ELI M NATI ON OF TGOTH | NTERFERENCE | N HARMONI C DRI VE DEVI CES BackgﬁﬁMP&pw
the lLAvention Field of the Invention 5 -This invention relates to
sfrain wave gearing, and nore particularly to an inproved tooth profile of

a flexspline and a circular spline in harnonic drive devices. Prior Art 10
The original harnmonic drive strain wave-gearing was introduced by Miusser in
U S. Patent 2,906, 143. A harnonic drive strain wave gear conprises a rigid
circular spline having "n" teeth, a flexspline having fewer than "n" teeth
("n" being a positive integer) and 15 being disposed in the circul ar

spline, and a rotatable wave generator disposed in the flexspline to deform

the flexspline into a |Fﬁ@ﬁ;ﬁgﬁ&bﬂ“b@tT@QIHSEQQEiﬁEQEN@Ea&NShape1 so as to
force the flexspline into engagenen,

ONIC DRIVE DEVICES

Backaround of the Invention
Field of the Invention
S This invention relates to strain wave gearing, and
more particularly to an improved tooth profile of a
flexspline and a circular spline in harmonic drive
devices.
Prior Art

10 The original harmonic drive strain wave gearing was
introduced by Musser in U.S. Patent 2,906,143. A
harmonic drive strain wave gear comprises a rigid
circular spline having "n" teeth, a flexspline having
fewer than "n" teeth ("n" being a positive integer) and

15 being disposed in the circular spline, and a rotatable
wave generator disposed in the flexspline to deform the
flexspline into a lobed configuration, such as an oval
shape, s0 as to force the flexspline into engagement
with the circular spline at two points of the major axis

20 of the formed ovaloid. The wave generator may include
an oval cam plate and a bearing snugly mounted on the
outer periphery of the camplate. The outer bearing is
matingly inserted into the flexspline so as to deform it
to the peripheral contour of the camplate. An input

25 shaft attached to the camplate provides rotation
thereto, causing the ovaloid configuration of the
flexspline to be correspondingly rotated. During such
rotation, the circular spline is induced to rotate
relative to the flexspline by an amount proportional to

30 the difference in the number of teeth between the
flexspline and the circular spline. When an output
shaft is arranged on either the flexspline or the
circular spline, that output shaft is rotated very



with the circular spline at two points of the major axis 20 of the forned
ovaI0|d The wave generator may include an oval cam plate and a bearing
snugly mounted on the outer periphery of the canplate. The outer bearing is
matingly inserted into the flexspline so as to deformit to the peripheral
contour of the canplate. An input 25 shaf4. attached to the canplate

provi des rotation thereto, causing the oval oid configuration of the

fl exslpl i ne t Gluavloerire spmiphagson rid aitﬁﬁl input nshafitch rsneﬁiMIrmcbdﬂiac
glrrgﬁzt a[)rgglolr |lc§ﬁealé€ldéj{3rg "f%&e (r)é)?t%%f%#l a% :ﬁ/?e%téo t{r%é %?nge %f?h e?\%gen t he
fl exspl i ne amequiscing culkigh preductioharatido out put shaft is arranged.on
S;ﬁcer the flexspli nteldnt e Cddot! & HiFHed HEStR YWRYE i Bhaddsign M ot at ed
5 1is shown in U.S. Patent 4,823,638 to Ishikawa, wherein

the engagement between the flexspline and the circular

spline is deemed to be an approximation.to that of a

rack mechanism. The tooth profile of the engaging

splines is defined by a transformation of an original

10 curve by the application of a reduced ¥ scale to a
corresponding similar figure, that is, a mapping curve
derived by a similarity transformation from the movement
locus of the crest of the flexspline relative to the
circular spline.

15 The design of the ‘638 gear tooth is therefore
based on a simplified traditional rack mechanism
approximation.

In fact, the gear teeth are not located on a simple
linear rack. The circular spline teeth are.located on a

20 circle and the flexspline teeth are located on an oval
surface formed by the wave generator. These two curved
surfaces cause an inclination angle change between a
tooth on the flexspline relative to the circular spline
as the tooth moves into the engagement from the minor

25 axis to the major axis. Such inclination angle is
ignored when it is assumed that the circular spline and
the flexspline are straight racks.

More recently in the referenced U.S. Patent
Application Serial No. 08/113,285 an improvement in

30 flexspline tooth profiles was obtained by taking into
account precessing of the tooth angle at the front and
back of the tooth lobe as the oval wave generator is
rotated.

