the two pitch 
circles. A point, P, on the belt will by definition describe 
involute curves rebti~ely the xeapeetive pulley airdes, hem- 
aftar referred tm as $he baae circles, and i£ the teeth of the respective 
wheels be made of the same ontline as them involult&s mpectively, 
the two teeth will always be in contaict dong the line of the- 
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imaghry belt. The normal to the two tooth surfmes in con- 
b t  will always also be along this line md the elementary 
kinamatic condition fox uniform motion, which is that this  
oomon  normal should pass through Ghe pitch point at the point 
of ccantaol; of the imaginary rolling discs, will be satisfied. 

The inclination of the line of fome ta the common tangent of 
the pit& oircIes at the pit& point is referred to as the " aqIe 
of obfiquity " or " presaure angle." Retaining the pulleys antt 
bdt  analogy, dvmtage (3) above can be appreciaeed. If the 
pulleys be moved further apart consjahnt with the bdt  remaining 
tight, the same invoIute curves are traced out by R point on the 
belt and the meshing of the teeth u+ould be unaffeckcl as regards 
+he unifmmitty of t r s~ lmis ioa ,  but $he inolimtion of the line of 
action of the normal force is altered. 

The various tenna used in mnnection with toothed wheels 
shcnzld be well-known m d  will not be described here, but it is 
only desired to pain* out that when d&nite heights have been 
as[siped to the teeth, it wiLi be obvious that contact will corn- 
mencs between the root af a d r i ~ n g  h t h  and the point of a 
driven tooth where the addendum circle of the driven wheeI 
cuts the line of the imaginary belt. EimiMy, contact will c e w  
where the addendum circle of the driving wheet cuts this line. 
flee a. 2. 

It, be seen .that, the diameters of the base circles in com- 
parison with t h w  of $he pitch circles depend on the a w e  
of obliquity selected. This angle should from various considera- 
tions lie betwean somewhat narrow limih, however, md in normal 
c-B it ranges from 14%" to 2Q0, Ghe latter @ure being exceeded 
ody in very special cases. The angle 14F is s genemlly adopted 
a h d a r d  angle, a departure from it being only found in gears 
where same apecial features have to be satisfied. It is obviously 
desirable to keep the angle M low as poasible from oonsideration 
of bhe forcm on the teeth, The actual force between two teeth 
is, neglecting friction, normal to  their faaes, and the component in 
the circumferential direction is the part doing the useful work 
in the transmission of power. The normd force, however, hap ta 
be taken into account when considering the strength of teeth, 
surface of teeth required, bearing pre~ures, and the friction 
between the teeth which must always exkt to some extent. 
From %hem oonsidemtiom $he neoessitiaa of a s m d  angle am 
seen. The smaller the angle of obliquity, however, the nearer 
the h e  circles approach the pitch circles, and the mpwtive 
addendum circIea of the teeth wiZl eventualIy cut %he base circles 
of the opposite wheels. From the definition of the invohte, 
however, it must finish on the basc circle, and my portion of 
the Gooth lying within the base circle must bo cut, away to give 
clearmce to the involute face of $ 1 ~  engaging tooth to avoid 
" bterfemnce." TTh lads  to  weakening of the tooth and the 

of the surface of the tooth that a m  be. utilised. The 
foregoing in its broad mpact gives the main reason8 for seleoting 



an angle of 144' a a standard angle. The reason for &" lieg in 
the value of ea simple trigonometrical function thbk the angle 
I 4 g  pas-, its eine being 4, thus simplifying design cdcda- 
tions. The diameter of the base circle with tlGs angle is always 
-968 d Ghe pitch circle diameter. With any chosen angle and 
p&cnlar tooth proportions, there is always a firnit to the number 
of teeth that may be cue on the wheels to  avoid bhe "inter- 
ference " referred ta above. With tlis. pnrticular angle and 
standard proporkions the number is about 24. If circurn~tances 
compel wheels with s less number than 24 teeth h be used, either 
the undercutting and interference must be accepted or mmctions 
applied in other ways. Two ways are possible :- 

( l )  By increadng the angle of obliquity, or 
(2) By altering the root and outaide diametem of both 

pinion and whed. 
The effect of the first alteration is obvious, the base-circles 

being now further removed from the pitch circles, thua enabling 
t h e  involute portion of the tooth to  be increased. 

