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[57)] o ABSTRACT

A form of gesring with teeth having circular arc pro-
files and a particular pressure angle which together
produce engagement and disengagement in pure roll-
ing. The sheating action tangential to the tooth profiles
associated with compressive deformation of the tooth
faces is made to exactly offset the shearing action in the
opposite direction imposed by the meshing of the teeth.

8§55 Claims, 6 Drawing Figures
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1
- CONTACT GEARING

“Matter enclosed in heavy bracketsL J appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

- Thls Invention relates to the profile and shape of gear
teeth. Specifically, it discloses a type of gearing that
eliminates sliding between the engaging tooth surfaces
and hence operates in pure rolling contact. It is particu-
larly adapted for use with “pitch-point-action gearing”
as disclosed in U.S. Pat. No. 3,438,279 and can be

applled to all forms of parallel axis and intersecting axis

gearing.

All gearing heretofore devised has been shaped and
proportioned so that considerable sliding between mat-
ing teeth takes place during both engagement and dis-
engagement. [nvolute gears, for example with a pres-
sure angle of 20° a gear ratio of unity, and the mini-
mum number of teeth without undercutting, have a
sliding veloelty of the teeth as they come into or leave
contact that is more than two-thirds of the pitch line
velocity. Sliding velocities in tooth systems other than
the involute system, including the cycloidal, Vickers-
Bostock-Bramley, and Wildhaber-Novikov systems, are
of the same order of magnitude.

In all these previously known tooth systems the high-
est sliding velocities occur on tooth surfaces carrying
the full normal load, and this inevitably promotes con-
siderable frictional heating and wear. If the gears are
made of metal, the adverse effects of heating and wear
can be largely eliminated by providing copious lubrica-
tion. However proper lubrication of metal gear trans-

~tion.
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2.
the teeth to climb onto each other when they are made

of the softest elastomers.
The means to achieve these and other objects and

advantages of the invention will be evident from the
drawings as explained in the specification that follows:
FIG. 1 is a schematic partial section of a pair of paral-

lel axis mating gears taken perpendicularly to the pitch
line and showmg matlng prof‘ les embodying the inven-

FIG. 2 is an: enlarged view of the region in FIG. 1 near
the pitch point P when the mating gears of FIG. 1 are

transmitting torque and the tooth surface are therefore

slightly flattened at the point of contact.
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missions has heretofore required the use of a housing or

case, gaskets, fill and drain plugs, oil seals, etc., all of
which add considerably to the cost of the transmission.
In the case of gears made of softer moldable matenals,
such as plastics or elastomers, copious lubrication also
improves performance, but not greatly. All of these
materials have extremely low thermal conductivity and
very poor resistance to abrasion and as a result their
. power capacity is not sufficient to enable them to com-
pete effectively with steel as a gear material in any
designs that employ lubricant housings. In designs that
do not employ lubricant housings, on the other hand,
molded gearing has shown itself to have such a minimal
power capacity and brief service life that in most appli-

cations it cannot even compete with standard V-belt
systems. It is for these reasons that molded gearing has
not been widely used despite its low cost..

The object of the present invention is therefore to
provide a form of gearing which will operate in pure
rolling, with no sliding between the teeth, so as to elimi-
nate the need for bath lubrication of steel or other
metallic gears, and which will also be adapted for use
with moldable materials such as plastics and elasto-
mers, enabling these softer materials to transmit large

amounts of power without appreciable heating or wear.

A further object of the invention is to provide gearing
that is more efficient, durable and inexpensive than
either involute gears made of steel or standard V-belt
drives.

A further object of the invention is to provide a form
of gearing which will operate with the least possible
noise even when the teeth are made of the hardest

materials, and which will be free from any tendency for
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FIG. 3 is a schematic diagram of the total surface
deformations of particular tooth profile points in FIG.
'FIG. 4 is a normal partial sectional view of a helical
gear showing  schematically the sloping elliptical
contact area that is developed between fully-loaded
mating teeth. -

FIG. § 1s an enlarged partlal section through a gear
tooth in the normal direction, illustrating a tooth con-
struction wherein a soft resilient moldable material is
bonded onto a metallic substructure.

FIG. 6 is a half-section of a spur gear showmg a
grease-packed reservoir in the web. -

In detail, and referring to FIG. 1, a drmng pinion
generally designated 1 engages a driven gear generally
designated 2 at the pitch point P. Pinion 1 is centered
at C,, has pitch radius R, pitch circle 5—35’, and typical
tooth profile 3. Gear 2 L5 1 is [-] centered at C,,
has pitch radius R,, pitch circle 6—6' and typical tooth
profile 4. Other parts of the two gears, such as hubs,
webs, rims, keyways, etc., are standard and are ormtted'
in the interest of clarity. '- o

The teeth for which the profiles 3, 4 are shown in
FIG. 1 are similar to those disclosed in U.S. Pat. No."
3,438,279, except that they are conceived of as not
necessarily being helical. That is, they may under some
circumstances be stralght spur teeth. However they
violate the “law of gearing” in the same way as those of
the earlier patent, being nonconjugate in that the unde-
formed profiles 3, 4 are in contact only at the pitch
point P, and are separated everywhere else. This is
brought about by giving the profiles of mating teeth a
relative radius of curvature r at the pitch point P that is
less than the relative radius of curvature of involute or
other conjugate teeth. Mathematically this means that
the following relation must obtain: |

VLCUr )+ e ]>sin S/[CLR,H(1/R,)) (1)
where ¢ is the pressure angle and r; and r, are the radii
of curvature of tooth profiles 3,4 of pinion 1 and gear
2 respectively.