Brief Summary of the Invention
35 In accordance with the present invention extended

tooth contact engagement with reduced tooth stress is



-2- slowy in conparison to its input shaft. Such harnonic drive strain
wave gearing has been utilized in machinery requiring a high reduction
ratio. A recent attenpt at inproved tooth profile design 5 is shown in U.S.
Pat ent 4,823,638 to Ishi kawa, wherein the engagenent between the flexspline
and the circular spline is deened to be &L approximation to that of a rack
mechani sm The tooth profile of the engaging splines is defined by a
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face profile of the other gear, preferably the

flexspline is defined by a curve shape that allows
several teeth to remain in contact while the wave
generator is rotated. Furthermore, the transition
region between tooth flank and tooth face is made

10 continuous, and thereby smoothed out, by using a
straight line segment for this portion of the flexspline
tooth profile. The aforesaid curve shape that allows
several teeth to remain in contact is determined by
establishing the movement locus of a point on the

15 flexspline tooth in relationship to a point of contact
between the face profile of the flexspline teeth and
face profile of the circular spline teeth and
subtracting the tangential component shift due to tooth
inclination as the wave generator is rotated.

20 The invention thus comprises an extended contact
harmonic drive gearing apparatus for transmitting rotary
motion from an input drive to an output drive,
comprising: a rigid circular spline having gear teeth
thereon; a flexible flexspline having gear teeth thereon

25 arranged radially adjacent the rigid circular spline.
The flexspline face tooth profile for a preferred
circular arc embodiment of an extended contact harmonic



In fact, the gear teeth are not |ocated on a sinple |inear rack. The
circufar spline teeth are located on a 20 circle and the fl exspline teeth
are |located on an oval surface formed by the wave generator. These two
curved surfaces cause an inclination angle change between a tooth on the
flexspline relative to the circular spling-as the tooth noves into the
engagenent fromthe mnor 25 axis to the major axis. Such inclination angle
is ignored whénive geazisgneppaimatushéscdefihed byl the &oldlowéngl exspline
are straight %§§§§. ggge recently in the referenced U S. Patent Application
Serial No. 08 ,53 an inprovenent in 30 flexspline tooth profiles was

obt ai ned by taking into acgguat, prege jng.Hf the tooth angle at the front
and back of the tooth |obe as fﬁe oval *wave generator is rotated. Brief
Sunmmary of the Invention 35 In ace rdance with the present invention
ext ended R; Yo
= de - (xy+R;) ~u-h
(%) (%)
do do
Yf = _(Yz-b)
dx,
.. Kl

+y°

(%) (%)

wherein - u ®¢ h is the tooth inclination correction

factor
h = y,-Y,
- 1.dr
u=tan?t(-=-—=
( r do
5 X, is the tangential axis coordinate of a point on

the flexspline tooth face curve;

Y2 is the radial axis coordinate of a point -on the
flexspline tooth face curve; and the circular spline
face tooth profile is defined by a circle with radius R;

10 = f(x;-a)%+ (y, - b)? in which a, b are the center

coordinates of a circle.

Brief Description of the Drawings
The objects and advantages of the present invention
will become more apparent when viewed in conjunction
15 with the following drawings, in which:



tooth contact engagenent with reduced tooth stress is -3- achi eved by
first-defining the tooth face profile of one of the gears, preferably the
circular spline by a sinple well known geonetrical arc segment such as a
circular, parabolic, or elliptical arc segment. Next, the tooth 5 face
profile of the other gear, preferably thesflexspline is defined by a curve
shape that allows several teeth to remain in contact while the wave
generator is rotatEiiguFer Lthésnar Erohbeparsfalt voewr e§i anhbaehonato tooth

Using a straGhivE; SeeEilil Rpspubty, LOHBER-ERA pOERERYPETES, PRE Toci
profile. The p¥ineiplescaofvthehppesenttinventioneveral teeth to remain in
contact is determ pggduP¥ 2 is a view of a quadrant of the teeth of a
5 flexspline and a circular spline shown in Figure 1,
showing the progressive points of tooth engagement
therebetween;
Figure 3 is a frontal enlarged view of a flexspline
tooth engaging a pair of teeth of the circular spline,

10 showing the tooth engagement of the present invention
and superimposed thereon are geometric expressions
useful in explaining how the curve equations for the
various tooth profiles were determined; and

Figure 4 is a drawing illustrating the coordinate

15 systems used in drawing the geometric expressions for

the profile curve equations of the present invention.

cription of the Preferred Embodiments

Referring to the drawings, and particularly to

Figures 1 and 2, there is shown in an enlarged frontal

20 view, a harmonic drive gearing assembly 10, having a
tooth profile which is the subject of the present
invention.