With the aecond dteration the diameter at the root of the 
teeth on the small wheel ia increaeed in proportion to Ghe amount 
of correction required, thereby reducing the length of that 
portion of the tooth which waa not of the involute &ape (Fig. 3). 
The outside diameter is then increased in exactly the same 
proportion- This will give the pinion teeth Iong addenda and 
short dedenda. If with this modification the pinion teeth do not 
intersect the base circle of the wheel to rwr extent ta muae 
appreciable undercut, the true involute form may be presewed 
in the main on that member, the teeth of which wiU now have 
short addenda and long dedenda, the pitch and* base circles 
remdning udtered. If %his method is not entirelyipractic3able, 
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it may be combined also with the fmt modifhation aad a 
n m q  mmpromim obtained. 

The nature of the action betweon two mating teeth can fse 
seen by F"%. 4, which shorn diagrammatically two involute 
tmth in contact at the pitch point P. Contact wiU commence 
where the point of the driven tooth inkrsecta the line of 
o bliquifg, h., at thh instant the pointa 1 and 1 will be in contact. 
Divide the driving tooth into four equal parts on each side of 
the pitch circle as shown by the figures on this tooth 1 to  H, 
The corresponding points of contact on $he driven tooth can be 
e d y  constructed when it k remembered that contact d m y s  
takes place on the line of the imaginary bdt. Thus it. w i l l  be 
found that the points, 1, 2, 3, and 4 on the pinion tooth contact 
at 1, 2, 3 and 4 on the wheel tooth. Similarly with the corm- 
ponding pointa 6, 6, 7 and 8. If the distances between comes- 
ponrling p i n t a  on the respective teeth bc compwed the sliding 
and rolling between the faces can be followed, e.g., I ta 2 on the 
pinion is short and as I at.rsrts on L and 2 eventually arrivm on 2, 
the difference in length of 1 to 2, and 1 ta 2 on the -Live 
whmla must be a memure of the sliding that haa hken place during 
the mtion between these two parts of t.he frtcea. In the m e  way 
the shorter distance I to 2 must represent tIie dishnce m& up 
by rolling contact. 

The greater the m o u n t  of sliding, the greater will be the Imb: 
by friction and probable wear of the gears. h m  this comidera- 
tion rolling contebct should be aimed for to approximab to 
conditions m obt& in roller and bdl bearing. The proportions 
between mlhg and sliding are to a certain extent variable by 
the particular ohoice of tooth angle9 and proportions. Tbh is 
the 8% of the mmufwturea of the Maag gears used for speoial 
purposes in the commercid world, bhe gear8 in these cases being 
accurately ground after hardening. Rolling contact, wiaitb Q 

~ninimum of sliding which cannot be entirely avoided, form 
the main feature of the design and these gears are run without 
oil. the  only lubrication of the teeth arising from the 03 vapour 
in the case of oiI obtaining access to footh surfaces from leakage 
of the bemings. There is something however to be said for 
sliding contwt. Aa is well lulown, the prinoiple of aotion involved 
in the lubrication of a bearing or in Ghe Michell Thrust, is the 
creation of an oil film between two swfmea, one of which is 
sliding over the other. E sliding takes place, the velocity of 
sliding for maintenance of an oil h must be above s certain 
Tery low value. Thh bw value is normally well exceeded in 
gears and therefore if subjeoted to lubrication, Ghe general con- 
ditions are such that an oil h is possible. This oil film m e s  
a double purpose, it deer- the frictional lme9 and aka 1-m 
the intensity of pressure on the both faces. Under dry con- 
ditions the geam if accurate and without elasticity would be in 



c o n h t  on B line. Due to elastioity of flie materials, however, 
flattening takes place and contact is on a narrow strip. With 
the oil film the strip is potentially widened and the load, tlierefore, 
distributed over a greater area, At a pihh point where rolling 
conhaet, eakm p h e ,  the oil film is possibly at times pieroed and 
the intensity of pmaaure h g r e a b t .  This possibly explains one 
of bhe crtuam of the pitting to be aeen on $he teeth of gears. 
During the sliding mtion while in contaat ofl the pitoh circles, 
the slight kegdarities on the t&h are flaked off and worked 
down towards the pihh point and forced into the surfaces of 
the teeth. It has bmn found t h ~ t  khe mtion is mosk pronounced 
near the pitch line, md as it usually =&sea after a oertain period 
of working as might be expected from the above theory when 
the  ties are removed, thia would appear fo be the most 
probable cause of the action. 