It is convenient to specify r; and r, in the following

1'1. = K, Rt sin ‘b | (2-)

and

r,= K, R, sin ¢ (3)
where K; and K, are the ‘“‘séparation rate” factors for
the pinion 1 and gear 2 respectively. Since the radii of
curvature at the pitch polnt P for involute profiles
would be R, sin ¢ and R, sin ¢, equations 2 and 3
indicate whether each tooth profile radius r,, rp is larger
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or-smaller than that of an involute profile, and by what
factor (K,, K,). A negative value for either K, or K,
indicates [what 1 that profile is concave. For  the
‘special case when K, and K, are equal, they must be
positive and will then be designated simply as K, a
common separation rate factor. For simplicity and
clarity the ensuing derivations of the conditions that
must be fulfilled to achieve rolling contact will be car-

ried out in terms of a common separation rate factor K,
but the invention should not be construed as restrlcted

to this special case.

Referring again to FIG. 1 it will be observed that the-

radius of curvature ryis about 45 percent as. long as the
line [.JY PQ,. Since the line PQ, is the radius of curva-
ture R, sin ¢ for an involute profile at the pitch point P,
it 1s evident that for the particular case illustrated in
FIG. 1, K, is equal to about 0.45. In this particular case
the same separation rate factor has been employed for
r. SO K is also 0.45 and triangles C, T, P and C,T,P are
stmilar and related by the scale factor G, which is also
the velomty ratio: B |

" G=‘-ﬂ1/w1 ._ (4]_
@, and w; being the angular veloc:ltles of plnlon l and
gear 2 respectively, in radians per second. G is always
greater than unity. |

In order to obtain a mathematlcel expresmon for the
amount of separation A between undeformed proﬁles 3
and 4 as.they move beyond the pitch point P, it is nec-
essary to derive an expression for the lengthening of the
line T, T, that occurs when the pinion 1 turns through

a small angle 8,, and the gear 2 turns through an angle

0:=6,/G. When this turmng takes place the center of

curvature T, of the pinion 1 moves to T,’, and the
corresponding center T, for the gear 2 moves to T,". If

instead of moving to points T, and T’ the profile arc

centers T, and T, had moved along lines perpendicular
to the lines T, C, and T, C,, that is to point T,’’ and
T,"', there would have been no change in the length of
the line T, T,. This is because arcs T, T,’ and T, T,' are
both equal to p,8; (p, being the length of line T, Cy),
and their projections parallel to p; and p,, namely T,

T," and T, T;'' respectively, are substantially equal.

and for the case of a common separation rate factor K

also parallel. A figure embracing points T,, T;, Ty"" and

T,”" would thus be substantially a parallelogram.

However points T, and T, do not move on a straight

line but rather on circular arcs, and the lengthening of
line T, T, is therefore equal to the sum of the projec-
tions of the short lines T, T, and T,’ T,'’ in the direc-
tion of the line T; T,. Since T," T,"' is parallel to p,, its
projection 4, onto T, T, is as follows:”

A=(T,'T,"") (T|Q1)/ﬂ|

A close approximation t'or the length of the short line

T," T,"" may be obtained from the approximate expres-
sion for the thickness of a narrow segment of a circle as
a function of the half-chord and the radius: |
(T1’T1“)=(T1T|”]2.’2Pt (6)
[ Nothing 1 Noting that for small angles 8,, T, T,"’ is
approximately equal to the arc length p18, and that the
'ength of line T,Q, is R,(1-K) sin ¢ we obtain the fol-
owmg expression for the contribution A, by the pmlon
the lengthening of the llne T, T:
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L A, = (R,0,22)(1- K) sin d:] Ay = (R\&211-K)

sin ¢ (7)

The correspondlng express:on for the contribution A,

'-for the gear.is:

A=(R.60.212)(1-K ) sinB=(R.6.2/2G)( 1-K )sin & L (8)

The total increase in length of the line T, T;_, which i1s

F_the separatlon of profiles 3 and 4 associated with a

small angle of turn ¢, of the pinion 1, is therefore:

&—_,(Rtﬂlifz)(l <+ [UG]}( ]-._““K} Sln b (9)
- It will be evident from this expression that if K is
unity, as for involute gears or circular arc profile gears
having the same radius of curvature as involute gears, A
must be equal to zero and there is consequently no
separatlon for such proﬁles at leest not anywhere near
the pitch point. ) | |

Derwat:on of an expressnon analogous to equation 9
for cases where K, and Kj; are not equal is complicated
by the fact that the line of arc centers T, T, does not
remain substantlally parallel to itself as the separation
increases, but by a coordinate approach an expression
can be obtamed It is as follows

13

L a=r022) A+ 1G)H(1=[r/r;]  sin

A={(R, 012/2)..{}+[!!G])(!'—[r;‘rf]sin b (10)

where r and r; are the left and rlght s:cles of equation 1

respectively.