The harmonic drive gearing assembly 10 comprises a
planar generally oval shaped wave generator (cam plate)

25 12 having a bore 14 for attachment to a drive shaft, not
shown. '

The wave generator 12 has an outer periphery 18
with a bearing assembly 16 pressed thereabout. The
bearing assembly 16 consists of an inner race 20, an

30 outer race 22, and a plurality of roller members 24
rotatively distributed therebetween. A deformable
flexspline 26 is disposed outwardly of and snugly
engaged with the outer race 22 of the bearing assembly
16. A rigid fixed circular spline 28 is disposed

35 radially outwardly of the deformable flexspline 26. An
array of gear teeth 30 (as shown in Figure 2) is



establ i shing the novenent |ocus of a point on the 15 flexspline tooth in
relationship to a point of contact between the face profile of the
fiéexspline teeth and face profile .of the circular spline teeth and
subtracting the tangential conponent shift due to tooth inclination as the
- wave generator is rotated. 20 The‘ﬁﬁvention t hus conprises an

ot on 1 om AT a7 VS S HERPHR, S dir WPPLLPS 1460 of roul ar
spline havi ngmg.’eainqu:lmm e ok gaeafﬁ ebeéﬂha 3‘2 ebss Exrrendealion tgr@r teet h
[ on 25 MG OB LA LI o oy e
ext ended con@dAtianBHiR therepetween.
5 The major axis of the wave generator 12 and the
flexspline 26 is represented, in Figure 2, at the 12
o’clock position (35), and likewise, the minor axis in
Figure 2 is at the 9 o’clock position (36). The maximum
inclination of the teeth 30 of the flexspline 26 are
10 found at the mid-point (37) between the major and minor
axes 35 and 36.
Referring now to Figures 3 and 4, the derivation of
the curves defining the tooth profiles of the flexspline
26 and the circular spline 28 will now be explained in
15 connection therewith. Figure 3 depicts one tooth 60 of

the flexspline 26 at a point of contact P/(x,y,) with the

face 62A of a tooth 62 of the circular spline 28. The
tooth 60 has an upper face profile curve at 60A and a
lower flank profile curve at 60B joined by a straight
20 1line transitional profile at 60C. The movement locus of
the flexspline 26 describes the path of a point on the
flexspline neutral surface 68 as it is rotated by a wave
generator (not shown). The movement locus is designated
54 and is shown by dotted lines. Dashed lines 68
25 delineate the neutral surface of the flexspline 26 which
does not change length as the flexspline is distorted by
the waveform generator (not shown). When the origin of
the flexspline is moved from g(0,0) to a point q’ (x5y,)
on its movement locus; the point P(x,,y,) on the tooth
30 profile face 60A moves to the contact point P’ (x,v,)
with the face 62A of circular spline 28.
The curve equations for the face of tooth 60 are
derived as follows:
The movement locus for the point q the flexspline
35 tooth 60 is:



drive gearing apparatus is defined by the follow ng equations: [err]
wherein - u * his the tooth inclination correction factor [err] 5

[err] is the tangential axis coordinate of a point on the flexspline tooth
face curve; [err] is the radial axis coordinate of a point on the
flexspline tooth face curve; and the cirgplar spline face tooth profile is
defined by a circle with radius [err] [err] coordinates of a circle. Brief
Description of the Drawi ngs The objects and advantages of the present

i nvention will becone nore appafemtrcvm«aﬂ yiewee 2nrp)onj unction 151¢ayh the
fol | owi ng draw ngs, in which: 2

x=1r-°38in ($-0) 1(b)
y=r,~-r " cos ($-0) 1(c)
wherein --% £06<0; and

wherein x is a coordinate in the tangential
direction;
y is a coordinate in the radial direction;
5 r., is the flexspline major axis radius as shown in
Fig. 4;
d/2 is one-half of the displacement d of the
deformed flexspline; '
6 is the angle of rotation of the wave generator;
10 (¢,r) are the polar coordinates of the neutral
surface of the flexspline. |
The addendum arc (circle) equation for the circular
spline tooth profile is:

(x,-a)? + (y,-b)? = R2 2

for a circle with radius R; in which a and b are the
15 center coordinates of the circle.