The nature of the conditions between Gwo teeth haa its 
influence on the permisdble pressme that may be allowed in 
pmbice. As pointed out, the action either takes place on a strip 
of metal or on an oil film. If metal t o  metal contact takes place, 
the pemimible load should vary as the radius of curvatwe of 
bhe surface, whereas if an oil. fdm up ta a certain thickness be 
warned capablo of standing the pressure being transmitted, 
the bad wilt be spread OPOI a surface depending on the square 
root of the. radius of curvatwe. (h each case the combined 
rtadius of curvature of the s d a c w  mu& be considered.) In 
reduchion gears aa encounted for ship use, the wheeI teeth are 
sensibly flat and may be assumed to possess no eurvatm, the 
surfme of the pinion teeth only being therefore considered. 
It iis atill a matter of opinion, owing, perhaps, to want of 
intimate knowledge of the &ion between h t h  of lubricated 
gears to flay wherher the law varying as the radius or the 
squm root of the radiu~ of curvaturo should be worked to, 
alehough general opinion tenda to +he latter. With an angb 
of obliqpity of 14q0 the mean radiua of curvatme of pinion heeh 
is one-auarhr the radius of the ainion. The load should there- 
fore P& either as the pinion &;meter or the square-root of the 
pinion diameter. 

h a d  per inoh Load per inch 
The ratim Diameter or am often r e f e d  

d ~ i a m e t e r  
to m tsthe respwtive " bad oonsttbnh. " One advanttbge of working 
to  Ehe second hw is that if a value of the load constant 4rs fixd, 
then the larger the gear becomes and hherefore the more valuable, 
and more diEou1t to manipulate and replace if necessary, the 
load per inch on the p r  does not go up BO rapidly m if the 
first law wera worked to,  thus giving possibly a greabr margin 
of safeby the larger the gear. 

The tooth surfme is more important in ib efxeet on the 
eficiemy of pare than the section at the root of the teeth, as 
dthaugh the necesaav strength must be given, it happens that 



with the ~hndmd designs of teeth worked to and with the 
perxhible Limit8 of pressure at the surfme, the &resea on the 
roots are quite smdl in view of the materials umd. This, of 
course, in view also of the serious consequences that may follow 
a tooth failure is aa it should be, eflpecially, too, m the designed 
prasure and strw may at times be subject to large inore- 
due to  deviations from correct worh~nship,  alignment, errors 
due to torsiond strains, and temperature effects, apart from 
shocks. 

So far fhe problem of tooth contace h= been coneideced in 
relrttion more to straight cut apur wheels. hut the same general 
arguments apply also to helicaI gearing. In straight cut spur 
gears with the usual proportions, the whole load may at times be 
a e n  on one tooth, and in any case is not usually shared by more 
than two. The Ioad on the teeth therefore comes on suddenly, 
and may suddedy increase at a certain stage of the contact, 
with the same sudden decreases of Ioad when passing out of 
contact. In helicd gearing, however, only a portion of a toot11 
is under load at any i n a h t ,  md this 3md comes on more or less 
gradually, passes along the tooth, and then pnsses off gradually. 
Other conditions being the same, the teeth af helical gearing may 
therefore be subjected to a p k r  intensity of load than straight 
cut spur gearing, enabling amaller teeth with attendant advan- 
tages of smoother running! and higher efficiency to be obtained. 
In helicd gearing, the irlvolute tooth form, as generated by Ghe 
cutter, is found in a plane at  right anglm to the tooth, the section 
perpendicu1ar t o  the axis giving a more kclined tooth form, 
or a greater angle of obliquity. In detcrrnining the total. lengtl~ 
of tmth surfwes in contast therefore the new angle of obliquity 
mmt be ca1culated tm enable this contact to be accurably 
determined. 

The construction for the line of contact in helical gearing 
will be understood from Fig. 5,  and what has gone previously. 
When this procedure is carried out for all the teeth in contact 
the total length of contact is obtained and haa ban given for 
typiml gears in the e i c l e  in the previous d u e .  