In order to obtain the rate at which separation oc-
curs, equation 9 or 10 may be differentiated with re-
spect to time. In the case of equation 9 the result is:

| _V,FR B,m,(1+[1/G])(l-K) sin qs (11)
where w; is as before d&./dt ‘the angular velocity of
pinion 1 and V, is the velocity of separation {or ap-
proach) of undeformed profiles 3,4. In the case of

“mating gears transmlttmg torque, V, is the veloctty of
40

tooth surface compression or  decompression in the
plane of rotation for teeth making initial contact when
a point on profile 3 at the pitch radius R, is removed
from the pitch point P by an arc distance R,¢,.
When tooth proﬁles are laid out with a large pressure

L"- Angle £.0 1 ¢, as'in FIG. 1, it becomes quite evident

that compression of the tooth faces must inevitably be
associated with a tendency for the:driving tooth 3 to
ride up over the tip of the driven tooth 4. The magni-
tude of this riding-up tendency may be evaluated with
the aid of FIG. 2. In this figure, which is an enlargement
of the region around the pitch point in FIG. 1, tooth
profiles 3 and 4 are flattened for a short dlstance on
each side of pitch point P as a result of the application
of static torque to the pinion 1 and gear 2.

[n FIG. 2 arrows 8 and 9 indicate the directions in
whtch the protiles 3 and 4 would be urged by the appli-
cation of this static torque to pinion and 1 and gear 2.
Broken line 3’ and 4’ indicate the profile posmons that
would be taken if the teeth did not lmpmge on each
other. A point P, on profile 3—3’ which is at point P
before there is any surface compression will stay at P
during compresmon if the coefficient of friction is high
enough to prevent sliding between the tooth surfaces. If
on the other hand there is perfect lubrication of the
tooth surfaces, P; will move to P,’. An analogous situa-
tion exists for point P, on profile 4—4'. The total effect
is shown schematlcally in FIG. 3, in which the total
surface compression A is associated with a shearing



Re. 29,1135

S

action 4, which represents shear deformation of the
tooth material or relative tangential displacement of
the tooth surfaces, depending on whether or not there
1s shding between the tooth surfaces. Both effects are
intended to be covered by the term “shearing action™
and the magnitude of A, is evident from FIG. 3:

A, =Atand (12)

The A in this expression is the same as that of equa-

5

tion 9 to 10 so that by differentiation with respect to 10

time we may again obtain an expression in terms of
velocities: |

V,=V tand (13)

"The substitution of equation 11 into this equation
gives the relative velocity V,’ with which the teeth tend
to ride up over each other during engagement as a
result of tooth surface compression:

V,=R,8,0,1+[1/G})(1—K )sindtand (14)

Those skilled in the art will be aware that there is
another kind of shearing action that occurs between
gear teeth. This 1s the sliding or shear deformation
associated with the meshing of the teeth, and it is al-
ways in exactly the opposite direction to the velocity
V.’ of equation 14. That is, it is toward the roots of the
teeth during engagement and in the opposite direction
during disengagement. The magnitude of this velocity,
V", which is a relative velocity tangential to the tooth
profiles 3,4, may be found by reference again to FIG. 1.

If sufficient torque is being transmitted by pinion 1
and gear 2, instead of being separated by the distance A
of equation 9 when T, and T, have moved to T,’ and
T, respectively, the tooth profiles 3 and 4 may be In
contact at point P’, at a distance from pitch point P
equal to PP’. In this case there will tend to be shearing
action (sliding or shear deformation) between engaging
profiles of the following relative velocity:

V"=V, —V,, (15)
where V., and V., are the components of tooth veloc-
ity tangential to the tooth profiles 3, 4 for pinion 1 and
" gear 2 respectively.

In the case of pinion 1, the tangential component of
velocity V. is equal to the angular velocity wy of the
pinion 1 times the perpendicular distance from point P’

to line C,Q,. That 1s,

Ve, =R, sing+PP’ cos {p—a)) (16)

Similarly, the corresponding tangential component of
velocity V., for the gear is equal to the angular velocity
w, of the gear 2 times the perpendicular distance from
point P’ to a line (not shown) through point C; parallel
to line C,Q;. That is,

Ve, =w:[Rssing —PP’ cos (¢ —a)) (17)

In the case of a set of mating gears having a common
separation rate factor K, the angle a between the line of
centers and a line from C, to T, is the same for both
pinton 1 and gear 2. | |

When the velocities of equations 16 and 17 are sub-
stituted into equation 13, the sine terms cancel, (since
w1 R; and w»R. are both expresstons for the pitch line
velocity) and we obtain: -

(18)

V) '=(wtw,) PP**_COS (¢""ﬂ¢)
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6

For the case where K; and K, are equal, PP’ is to a
close order of approximation equal to T, T,’ or T,T,' or
p16,. Substituting the last of these, p,6,, and also the
following 1dentities:

wtwe=w( 1+[1/G]) (19)

and

_pICOS{¢.fa')=R1COS ¢ (20)
we obtain for the relative tangential velocity of engage-
ment and disengagement the following expression:

V,”=Rlﬂl.m1(l+[ 1/G]) cos ¢ (21)

To obtain gear teeth that engage In pure rolling, the
shearing actions expressed by equations 14 and 21
must be made substantially equal. Fortunately both are
linear in 8, and contain several common terms, so that
setting the right-hand sides of these two equations
equal yields a very simple expression:

[ tan 26=(1/1—K) X tan 2e=1/1-K (22)

This -expresSibn, which is conveniently explicit in ¢
and K, indicates that for very small values of K (short
tooth profile radii), the pressure angle ¢ approaches
45° On the other hand if K is unity, as for involute
teeth, the pressure angle goes to 90° indicating ‘that
pure rolling contact is not possible with involute gears..

To a reasonable order of approximation, the expres-
sion corresponding to equation 22 for gears with differ-
ent separation rate factors may be shown to be:-

tan?=1/[ 1—(r/r))] T (23)
in which all terms are as defined above.

An examination of FIG. 1 indicates that because the
contact point-moves away from pitch point P in a direc-
tion parallel to T, T,"' or T.T;'’, rather than along the
pressure line, the line of contact PP’’ makes a much
smaller angle « with a line 7—7’ tangent to the pitch
circles 5—5' and 6—6' than does the pressure angle.
For this reason the contact line will intersect the adden-
dum circles much further away from the pitch point P
than is the case with involute gears. In general, gearing
made according-to the present invention will have a
contact ratio up to two or three times that of involute
gearing of the same pressure angle and addendum
height. This affords obvious advantages in terms of
torque and power capacity independently of the extent
to which equation:22 or 23 may or may not be satisfied.
In addition, the large contact ratios enable the above
specifications to be applied to spur gears as well as
helical gears, with reasonable continuity of action,
particularly in gear sets where the torque load tends to
be fairly constant.

It is important to observe In connection with equa-
tions 22 and 23 that the use of tooth profiles that satisfy
one of these equations will assure pure rolling contact
only in gear sets that are also designed to avoid ““climb-
ing.” Climbing is a phenomenon which occurs mainly
in gear sets in which the teeth of one or both gears are
made of a soft resilient material such as plastic or elas-

tomer. The high deformation of such materials under
load causes the circular pitch of the driving tooth to

effectively increase and that of the driven tooth to

decrease. If considerable torque is applied to such
gears -a condition arises that is similar to what would
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occur if one attempted to mate gears of different circu-
lar pitch: the top land of the driven gear; instead of

fitting down between the teeth of the driving gear dur-

Ing engagement, rides up onto or over: the top land of
the incoming driving gear teeth, and the gear set must
then either break or lock itself against further rotation,
or both.

Involute gears are extremely susceptible to this diffi-
zulty for the reason that the contact area rectangle in
‘he cause of Spur gears (ora parallelogram in the case
>f helical gears) 1s not diminished in height in propor-

s

10

ion as it is dlsplaced from the pitch line: in other

vords, the tooth load at the initial point of engagement,
vhere climbing takes place, is as great as it is at the
sitch point.

[t is therefore a safe generalization to say that i invo-
ute profiles should never be used for plastic or elasto-
ner gears, except in cases where no significant torque
r power is to be transmitted. Circular arc profiles, on
he other hand, such as described in this specification
ind in U.S. Pat. No. 3,438,279, are ideally suited for
1se with these softer materials. The separation charac-
eristic expressed mathematically in equations 9 and 10
rauses the height of the contact area to diminish ac-
rording to its distance from the pitch line, and in a set
f properly designed gears the tooth load can be made
O g0 to zero-at the exact point where contact starts. In
sther words, in a set of correctly designed gears em-
»odying the present invention the tooth deformation is
ully:taken into consideration and there is no tendency
vhatsoever for climbing to occur. :

In the case of helical gears embodymg the instant
nvention, the contact area is a long thin ellipse or
Ilipse-like figure 11, such as shown in FIG. 4. In cor-
ectly designed gears the outermost extremity 12 of this
:1lipse 1s substantially tangent to the addendum surface
|3 of the gear 2 when the gear 2 is transmitting the
naximum allowable torque. If the end 12 of this ellipse

1 is considerably inside the addendum surface 13
here will be a portion of the teeth that is never utilized.
In the other hand if the teeth are so fine that the end
2 of the ellipse 11 1s truncated by the addendum sur-

ace 13, there will be an inclination for the teeth to

limb when heavily loaded. ,
To place the end of the contact ellipse 11 substan-
ially tangent to the addendum surface 13 the following
quation should be sastisfied:

e CpCSin''7¢ {1 —o*)qun:
h o sin® oy cosO65 ¢
(=ore ) (&5 ) (5e) e
[K(l—K)%8 /S \E, E. I+G |
'here
Ci=2(1 + V1 + [#/GnK sin?$ tan ¢]) (25)
nd o N
| Cy =%l + V 1 4+ [47/Cyn, K% sin2¢ tan ¢ 1) (26)

1 this equati.on the symbols not heretofore identified
nd defined are as follows: '-

e = distance from the pItCh circle to the outer ex-

tremity of the contact ellipse measured in the plane

15

20

25

30

35

40

45

g
-h = distance from the pitch circle to the end of the
- gear 2 tooth measured in the same way. -

v = Poisson’s ratio“for the: softer of the mating pair.

n; = number of teeth on the pinion.

qo = maximum-allowable surface stress in the center

of the contact ellipse. at maximum torque.