The point g’ is located on the movement locus, g’'s
coordinates are as follows:

I, =1, - sz (L-cos 2 ¢,) 1(a)’

X, = I, * 8in (¢, - 6,) | 1(b)’

Yo = Io = Iy * 8in (d-0;) 1(c)’



Figure 1 is a front partial view of a harnonic drive gearing assenbly
constructed according to the principles of the present invention; Figure 2
is a view of a quadrant of the teeth of a 5 flexspline and a circul ar
spline shown in Figure 1, showing the progressive points of tooth
engagenent therebetween; Figure 3 is a tgontal enlarged view of a

fl exspline tooth engaging a pair of teeth of the circular spline, 10
showi ng the Thet boerddgetrest ofif thkeecpneaent poinest Ponhawe sheeri nposed

t hereon are : | [ u I plLai Alen 0 curve
equati ons fo?g?ggkéggi%égagggb%B%PogﬁFﬂ pﬁgpgé e?En%e% WbE %Flgure 41is a
drawi ng il | umevemeRg:t he coordi nate 15 systens used in dramﬁng t he
geonetric expressions for the profile curve equations of the present

i nventi on. X, =Xt X 3(a)

Y, =Y, +y, 3(b)

¢ and 0 are related by equation 4 below:

rc~6-=]}'°d(b .
= -_d. g 1
(r, 2)(l>+ 2 sin2 ¢
s Since P~ is located on the circular arc of the

tooth face of tooth 62 of circular spline 28, X, and Y,
in equation 2 can be replaced by X, and Y,.
Since P comes in contact with P”, the tangent angle
of the flexspline face curve at point P should be the
10 same as the circular spline curve at P~7;
or:

dx, dx,
Coordinates X, and Y, can therefore be replaced with
equations 3a and 3b respectively:

dx, d(X,-x,)



Description of the Preferred Enbodi nents Referring to the draw ngs, and
particularly to Figures 1 and 2, there is shown in an enlarged frontal 20
view, a harnonic drive gearing assenbly 10, having a tooth profile which is
the subject of the present invention. The harnonic drive gearing assenbly
10 conprises a planar generally oval

12 having a bore 14 for attachnent to a

rive shaft,

shagpd wave generator (camplate) 25

not shown. The wave

t her eabout

with a bearlng assenbly 16 pressed

generator 12 has an outer nﬁ4ohery 18
. The bearing asse

¥onsi sts of an inner

race 20, an 30

outer race 22, and a pIuralltyD@f rdmger menbers 24 rotatively distributed
t herebetween. A deformable flexspline 26 is di sposed outwardly of and
snugly engaged with the outer race @f¥gf¥¢he bearing assenbly 16. Arigid
fixed circular spline 28 is dlsposéa(X'—z%

_ d(y, -yo) / d(X xo

- (%) / fiX_x__;‘ﬁ)
dé do de dé
dy, [dx, _(dy, _dy, dx, dx)
do do do do dé de
dy, (dX, dx,) _dX, (dY, dy,
de (de dB) =36 |38 " g, Ctherefore
dy, dx, _ dX, dy,
do do do do
7(a)
or
dy, dy, [ dx,
= 7(b
dx, do do (b)
Here, y, and x, have only one function 6. Note: ¢ can

be represented by 0 by adapting the Newton-Raphson

method (see text "Advanced Engineering Mathematics" 2nd
5 Ed. Peter V. O’Neil ©® 1987, Wadsworth, Inc., pp. 1062-

1065 incorporated herein by reference) to equation 4.
Y, and O.
replaced by an equation about X; and 6 as follows:

So that X, has two functions: Y, needs to be

First we differentiate Equation 2’ about coordinate

Y,

dxi' as follows:

10

X,, and solve for

(X,-a)%+(Y,-b)2=R; 2’



35 radially outwardly of the deformable flexspline 26. An array of gear
teeth 30 (as shown in Figure 2) is arranged on the outer periphery of
the flexspline 26, and another array of gear teeth 32 is arranged on the
i nner periphery of the circular spline 28 in a matable relationship
t her ebet ween. 5 The major axis of -{he wave generator 12 and the
flexspline 26 is represented, in Figure 2, at the 12 o' clock position (35),
and |ikew se, the mnor axis in Figure 2 is at the 9 o' clock position (36).
The maxi muminclination of thezigeth) 3R of the xgpline 26 are 10 found
at the mid-point (37) between the mmjor and mi n€¥ axes 35 and 36. Referring
now to Figures 3 and 4, the derivatiacip of (t)pgatiurves defining the tobdth
profiles of the flexspline a1 _

dax, (y,-b)

(¥; - b) can be replaced by Eq 2‘.

Y,~b=|R} - (X,-a)?