1% will be appreciated from tbe figure. that the contact depends 
on tooth proportions, heliod angle, angle of obliquity and length 
of working face in the axial direotiom. When comparing helical 
gem,  the load is ofbn e x p ~ e d  in ~ m a  of the load per inoh 
m e d  on the axial length of the pinion, the force on which 
this is based being that giving the required torque. Such a load 
muat be u d  guardedly, as owing h *he sflect of the other 
factom, it does not convey a b e  idea of the normal load on the 
taeth per inch of c o n b t  which load govern running efficiency 
and too th  strength. The total normal 1 o d  on the heth is 
greater than the torque load, and depends on the h&cd and 
preamm angles. A further comparison with the tables given 
in t he  preceding number will enable the whole of these details 
to be appreciated. It, shouId be not& in them gears that the 



law p = 2 0 0 4 3  where p is load in lbe. per axkl inch, and L, 
is the dimeter of the pinion is closely approrsohed, but the 
actual premre with the 30' gear ia much Iess thm with the 
45' gear. The reason the 30" geam when adopted were not 
made smaller was baaed on the preservation of interchange- 
ability as a whole with the 45' gears, giving at the same time a 
greater margin of &ety on the same overafl proportions and 
reducing the number of spare sets required. 

It should be noted that in the earIy days of turbine gearing 
th&e waa not much experience available bearing on helicd 
gearing far comparathly hgh powem, and in the first Naval 
designs the gears were arranged with a helical angle of 23" in 
conjunction with ra pitch normal to the line of the teeth of 8 in. 
This design was rather noisy, and in consequence the angle warr 
increaged to about 45", which value waa known to  have pmvd 
satisfactory in Da Lavd instalIations of amall power. The 46' 
design was continued for some years with generally satisfactory 
reaults, bub in the meantime, with the improvements in gear 
cutting pxoceeses, it had gradually been established that the 
noise and tremor experienced in tho mrly instEbllations, which in 
any case is anticipated aa the gear approximates to a straight 
cut spur gear, was due more to irregularities in cutting than to 
the small helical angle itself. An angle of 30" which possesses 
advantage8 in the way of effioiency and tooth strength, in that 
the effective contmt between the teeth ia increased as compared 
with 4Fi0, while the normal load on the teeth is decreased, haa now 
been genentlly adopted by the AdmiraIty. 

As has been already indicated, the intensity of prm~nre 
amurn& that the contact between all teeth is accumh. but 
certain considerations arise in practim which tend to upset the 
contact and these muet be carefully considered during the design 
and construction S-. Causes of an incorrect contact assuming 
the wtual tooth form ia correct are :- 

{l ) Hslicd angle of pinion and wheel being slightly different. 
(2) Tomionsl t train of pinion. 
(3) Transverse bending of pinion. 
(4) Faulty alignnlent. 
(5) Ten] perature effect.$. 
The effect of ( I )  is obvious and must be guarded sgainst 

during the cutting of the geam, no snlwquent c o r ~ t i o n  being 
possible. I t  depends not on the accuracy of the cutter so much 
aa the right proportion between the qeed of rotation of the job 
in the machine, and its correct relation with the feed motion of 
the tool in the s x i d  direction. Great accuracy is required, the 
allowable difference being only such as will etiU preserve an oil 
film the whole length of contact, and it ~hould not, therefore, 
amount ta more than a few thousandths of an inch at the mwt. 

h regard8 (2) and (3) when under load the driving end of 
the pinion sdvmces circumferentially with respect ta the other 
end and the helical angle of the pinion tooth is, therefore, altered. 
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DETAIL O F  HOB TEETH. 

PART ~EITEWPWLNT OF H08 CUTTLq - -.. 
FIGURE 6. 



The gem wheel is a very stiff structure and ifs t o ra id  atrsin may 
be neglected. Due to the trmsveme f o m  the pinion k bent 
between the bearings and with i t  the teeth, and the alignment of 
the pinion teeth and gear-wheel teeth is consequently aItered, the 
effect of the forces on the gertr-wheel in this cam being aIwo 
negligible. 

The g- is divided into two portions of opposite hand in 
older to balance the axid thrust. The torque is necessarily 
taken equalIy by the two portions, for the effect of any one 
porLion taking more than the 0 t h  c& onIy a r k  with a 
disturbance of the normal and axL1 force8 on each portion. The 
discrepancy in the axial forcm would cause displamment of the: 
pinions till these forces balance and other forces also equalise. 
The effect of the ;torsional deflection of the shaft between the 
pinion elements, which would have the tendency to  induce the 
near piaion element to take 8J1. the load is similarly discounkd, 
while its &a1 stretch or camnression due to the axial load is 
corrected by a, small automatii rotary movement of the pinions 
?with reference to the wheel. The torsional deflection of the: 
pinions themselves, which tends to muse a concentration of 
tooth pre~sure at each driving end cannot, however, compensate. 
ike l f  in rigid gearing. It is nwessaily, therefore, to limit the 
ratio between the length and diameter of the pinion eIements in 
order to keep this deflection doup to  an amount wbich can be 
absorbed by vaxiation in the thickness of %he oilj fiLm on the 
tmth or by the stmin of the teeth. This amoun* is usually not 
greatm h -0016 inch=. The width of face obtained on this 
baeie will usually safegud the design from undue tramverse 
defleotion if m in N a ~ d  d & m  the ern is camed on t h e e  
bearings, the n-sity for thwe thre;, bewings mainly ari~ing 
f som this conaideration. 

