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(54) COMPOUND HARMONIC GEAR

(57) A compound harmonic actuator is provided and
includes a motor (101), a flex spline (102) disposed about
the motor and a wave generator (103) radially interpos-
able between the motor and the flex spline. The wave

generator being rotatably drivable by the motor and
shaped to form the flex spline into an elliptical shape with
an axis such that wave generator rotations drive rotations
of the axis of the ellipse of the flex spline.
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Description

STATEMENT OF FEDERAL SUPPORT

[0001] This invention was made with government sup-
port under FA8650-15-C-2500 awarded by United States
Air Force. The government has certain rights in the in-
vention.

BACKGROUND

[0002] The following description relates to an actuation
system for an aircraft and, more specifically, to com-
pound harmonic drive assemblies of a rotary actuator.
[0003] A compound harmonic drive can reduce back-
lash in a motion-control system. A compound harmonic
gear of a compound harmonic drive allows high reduction
ratios with concentric shafts and relatively low backlash
and vibration. The structure and operation of a harmonic
gear are based upon a relatively simple construction us-
ing elasto-mechanical properties of metal.
[0004] The harmonic gear typically includes a wave
generator, a flexible (flex) spline and a ring gear. The
wave generator is an oval or elliptical cam with a thin
bearing placed around an outer circumference thereof
and is mounted onto a shaft of a motor. The flex spline
is thin and made of elastic metal with external teeth
formed along an outer circumference thereof (or with in-
ternal teeth formed along an inner circumference thereof
in an inverted harmonic drive). The ring gear is a rigid
internal gear with internal teeth formed along an inner
circumference thereof. the ring gear has a different
number of internal teeth than the flex spline has external
teeth. The ring gear is attached to a gearbox along an
outer circumference thereof. The wave generator, the
flex spline and the ring gear are co-axially aligned with
respect to each other.
[0005] In operation, the wave generator is mounted on
a drive shaft and rotatable such that it imparts a contin-
uously moving elliptical form or wave-like motion to the
flex spline. This causes a meshing of the external teeth
of the flex spline with the internal teeth of the ring gear
at respective equidistant points of engagement or con-
nection thereof to progress in a continuously rolling fash-
ion. It also allows for full-teeth axial disengagement or
disconnection at the points opposite a minor axis of the
wave generator. A major axis of the flex spline actually
rotates with the wave generator, so the points where the
corresponding teeth mesh with each other revolve
around a center point at a rate equal to that of the wave
generator.
[0006] Since the flex spline has fewer external teeth
than the ring gear has internal teeth and the full-teeth
axial disconnect is made possible by the ellipticity of the
wave generator, each complete revolution of the wave
generator causes a circumferential displacement of the
flex spline in relation to the ring gear. This displacement
is always in a direction opposite to that of the rotation of

the wave generator. That is, if the wave generator is ro-
tating in a clockwise direction, the displacement of the
flex spline is in a counter-clockwise direction and vice
versa. In this way, the compound harmonic drive is ca-
pable of functioning as a speed reducer.
[0007] In an aircraft system, for example, a rotary elec-
tromechanical actuator (rotary EMA) is implemented
mainly for ailerons, flaps, slats and spoiler and other
flight-control surfaces. In this context, the compound har-
monic drive is incorporated with the rotary EMA.