E; = modulus of elasticity in compression for pinion

1.
- E; = modulus of elasticity in compression for gear 2.
¥ = helix angle.

Correct proportlonmg of helical teeth requu'es that
the e/h ratio given by equation 24 be unity or a bit less.
Failure to evaluate this ratio may lead to improperly
proportioned teeth such as those specified in the exam-
ple given in U.S. Pat. No. 3,438,279, which was filed
prior to the development of equation 24. In that exam-
ple an application of equation 24 would have required
the number of teeth to be reduced to between 5 and 20,
depending on the velocity ratio G. The number of
contact points would also have been reduced, to 3 or 4,
and the theoretical power capacity 1ncreased by about
30 percent. o .

1t should also be noted m connectlon with FIG. 4 that
it is not essential to have a complete contact ellipse 11

contained on a single tooth surface. Thus instead of a

face width F' (measured in the helix direction) a gear
might have a narrower face width F'’ in. which case the
central portion of the contact ellipsé 11 will be on a
tooth surface intersected by the pitch line 14—14' but
the end portions instead of being to the right and left of
the center portion would appear on the surfaces of the
immediately preceding and sueeeedmg teeth. This pos-
sibility results from the large contact ratio characteris-
tic of this type of gearmg, as noted above and it 1s not

unusual for 3 to 4 or even 5 successwe teeth on one

gear to be.in contact at the same time. ‘However the
centroid. of these several successive spatially separated
segments of the full contact ellipse 11 will still be at
point 15, where the pitch line 14—14’ intersects the
tooth surface containing the central portion of the
contact ellipse 11. In view of this it is probably appro-
priate to describe this type of gearing as having “pitch-
point-action’ even though there may be separate seg-
ments of the contact ellipse 11 that are removed from
the pitch line. |

A further point should be noted in connection with

- gear sets having fewer than 3 or 4 contact points. The

50
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of rotation perpendicular to the pressure angle...

65
" The heat generation comes from two primary sources:

smoothest possible power transmission will be obtained
from sets that have an integral number of full contact
ellipses, even though they may be made up of two or
more segments appearing on successive teeth. This
condition is easily met by selecting a helix angle  that
gives an integral value for the ratio of the face width
times the tangent of the helix angle divided by the

circular plteh

In addition to the chmbmg preblem the other prmm-
ple shortcomings of plastic and elastomer gears are
overheating and wear. It is essentially these difficulties
that prevent the realization of the full potentialities of a
gear such: as the example given in U.S. Pat. No.
3,438,279, which would need an elaborate cooling
system to achieve its rated capacity, and even with such
a system would have an objeetlenable wear rate. With
regard to heating, the problem is a dual one of too
much heat generation and too poor heat dlSSlpatmn'

tooth sliding and tooth material hysteresis. Of these the
first may be eliminated by designing gears to have pure
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rolling centae;t.Wirh_ the aid of equation 22 to 23 as

indicated above. The hysteresis heating, on the other
hand, is best controlled by utilizing tooth surface mate-
" rials that are as hard as possible, as thin as possible, and
have .good rebound (i.e., low hysteresis). A hard, thin
tooth surface has low defermatlen so that the work of
cempressmn which provides the basis for the hystere-
sis loss, 1s minimized. -

- FIG. § shows a section through a gear teoth desrgned
for minimum hysteresis, inasmuch as the molded sur-
face 18 (normally elastomer) is quite thin. In addition
this thin surface 18 is supported on a metaliic substruc-
ture 19, which not only greatly reduces tooth surface
- deformation but provides a path for conducting away
the heat generated in the tooth surface material 18.
The thermal conductivity of said die-cast aluminum,

3

10

29,113

outward toward the tips ef the teeth. Other things being
equal, this may in most cases L by 1 be a sufficient
reason for placing the lubricant reservoir 23 in the
driven gear rather than the driving gear. | |

In addition to lubrication with the semifluid lubrl-
cants normally used in grease-packed ball or roller
bearings, steel gearing of the type herein disclosed can
often be. satisfactorily lubricated with solid lubricants
such as molybdenum disulfide, anti-seizing phosphate
eompounds etc. Unlike the situation where a semifluid
lubricant -is fed to the tooth surfaces at a partlcular

point and one seeks to w1pe or squeeze it In a pre-
scribed direction, the maximum service life of a solid

" lubricant is. obtained under conditions where there is

15

for example, is of the order of 1,000 times that of hard |

rubber. |

Other methods of faexhtatmg heat dlSSlpatlen may be
enwsaged such as mating a metal gear with a plastic or
elastomer gear. The latter gear would serve to maxi-
mize capacity, which so far as the materials are con-
cerned is solely a function of the q¢*/E ratio, and the
former would serve to conduct away the hysteresis heat

generated in the latter. In extreme cases, as for example

when speeds of rotation are very high, radial fins in the
web of one or both gears can generate an air movement
the greatly improves heat dissipation.