¥, - X-a 9
dx.
1 JRE_ (X, -a)?
;—:;l can be replaced by Eq. 7(b). Making an equation
1
about X, - a.
dy, [ dx, - X, ~a
de / db 2
(Bi-(x,-a)
: dy, 10
Ri C —
X -a= do

() (%)

Making an equation about ¥, - b with Eg. 2’ and 10

5 vyields:
~ |5
Y,-b= - > 11
\j EARES
do de
d
—%xé‘! and —a% are determined by differentiation of Eq. 1’

by 0:



26 and the circular spline 28 will now be explained in 15 connecti on
therew th. Figure 3 depicts one tooth 60 of the flexspline 26 at a point of
contact [err] with the face 62A of a tooth 62 of the circular spline 28.
The tooth 60 has an upper face profile curve at 60A and a | ower fl ank
profile curve at 60B joined by a straight 20 line transitional profile at
60C. The novenent | ocus of the flexspli n&¢126 describes the path of a point
on the flexspline neutral surface 68 as it is rotated by a wave generator
(not shown). The novenent | ocus idr,designatjed 54 gpd i s shown by, dotted
lines. Dashed lines 68 25 deli n@ge*f‘ﬁe' '?rb%t%'%l'-‘g'grface of the *?gﬁ pline
26 whi ch does not change length as the flexspline is distorted by the
wavef or m gener at or (n%-shoﬂv;f). Wien the origin of the flexspline is noved
fromqg(0,0) to a poi nt@Pfer IFLo0N i 1S 410 S._at he pdbnt.\[ e n the
tooth 30 profile face @9A rmﬁessltlgs(t%e%gg‘ri\?agltoggg’l"ntegFermwi h %%gb ace
62A of circular spline 28.

dy, __dr, - in(db.-0.)-[9® -1} 12
5 ="50 cos (§y-0,) + z, sin (¢, -0,) (—c—iﬁ- 1) (e)
Rel) is obtained from Eq. 4.
do
d¢= Le =£c.
) T 13

rc—g (1~cos2¢) o

The coordinates of a point P on the face 60A of the
tooth profile of the flexspline 26 which maintains
contact with a circular profile of tooth 62 on the face

5 of the circular spline 28 throughout a portion of the
movement locus 54 are obtained from Egs. 10, 11, 12, 3
and 1 as follows:

X=X - X,
e
_ R "l gp v a-x 14
0
-]
do do
Y, =Y,-¥
. |9 -
Ri - -?ﬁ"l . 15
-— , ¥
2 2 °
V%) - (%)
de do



The curve equations for the face of tooth 60 are derived as follows: The

nmovenent |ocus for the point g the flexspline 35 tooth 60 is: -7- [err]
wherein [err]; and 2 wherein x is a coordinate in the tangenti al
direction; y is a coordinate in the radial direction; 5 [err] is the

flexspline major axis radius as shown i-12~ig. 4; d/2 is one-half of the
di spl acement _d of the deformed flexspline;
P’s coordinate system has its origin on p01nt q.

Changing the origin to point O in the diagram on Fig. 3.
Then, adding a tooth inclination correction of minus

u-h yields:
xf =X, + (~a-R;) ~u-h
7, | %] 16
= - - (XO +R.i) 'U'h
\J(E’i) NED
do dd
.Vf = - (Yz-'b)
dx,
R, - -—-‘2|
S dé r ¥, 17
2
(%) - (%)
dé do
5 wherein
h=y,-Y 18
and
u=tan-t (-% -%’6 19

Equations 16 and 17 define the face curve of a
flexspline tooth profile which will stay in substantial
contact with a face of a tooth of a fixed circular

10 spline throughout a substantial portion of the movement
locus of the flexspline provided the profile of the face
of the circular spline is defined by a circular segment.
The remainder of the flexspline tooth profile i.e. the



[err] is the angle of rotation of the wave generator; 10 [err] are

t he pol ar coordinates of the neutral surface of the flexspline. The
addendum arc (circle) equation for the circular spline tooth profile is:
[err] for a circle with radius [err] in which a and b are the 15 center
coordinates of the circle. The point ' -a38-located on the novenent | ocus,
g's coordinates are as follows: [err] -8- The coordi nates of the contact
poi nts P havElamle podfdhenys rprefevaishy pawihcpbant Segment maechings

nmovement : the circular spline face segment. A short transition
region is also necessary to join the flank and face
segments and this should be a smooth linear curve or a
5 straight line segment.

Equivalents
Those skilled in the art will recognize, or be able
to ascertain using no more than routine experimentation,
many equivalents to specific embodiments of the
10 invention described specifically herein. For example,
while the invention has been explained in connection
with a simple circular arc, other arcs, such as, a
parabola or an ellipse are contemplated, in which the
equation for an ellipse or parabola would be substantial
15 for equation 2 above. Such equivalents are intended to
be encompassed in the scope of the following claims.