As regads (4) tbis ie a que~ltion of workmmhip combined 
with a due appreciation of the effect of the forces on pinions and 
wheel under the running mnditions. This point waa dealt with 
fully in the preceding article. 

As regards temperature, due to the more'frequent contact of 
the individual pinion h e h  as compared with those on the wheel, 
and also owing to the fact, that the wheel presents a greater 
surface for radiation, the heat generated by the frictional effects 
on the teeth will, as regards rise of temperature of the parts, 
affect the pinion much more than the wheel. In view, however, 
of the rise of temperature being minimised by the ample supply 
of oil delivered by the spraycrs, any s&ht change of helical 
mgle will be of negligible quantity, aa an increase of length 
shodd also be aacompanied by an equally proportionate increaae 
in diameter. The effect of the rise of temperature will be more 
pronounced on the tooth form than on the helical angle, and ns 
this irr a more mrious fault owing to  its eflect on smooth working 
and life of the gear, the apEe oil tsupply for carrying away the 
heat is more important in th i s  particdar aapect. 



CV&+ of T d .  
The mdern methods of cutting the teeth are intimately 

with the mechanism mpect and wi l l  be briefly 
cormidered. 

Until a few years ago the only method of cutting involute 
wheels wna on a dividing: engine using d n g  outtern formed fo 
the shape of the apaees between the teeth. In making the 
cutters, a dmughbmm mado a drawing of the space, e fitter 
then made a template from $he drawing and rt toohaker made 
a cutter to the ternp1a.k. There were thus three possible sources 
of error, apart from submquent m m  in the acbual process of 
cutting a e  &h. For a given pitch the spaces are diffemnt for 
wery  diffemnk number of teeth, g o  $hat for Ebbsolute accnraoy it 
wwld be n e c e s q  to have a separate cutter for eaoh number of 
teeth. As this waa not alwaya practicable, it was customary ta 
make a &as of cuttera, say about eight, for each pitch. Thus, 
when out on t b ,  sptern, only eight sizes of wheel for elsch pitch 
could be cut acourateIy and all other &zes were more or lms 
inacow~te. 

Suoh a method of mMAng *h would obviously not be 
suitable for high speed geam where great accnraq is nemwq,  
a d  the modern method is now almost entirely confined to  
machines of the involute generator type. 

W h d a  with involuta teeth of the tsame gene& proporbions, 
pitoh and presaum angle, possess the property of interohage- 
ability in that any pair of such wheel8 correctly mounted wil l  
mesh accumte1.y with one another Go the main condi- 
tion of tra;nsrni&oa of uniform angwIax velocity. The limiting 
cwo of such a aet of wheeIs is &at having a t e  radiua, or, in 
other w a d ,  a straight rack, tbe sidw of the Eeeth of which consist 
of straighk at right angles to the line of incidence. 

If an involute rack of hard material be taken and geared with 
a wheel blank made of some plastic substance and the two be 
mn together at the cmrect relative speeds, the rack will impmm 
teeth on tbo plaseic wheel blank. These keth will be conjugates 
of the rack teeth and will be of true involute form (see Pig. 6). 
This is the principle upon which cutting machines of the involute 
generalar type are constmcted. In thess m a c k  a tool steel 
cutter in the form of a rack h provided. It has two motions, 
firstly, a cutting motion parallel to  the mis of the wheel, and 
secondly, a feed motion tangentid to the wheel rim. The tool 
and wheel blank are correctly getbred together, and before each 
cut.ting sixoke the cutter is ad~anced tangentially a short; &hnce 
and the wheel blank is revolved a corresponding mount. The 
cutter thus forms the teeth bp combbg out the material betwean 
them. 