So far as wear is concerned, it is substantially elimi-
nated by designing for pure rolling contact as indicated
above. The avoidance of heat-buildup as by the meth-
ods suggested in the preceding two paragraphs is also

essential to the obtaining of absolute mintmum wear

rates. In the case of steel gears, the problems are some-
what different. Metal-to-metal contact may be as dele-
terious to gears moving in pure rolling as it is to ball or
roller bearings. Because of the extremely high surface
pressures employed in steel gearing, fretting corrosion
can initiate in a matter of minutes if no lubricant is
present.

In gearing embodying the present invention, how-

ever, the usual transmission case that provides bath

lubrication is not needed. As with rolling contact bear-
_ings, a simple grease-packed reservoir can provide
sufficient lubricant to allow for several thousand hours
of operation. Such a reservoir is shown in FIG. 6, which
is a radial section of a gear 22 with a grease-packed
reservoir 23 on one side of the web 24, contained by a
cover plate 25 fixed to the hub 26 but which has a slight
amount of clearance 27 between itself and the rim 28.
This construction enables a suitable semifluid lubricant
to be fed by centrifugal action to one end of the teeth
29 in response to the kind of local heating that results
from inadequate lubrication. Generally the reservoir 23
should be located on the side of the gear 22 that has the
leading edge of the teeth 29 if it is a driving gear and
the trailing edge of the teeth 29 if it is a driven gear, so
that the lubricant will be squeezed across the tooth face
in the desired direction by the rellmg contact ellipse
(see FIG. 4). |

The forces tending to move the lubricant in the
len'gthv'.rise direction of the teeth are comparatively
minor compared to the effect of the rolling contact
ellipse in squeezmg the lubricant in the radial direction.
This squeezing will be toward the tips of the teeth of the
driving gear and toward the roots of the teeth of the
driven gear. The latter can be a useful effect to offset
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the tendency of centrifugal force to move the lubricant

the minimum displacement of the lubricant film. This
may be achieved by offsetting the squeeze-film effect of
the rolling contact ellipse by a slight amount of sliding
in the opposite direction, such as may be achieved by
making the velocity V,’’ (equation 18) slightly larger
than V.’ (equation 14). In effect the desideratum is to
make. the pressure angle ¢ slightly smaller than the
value given by equation 22 or 23 by an amount best
determined by experimentation. Another reason for
making the pressure angle ¢ somewhat smaller than the
value given by equation 22 or 23 is to take account of
shaft bending under load, the effect of which is to in-
crease the center distance C,-C, and thereby to in-
crease the pressure angle ¢. f

‘The specific description given above of the preferred
form of the invention should not be taken as restrictive.
as it will be apparent that various modifications in de-
sign may be resorted to by those skilled in the art with-
out departing from the scope of the following claims. In.
these claims the following phrases should be construed
as having the following meanings: ‘“‘shearing action’ 1s
intended to cover either tangential sliding or shear
deformation depending on whether the coefficient of
friction between engaging surfaces is exceeded; *“‘pitch
surface’ means the surface of revolution that would be
described by the pitch line as.it moved about the gear
axis at a fixed radius; “addendum surface’ means the
corresponding surface of revolution described by the
tips or top lands of the teeth of a gear; *‘soft resilient™
material_ means a material with a modulus of elasticity
in compression of less than one million pounds per
square inch.. In all configurations involving a concave
tooth profile, it is to be assigned a negative value 1n the
expresSions‘ in the claims involving its radius of curva-
ture; and ‘“‘pressure angle” means the projection onto
the plane of rotation of the angle between the common
normal to the tooth contact surfaces at the pitch point
and the common plane tangent to the pitch surfaces;
and ‘‘diametral pressure angle” means the angle be-

tween the transverse tooth profile and a radial line

which crosses it at the given diameter, by which defini-
tion any undercut will give dlametral pressure angles of
less than O°. - | |

[ claim: | |

1. A pair of matmg gears comprising a driving gear
and a driven gear turned by pressure exerted by the
teeth of said driving gear, mechanical means connected
to said driven gear to remove power therefrom, said
teeth being formed to have active profiles in planes
perpendicular to the pitch line for which the pressure
angle is. greater than 40° the active portion of said
profiles of one of said pair being curved, a portion of
one working surface of the-teeth of one of said pair
intersecting the pitch circle of said one of said pair, the
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radii of curvature of the undeformed profiles of the teeth
of both of said pair being greater than half the circular
pitch, and both flanks of each of said teeth on one of
sald pair having at all points diametral. pressure angles
of at least 0°, S : |

2. A pair of mating gears accordmg to:claim 1
wherein said teeth extend across the rims of said gears
in a direction slantmgly disposed wrth respect to the
pitch line of said pair. -

3. A pair of mating gears aceordmg to clalm 1
wherein the radially outermost extremity of the contact
area developed between meshed teeth is adjacent to
but not truncated by the tip of the teeth of one of said
pair when said pair is transmitting the maximum allow-
able torque. .- | -

4. A pair of mating gears according to claim 1
wherein said profiles extend on both sides of the pltch
surfaces of said pair. -. )

‘5. A pair of mating gears aceording to claim 1
wherein the centers of curvature of said active profiles
of the teeth of one of said pair are substantially re-
moved from the pitch surface of said one of said pair.