[err] [err] and [err] are related by equation 4 below [err] 5 Si nce
P' is located on the circular arc of the tooth face of tooth 62 of circular
spline 28, [err] and [err] in equation 2 can be repFaced‘b’”fEFFTaaﬁéLc

[err]. Since P conmes in contact with [err], the tang “[““H
flexspline face curve at point P shoul d-pe-the 10 sawgm mm
spline curve at [err]; or: [err] Coordinates X2 and Y2'«Can ther*ef dre*be
repl aced with equations 3a and 3b respgLAIMSly: [err] - 9-

We Claim:

1. A harmonic drive gearing apparatus for transmitting
rotary motion from an input drive to an output
5 drive, comprising:

a circular spline having gear teeth thereon
said circular spline gear teeth having a face
profile and a flank profile;

a flexspline having gear teeth thereon

10 arranged radially adjacent said circular spline,
said flexspline gear teeth having a face profile
and a flank profile and a transition region
therebetween;

a non-circular wave generator having a major

15 axis and a minor axis arranged radially adjacent
said circular spline, and adapted to deform said
flexspline when rotated, to generate relative
motion between the flexspline and the circular
spline; and

20 wherein at least a face profile of the
circular spline gear teeth is defined by an arc
segment of known curvature while a face profile of
the flexspline gear teeth is defined by a curve
which allows several flexspline teeth to remain in

25 contact with the teeth on the circular spline.

2. The apparatus of Claim 1 wherein the transition
region profile is a straight line.

3. The apparatus of Claim 1 wherein the arc segment
curvature is from the group of curves comprising
30 circles, ellipses, or parabolas.



[err] Here, [err] and [err] have only one function [err]. _Note—fer+}—can
be represented by [err] by adaptlng t he Newt on- Raphson net hod (see
"Advanced Engi neering Mathematics" 2nd 5 Ed. Peter V. H“mtmﬂ mslﬁm

Wadsworth, Inc., pp. 1062- 1065 incorporated herein by
equation 4. So that X1 has two functions;_4Eerr] and [erf]. [err] needs to
be replaced by an equation about [err] & [err] as fol lows: First we

differenti ate £guatiia appabééﬁscéﬁrdlﬁfﬁel WhedindtHesehug tgbcherT], as
follows: [err] _$££f£f rLf e c1rc&la€ns£f1£§plgcgd cggar arLerr]
segment and the face tooth profile of the
flexspline is defined by the equations:

. N
dy dx, \? dy, 2 .
Xe=|Rs" _d_éq “'\J(—%‘l) +(_c_l§°') -(X, +Ri)-u-h
5 and
<
dx, )} dy, :
Ve = R g *\](deo) +(dé’)l*y"
and
L 1.dr
h=yo-Y1andu=t:an1(——-—d$)

5. A harmonic drive gearing apparatus for transmitting
rotary motion from an input drive to an output
drive, comprising:

10 a circular spline having gear teeth thereon

said circular spline gear teeth having a face
profile and a flank profile;

a flexspline having gear teeth thereon
arranged radially adjacent said circular spline,

15 said flexspline gear teeth having a face profile
and a flank profile;

a wave generator having a major axis and a
minor axis arranged radially adjacent said circular
spline, and adapted to deform said flexspline when

20 rotated, to generate relative motion between the
flexspline and the circular spline; and

wherein at least a face profile of the
circular spline gear teeth is defined by a circular
arc segment while a face profile of the flexspline

25 gear teeth is defined by a curve which allows



[err] can be replaced by Eq. 7(b). Mking an equation about [err] - a.
[err]” Making an equation about [err] - b with Eq. 2 “ﬂ Mllﬁﬂﬂm“‘err]
[err] and [err] are determined by differentiation of Eﬂ l “

[err] [err] is obtained fromEq. 4. [err] The coordi nates of “a floi i
the face 60A of the tooth profile of theld-exspline 26 which nalntalns

contact with a circular profile of tooth 62 on the face 5 of the circular
spline 28 througho8&vars rﬁﬂgﬁspilpﬁeteeth to remain in contact with

the teeth én the circular spline.

6. The apparatus of Claim 1 including a transition
region between the face and flank profile of the

5 flexspline gear teeth.
7. The apparatus of Claim 5 wherein the arc segment

curvature is from the group of curves comprising
circles, ellipses, or parabolas.

8. The apparatus of Claim 7 wherein the tooth profile
10 of the flank of the flexspline is a circular arc
segment.
9. The apparatus of Claim 8 further including a smooth

transition region aligning the flank and face of
the flexspline.