This method of generating teeth by a planing process poswses 
disamvanbges. The raok muat, from hhe point; of view Q£ 

stifhaess, bo of limited length and would normally run out of 
engagement witb the blank after cutting a number of teeth. 



It is, therefore, n m y  at intervals to  index it back a distance 
equd a multiple of the pitch, and this is rs some of pomible 
inaccuracy. The principle of cutting is obviousEy umffechd if, 
instead of employing one rack, we have a series of  rack^, each 
being in advance of the preceding a distance equd to the feed 
given to  the sitlgle rmk at each cut. If this series of rwks bc 
a,rrangcd round a cylinder so that, one revolution of the  oylindor, 
whioh is fixed in space, brings the first rack again into engagement 
with the bIank when the latter has advanced one tooth space, 
it B obvious that this series of rwks wdl mill out depressions in 
the Mank such that, if at the same time it be given a very slow 
feed in the direction of khe axis of the blank, involute te&h will 
be generabd over the whole length withont any further adjust- 
menh or indexing being necessary. This process is known as 
the; hobbing process, the special mZLing tool being known as a 
hob, the general appearance of which resemblw a large satewing 
tap. To cut heJical gears the procws ig exactly similar, the hob, 
however, being inclined so that the line of cutting taking the 
relative motion of *he tool and bIank into consideration is in 
the Line of the helix required. 

The foregoing illustrates advantap (4) of involute teeth, the 
successive racks conskituting the hob having straight, sides so 
far as the part generating the working teeth surface is concerned, 
md these p a h  can be accurately gauged and ground. The 
further proportions of the cuiAing teeth are. only such as to give 
a wen defined radius at the root of the teeeh being cut, the 
nec- clearance for the poinb m d  in some cases a slight 
rounding af the tooth point, This is t o  prevent, under working 
oonditisns, digging in of them points and the formration of a 
m o r  edge which ten& Go scrape the oil flm from the h t h  when 
engaging or disengaging. The tendency h dig in is accentnated 
by rise of temperature llrs this will prcduce  it^ gmatese effect a* 
the point of the pinion teeth, due to $he greater lineal increase of 
the pitch at this position. 

The necessity for accuracy of tooth foms has already been 
indicated, and the foregoing description will enable the means by 
which errors may creep in to be appreciated and dealt with, Tho 
errors may m k e  in the gear-cutting machine itaeIf, and such 
mmhinas should, therefore, be checked for accuracy before 
oommenoing fhe cutting of a h g e  w h d ,  as after cuttkg subse- 
quent correction is impossible. It [t neceamry that aZE relative 
motions of the hob and blank should be strictly uniform, and a 
possible source of erxor arises in the worm-wheel attached to  the 
table or face-plate carrying the job. Any error in this wheel 
will be copied on the job and give inaccuracy or inaccuracies 
padel .  to the a~ of the blank. It was this possibility thak led 
h the adoption in earlier machines of a '"creep " mechanism, 
which involves the addition of an epicgrclic train of wheels causing 
the table ta rotate at a speed a. cerhh  prcenhge fater than the 
worm-wheel. Any error existing in th is wheeI is thereby distri- 



buted in spirals round the job and ih effeot mini~nisod Ly this 
distribution. Wibh the more acaurate methds of manufacture 
of these worm-wheels now o m n t  and with Ghe exercise cif due 
cme t=o khe lubrication of this detail during a cutting operation, 
this source of error h been prwkicdy ebinaecl and the 
necessity far the creep mechanism, with ib  possible mall errom 
due to additional back-lash and lost rnotiorl, obviated, so that i$ 
is not now f i f td  to new machines. 

The hob, besides being accurate m regards ita cutting t.tIge~, 
must be mmt1y mounted so as to be frm from axial and side 
motion and must be at its c o m e  inclination to the axis of the 
job. Its feed motion muat tdso be truly prardJeI to the axis of 
the wheel being cut. The blank muat also he set truty ccntml 
on the table or h - p h k .  

The cutting .operation should be mntinuom so that dl parts 
of the driving mechanism of the machine am under a xkady 
strain with the bsck-lash of the change-whd, &C., dmtroyed, 
the hob and fme of blank being steadied at a practically uniform 
temperatme by a copiouls lubricating eupply. Due attention 
being paid to the foregoing main detaiLa in addition Eo minor 
p i n t a  should lead to a wheel posaesaing #a ~ ~ w t a f e  ~OITI of 
tooth that w3.I enable it under normal condition7 to give the 
efficiency and durability required. 
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