6. A pair of mating gears accordmg to clalm |
wherein said profiles are circular arcs. | -

7. A pair of mating gears accordmg to claim l
wherein the active profiles of said teeth in the normal °
plane are circular arcs. - -

8. A pair of mating gears. aceordmg to claim 1
wherein the square of the cotangent of the pressure
angle in planes normal to said pitch line is substantially 30
equal to one minus the quotient of the relative radius of
curvature of said profiles times the sum of the reeipro-
cals of the pitch radii of said pair divided by the. sme of
said pressure angle. ~ -

9. A pair. of mating gears accordmg to clalm 1 35
wherein a semifluid lubricant is stored In at least one
recess In. one of said pair. | |

‘10. A pair of mating gears according to claim 1
wheremn the tooth surfaces of one of said - palr are
treated with a solid lubricant. | |

11. A pair of matmg gears accordmg to claim 1
wherein the engaging surfaces of said teeth of one of
said pair are formed.of a soft resilient material sup-
ported by a metallic substructure.
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12. A pair of mating gears aceordmg to clalm 1 45

wherein said teeth of one of said parr are formed of a
moldable material, S B
13. A pair of matmg gears accordmg to clalm 1
vherein one of said pair has teeth of soft resilient mate-
1al and the other has teeth of metal adapted to facrlr-
ate heat dlss1patlon from said one of said pair.
14. A pair of mating gears according to clalm 1,
vherein both said gears are external. =
15. A pair of mating gears according to claim 1,
vherein the number of teeth on said gears dlffers by
nore than two.
16. In a pair of mating gears: ,
teeth formed to have nonconjugate profiles in sec-
tions perpendicular-to the pitch line of said pair,
said profiles having a relative radius of curvature at
said pitch line smaller than the sine of the pressure
angle in said sections divided by the sum of the
reciprocals of the pitch radii of said pair, whereby
separation of said profiles is effected at all profile
posrtlons removed from said pitch line when said
pair is in mesh but not transmitting torque,
said pressure angle being greater than 40° whereby
the shearing action tangential to said tooth profiles
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associated with compressive deformation of the

. tooth faces when said pair is transmitting torque

offsets most of the shearing action in the opposrte

- direction imposed by the meshing of said teeth.
~17. A pair of mating gears according to claim 16
wherein said teeth extend across the rims of said gears
in a direction slantmgly drsposed wnth respect to the
pitch line of said pair. -

I8. A pair of mating gears according to claim 16
wherein the radially outermost eéxtremity of the contact
area developed between meshed teeth is adjacent to
but not truncated by the tip of the teeth of one of said
pair when said pair 1s transmlttmg the maxrmum allow-
able torque

19. A pair of mating gears aceordlng to claim 16

wherein said proﬁles extend on both sides of the pitch

surfaces of said parr. |

20. A pair of mating gears according to claim 16
wherein the centers of curvature of said active profiles
of the teeth of one of said pair are substantially re-
moved from the pitch surfaee of said one of said pair.

21. A pair of mating gears according to claim 16
wherein said profiles are circular arcs.

22. A pair of mating gears accordmg to elalm 16
wherein the active proﬁles of said teeth in the normal
plane are circular arcs.

23. A pair of mating gears according to claim 16
wherein the square of the cotangent of the pressure
angle 1n planes normal to said pitch line is substantially
equal to one minus the quotient of the relative radius of
curvature of said profiles times the sum of the recrpro-
cals of the pitch radii of said pair dmded by the sine of
said pressure angle.

24. A pair of mating gears aceordmg to claim 16
wherein a semifluid lubricant is stored in at least one
recess In-one of said pair.

25. A pair of mating gears aceordmg to claim 16
wherein the tooth surfaces of one of said pair are
treated with a solid lubricant.

26. A pair of matmg gears according to claim 16
wherein the engaging surfaces of said teeth of one of
said pair are formed of a soft resilient material sup-
ported by a metallic substructure.

27. A pair of mating gears aceordmg to claim 16
wherein said teeth of one of said pair are formed of a
moldable material.

28, A pair of matmg gears according to claim 16
wherein one of said pair has teeth of soft resilient mate-
rial and the other has teeth of metal adapted to facili-

tate heat d1ssrpatlon from said one of said pair.

-29..In a pair of mating gears:

teeth formed to have nonconjugate profiles in sec-
tions perpendicular to the pitch line of said pair,

'sald profiles having a relative radius of curvature at
said pltc:h line smaller than the sine of the pressure
angle in said sections divided by the sum of the

- reciprocals of the pitch radii of said pair, whereby
separation of said profiles is effected at all profile
pos:tlons removed from said pitch line when said

" pair is in mesh but not transmitting torque,

said pressure angle being greater than 45°, whereby
the shearing action tangential to said tooth profiles
associated with compresswe deformation of the
“tooth faces when said pair is transmlttmg torque
offsets all of the shearing action in the opposite
direction lmposed by the meshing of said teeth.