15 10. A method of making a harmonic drive gearing
apparatus for transmitting rotary motion from an
input drive to an output drive, comprising the

steps of:
a) forming a circular spline with gear teeth
20 thereon and a face profile and a flank
profile;

b) forming a flexspline with gear teeth thereon
and a face profile and a flank profile;
c) forming a wave generator having a major axis
25 and a minor axis for deforming said flexspline
when rotated, to generate relative motion
between the flexspline and the circular
spline; and



novement
[err]

| ocus 54 are obtained fromEgs. 10, 11, 12, 3 and 1 as fottows:

originto point Oin the diagramon Fig. 3. Then,

inclination correction of minus u h yields: [err] 5 wher &i nt[ ef
Equations 16 and 17 define the face curva7f a flexspline tooth profile
which will stay in substantial

-12- P's coordinate systemhas its origin Oﬁlmﬂwmm mr

wherein at least a face profile of the
circular spline gear teeth is defined by an arc
segment of known curvature while a face profile of
the flexspline gear teeth is defined by a curve
5 which allows several flexspline teeth to remain in
contact with the teeth on the circular spline.

11. The method of Claim 10 wherein a transition region
is formed between the face and flank of the
flexspline teeth.

10 12. The method of Claim 10 wherein the arc segment
curvature is from the group of curves comprising
circles, ellipses, or parabolas.

13. The method of Claim 10 wherein the face tooth
profile of the circular spline is a circular arc
15 segment and the face tooth profile of the
flexspline is defined by the equations:

dy, _\|(dx°z av, Y| N
=|Ri- =0 0 *l a8 (x, + Ri}~u-h
and
' 2
ot T
Ye = (R 158 \](‘d‘e' *lg8)]
and
1 . dr

= - = -1 (. = Phunianiy
h=y, -y, and u = tan z 46

g the

[err]



contact with a face of a tooth of a fixed circular 10 spline throu
subst’'antial portion of the novenent |ocus of the flexspline peesH

profile of the face of the circular spline is defined b
segnent. The remai nder of the flexspline tooth profile i
flank profile is preferably a circular segrent matching R
face segnent. A short tranS|t|on reglon Is al so necessary to join the flank
and face segments and i ‘ 28.%, : By tr a 5 strai ght

| i ne segnent. Equival ents Thosgagﬁohk@dnnmvﬁtheEtEsnll recogni ze, or be
able to ascertain using no nore than routlne experinmentation, many
equi val ents to specific enbodi nents of the

Abstract of the Disclosure

ghoA

ar spline

The present invention relates to an extended tooth

5 contact harmonic drive gearing apparatus for
transmitting rotary motion from an input drive to an
output drive through mating contact between the gear
teeth of a flexspline and a rigid circular spline, the
flexspline being rotated into non-circular shape by a

10 wave generator. The profile of the flexspline teeth are
generated to cause the teeth of the flexspline to
contact more than one tooth of the circular spline by
forming a face profile on the flexspline teeth in
accordance with a predetermined equation while the flank

15 tooth profile of the circular spline is formed of a
known arc segment, such as, a circle, ellipse or
parabola.
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10 invention described For exanple, while the
i nvention has been expl apie iogn with a sinple circular arc,

| nnec
other arcs, such as, a pa tikéé&m ‘REFi pse are contenpl ated, _in whi
t he e_quation for an elli p%ﬂ Wﬂﬂ _vvoul d be subs E&ue q BEEN
equation 2 above. Such eq i ntended to bellendd EPCACED N t he

scope of the follow ng clains. CLAIM5S W O aim 1. |{L_Aharrpat-e—¢
gearing apparatus for transmtting rotary notion froman input drive to an
out put 5 drive, conprising: a circylar spline having gear teeth

t hereon said circular spline gear te e face profile and a flank
profile; |

FIG. 4



a flexspline having §éar teéth thereon 10 arranged radi ally adj acent
said tircular spline, said flexspline gear teeth having a face profile and

a flank profile and a transit+en—+egion therebetween; a non-circul ar_wave

generator having a nmaj or giosy axj,s,and a mnor axis 1 radl g
adj acent said circul ar spljf i e ?é‘d_ to deform sa" JW‘?% kﬁ%en
rotated, to generate rel atl "Mml ween the flexspju he

circular spline; and 20 in at least a face profile of the
circular spline gear teeth is defined by an arc segnment of known curvature .
while a face profile of the flexspline gear teeth is defined by a curve

which all ows several flexspline teeth to remain in 25 contact with
the teeth on the circular spline. 2. The apparatus of Claim 1l wherein the
transition . l
| 35)

42

18 12

22 2% 0,
16

FIG. 2



region profile’ isTa stral ght Tine. 3.° The apparatus 'of Caim1l wherein

the arc segnent curvature is fromthe group of curves conprising 30

circles, ellipses, or parabotas: 4 Theappara §
the face tooth profile of t¥s Shedt €16 Bten Réplabdae 1S a |THI§%!T‘E%TrUA§@§EH i
the face tooth profile of th def i ned oyt hBERLAGEPONS:

jmmnﬂiﬂﬂmug gearing apparatuas Tor
ive to an out put

5 and [err] and [err] 5.
transmtting rotary notion f

NON

in
and
err]

~ a Circular
// \\ yf_
/
{
\ 1
\ b
\
AN
~
~——
3
Flexspline
26
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drive,: conprising: 10 ' ' a/ZEEEE;EF““‘ e ving gear teeth
thereon said circular spline gear g '
profiLP; a flexspline having gear te€eg : ,
said circular spline, 15 said flexspline geatieeth having a face
profile and a flank profile; a wave gené?%QTN' having a major axis and a

m nor axi s arranged radj ' N} S Al i LoHLab-SRl-~REerwand adapted to
deform sai d flexspline‘?\%ﬁwf Q&Q Sl T—to gJenerare ngative not i on
between the flexspline and t he HARMONEC DRIVE\DEEICES\herein at | east a face

profile of the circular spline gear teeth is defined by a circular arc
segnment while a face profile of the flexspline 25 gear teeth is
defined by a curve which al | GMgstract of the Disclosure

The present invention relates to an extended tooth

5 contact harmonic drive gearing apparatus for
transmitting rotary motion from an input drive to an
output drive through mating contact between the gear
teeth of a flexspline and a rigid circular spline, the
flexspline being rotated into non-circular shape by a

10 wave generator. The profile of the flexspline teeth are
generated to cause the teeth of the flexspline to
contact more than one tooth of the circular spline by
forming a face profile on the flexspline teeth in
accordance with a predetermined equation while the flank

15 tooth profile of the circular spline is formed of a
known arc segment, such as, a circle, ellipse or
parabola.
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several® flexspline teeth to remain in contact with the teeth on the

circul ar spline. 6. The apparatus of Cdaim1 including a transition
regi on petween the face and flank profile of the 5 f@@)\ .
teeth. 7. The apparatus of Caimb5 wherein the arc segnepts HEET
fromthe group of curves conprising circles, ellipses, or pafabolas. 8.
The apparatus of Caim7 wherein the toofh profile 10 bf 3t hdANI 199X
the flexspline is a circular arc segmentT—9. The apparatjsj of aim8
f 1 ank an f
Le.gearing

FIG. 4




I nput drive to an output drive, conprising the steps of: a)
circular spline with gear teeth 20 t hereon
and a flank profile; b) formng a flexspline with ge
a face profile and a flank profile; c) formng a wav
maj or axis 25 and a minor axig for deformn
when rotated, to generate relative notiombetween the

formng a

circular spline; and -17- wherein at least a face p
circular spline gear teeth is defined by an arc




segnent of known Tiurvatire while a face profile of the=d
teeth is defined by a curve 5 whi ch al |l ows sevelREPIA
to remain in contact with the teeth on the circular splf
of Clsaim 10 wherein a transition region. is formed bet
flank of the flexspline teeth. 10 12. TBe method of
arc segnent curvature is fromthe group of curves co =
el li pses, or parabolas. 13. The nethod of C aim 10 whkr ei
profile of the circular spline is a circular arc 15 ° SegTeTt—art he
face tooth profile of the flexspline is defined by the equations: [err] and
[err] and '

_Flexspline
26 L —
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TABpTication No. 96108022

—rEXT OF THE ABSTRACT

ELIMINATION OF TOOTH INTERFERENCE IN HARMONIC DRIVE DEVICES

The present invention relates to an extended tooth contact harmonic drive gearing apparatus -
(10) for transmitting rotary motion from an input drive to an output drive through mating .
contact between the gear teeth of a flexspline (26) and a rigid circular (28) spline, the
flexspline (26) being rotated into non-circular shape by a wave generator (12). The profile of
the flexspline teeth are generated to cause the teeth of the flexspline (26) to contact more than
one tooth (62) of the circular spline (28) by forming a face profile (60A,60B,60C) on the
flexspline teeth in accordance with a predetermined equation while the flank tooth profile
(62A) of the circular spline (28) is formed of a known arc segment, such as, a circle, ellipse or
. parabola. - '
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