30. A pair of mating gears aecordmg to claim 29

whereln sald teeth extend across the rims of sald gears
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in a direction slantingly disposed with respect to the
pitch line of said pair.

31. A pair of mating gears according to claim 29
wherein the radially outermost extremity of the contact
area developed between meshed teeth is adjacent to
but not truncated by the tip of the teeth of one of said
pair when said pair is transmitting the maximum allow-
able torque.

32. A pair of mating gears according to claim 29
wherein said profiles extend on both sides of the pitch
surfaces of said pair.

33. A pair of mating gears according to claim 29
wherein the centers of curvature of said active profiles
of the teeth of one of said pair are substantially re-
moved from the pitch surface of said one of said pair.

34. A pair of mating gears according to claim 29
wherein said profiles are circular arcs.

35. A pair of mating gears according to claim 29
wherein the active profiles of said teeth in the normal
plane are circular arcs.

36. A pair of mating gears according to claim 29
wherein the square of the cotangent of the pressure
angle in planes normal to said pitch line is substantially
equal to one minus the quotient of the relative radius of
curvature of said profiles times the sum of the recipro-
cals of the pitch radii of said pair divided by the sine of
said pressure angle.

37. A pair of mating gears according to claim 29
wherein a semifluid lubricant is stored in at least one
recess in one of said pair.

38. A pair of mating gears according to claim 29
wherein the tooth surfaces of one of said pair are
treated with a solid lubricant.

39. A pair of mating gears according to claim 29
wherein the engaging surfaces of said teeth of one of
said pair are formed of a soft resilient material sup-
ported by a metallic substructure.

40. A pair of mating gears according to claim 29
wherein said teeth of one of said pair are formed of a
moldable material.

41. A pair of mating gears according to claim 29
wherein one of said pair has teeth of soft resilient mate-
rial and the other has teeth of metal adapted to facili-
tate heat dissipation from said one of said pair.

42. In a pair of mating gears: |

teeth formed to extend across the rims of said gears
in a direction slantingly disposed with respect to
the pitch line of said pair,

said teeth being formed to have nonconjugate active
profiles in sections perpendicular to said pitch line
as a result of having a relative radius of curvature at
said pitch line smaller than the sine of the pressure
angle in said sections divided by the sum of the
reciprocals of the pitch radii of said pair, whereby
separation of said profiles is effected at all points
removed from said pitch line when said pair is In
mesh but not transmitting torque,

said gears and said teeth having a relation between
pitch radii, helix angle, pressure angle, radii of
curvature of engaging surfaces, normal diametral
pitch, allowable tooth surface stress, and effective
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moduli of elasticity, such that when said pair is
transmitting the maximum allowable torque the
segment of the elliptical boundary of the contact
area between said teeth furthest removed from said
pitch line is substantially tangent to the addendum
surface of the larger of said pair, said pressure
angle being greater than 40°.

43. A pair of mating gears according to claim 42
wherein said pressure angle is larger than 40°, whereby
the shearing action tangential to said tooth profiles
associated with compressive deformation of the tooth
faces when said pair is transmitting torque oftsets most
of the shearing action in the opposite direction imposed
by the meshing of said. teeth.

44. A pair of mating gears according to claim 42
wherein said pressure angle is larger than 45° whereby
the shearing action tangential to said tooth profiles .
associated with compressive deformation of the tooth
faces when said pair is transmitting torque offsets all of
the shearing action in the opposite direction imposed
by the meshing of said teeth.

45. A pair of mating gears according to claim 42
wherein the face width times the tangent of the helix
angle divided by the circular pitch is substantially equal
to an integer. |

46. A pair of mating gears according to claim 42
wherein said profiles extend on both sides of the pitch
surfaces of said pair.

47. A pair of mating gears according to claim 42
wherein the centers of curvature of said active profiles
of the teeth of one of said pair are substantially re-
moved from the pitch surface of said one of said pair.

48. A pair of mating gears according to claim 42
wherein said profiles are circular arcs.

49. A pair of mating gears according to claim 42
wherein the active profiles of said teeth in the normal
plane are circular arcs.

50. A pair of mating gears according to claim 42
wherein the square of the cotangent of the pressure
angle in planes normal to said pitch line is substantially
equal to one minus the quotient of the relative radius of
curvature of said profiles times the sum of the recipro-
cals of the pitch radii of said pair divided by the sine of
said pressure angle.

51. A pair of mating gears according to claim 42
wherein a semifluid lubricant is stored in at least one
recess in one of said pair. |

52. A pair of mating gears according to claim 42
wherein the tooth surfaces of one of said pair are
treated with a solid lubricant. |

§3. A pair of mating gears according to claim 42
wherein the engaging surfaces of said teeth of one of
said pair are formed of a soft resilient material sup-
ported by a metallic substructure.

54. A pair of mating gears according to claim 42
wherein said teeth of one of said pair are formed of a
moldable material.

55. A pair of mating gears according to claim 42
wherein one of said pair has teeth of soft resilient mate-
rial and the other has teeth of metal adapted to facili-

tate heat dissipation from one of said parr.
* *® * W *
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