BRIEF DESCRIPTION

[0008] According to one aspect of the disclosure, a
compound harmonic actuator is provided. The com-
pound harmonic actuator includes a motor, a flex spline
disposed about the motor and a wave generator radially
interposable between the motor and the flex spline. The
wave generator is rotatably drivable by the motor and
shaped to form the flex spline into an elliptical shape with
an axis such that wave generator rotations drive rotations
of the axis of the ellipse of the flex spline. The wave gen-
erator includes a scalloped outer surface and roller bear-
ings arranged circumferentially about the scalloped outer
surface.
[0009] In accordance with additional or alternative em-
bodiments, the compound harmonic actuator further in-
cludes a ground arm in which the motor is supportively
disposable and an output arm which is drivable by the
flex spline to pivot within a predefined range of angles
relative to the ground arm.
[0010] In accordance with additional or alternative em-
bodiments, the wave generator is shaped to form the flex
spline into an irregular elliptical shape with multiple major
axes.
[0011] In accordance with additional or alternative em-
bodiments, the scalloped outer surface includes sequen-
tial ridges and lands.
[0012] In accordance with additional or alternative em-
bodiments, a distal edge of each ridge is sharp.
[0013] In accordance with additional or alternative em-
bodiments, a distal edge of each ridge is radially aligned
with or terminal within respective central longitudinal ax-
es of adjacent roller bearings.
[0014] In accordance with additional or alternative em-
bodiments, the flex spline is formed as only a single uni-
tary piece.
[0015] In accordance with additional or alternative em-
bodiments, the flex spline includes a ground flex spline
configured to interface with the wave generator and hav-
ing a first number of external teeth, an output flex spline
configured to interface with an output gear and having a
second number of external teeth which is different from
the first number and a coupling configured to interface
with the respective first and second numbers of external
teeth of the ground and output flex splines.
[0016] According to another aspect of the disclosure,
a compound harmonic actuator is provided and includes
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a motor, a flex spline disposed about the motor and
formed as only a single unitary piece and a wave gener-
ator radially interposable between the motor and the flex
spline. The wave generator is rotatably drivable by the
motor and shaped to form the flex spline into an elliptical
shape with an axis such that wave generator rotations
drive rotations of the axis of the ellipse of the flex spline.
[0017] In accordance with additional or alternative em-
bodiments, the compound harmonic actuator further in-
cludes a ground arm in which the motor is supportively
disposable and an output arm which is drivable by the
flex spline to pivot within a predefined range of angles
relative to the ground arm.
[0018] In accordance with additional or alternative em-
bodiments, the wave generator is shaped to form the flex
spline into an irregular elliptical shape with multiple major
axes.
[0019] In accordance with additional or alternative em-
bodiments, the wave generator includes a scalloped out-
er surface and roller bearings arranged circumferentially
about the scalloped outer surface. The scalloped outer
surface includes sequential ridges and lands. Each roller
bearing rolls about a central longitudinal axis thereof in
a corresponding land.
[0020] In accordance with additional or alternative em-
bodiments, the single unitary piece of the flex spline in-
cludes a body integrally formed with a smooth interior
diameter and external teeth.
[0021] According to yet another aspect of the disclo-
sure, a compound harmonic actuator is provided and in-
cludes a motor, a flex spline disposed about the motor
and a wave generator radially interposable between the
motor and the flex spline. The wave generator is rotatably
drivable by the motor and shaped to form the flex spline
into an elliptical shape with an axis such that wave gen-
erator rotations drive rotations of the axis of the ellipse
of the flex spline. The flex spline includes a ground flex
spline configured to interface with the wave generator
and having a first number of external teeth, an output flex
spline configured to interface with an output gear and
having a second number of external teeth which is dif-
ferent from the first number and a coupling configured to
interface with the respective first and second numbers
of external teeth of the ground and output flex splines.
[0022] In accordance with additional or alternative em-
bodiments, the compound harmonic actuator further in-
cludes a ground arm in which the motor is supportively
disposable and an output arm which is drivable by the
output flex spline to pivot within a predefined range of
angles relative to the ground arm.
[0023] In accordance with additional or alternative em-
bodiments, the wave generator is shaped to form the flex
spline into an irregular elliptical shape with multiple major
axes.
[0024] In accordance with additional or alternative em-
bodiments, the wave generator includes a scalloped out-
er surface and roller bearings arranged circumferentially
about the scalloped outer surface. The scalloped outer

surface includes sequential ridges and lands. Each roller
bearing rolls about a central longitudinal axis thereof in
a corresponding land.
[0025] In accordance with additional or alternative em-
bodiments, the coupling includes a first ring gear having
internal teeth to interface with the first number of external
teeth of the ground flex spline, a second ring gear having
internal teeth to interface with the second number of ex-
ternal teeth of the output flex spline and coupling pins
disposed to secure the first and second ring gears.
[0026] In accordance with additional or alternative em-
bodiments, the ground flex spline is provided as first and
second ground flex splines on either side of the output
flex spline.
[0027] In accordance with additional or alternative em-
bodiments, the coupling includes first ring gears that each
have internal teeth to interface with the first number of
external teeth of each of the first and second ground flex
splines, second ring gears that each have internal teeth
to interface with the second number of external teeth of
the output flex spline and first and second sets of coupling
pins disposed to secure each of the first ring gears to one
of the second ring gears.
[0028] These and other advantages and features will
become more apparent from the following description
taken in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The subject matter, which is regarded as the
disclosure, is particularly pointed out and distinctly
claimed in the claims at the conclusion of the specifica-
tion. The foregoing and other features, and advantages
of the disclosure are apparent from the following detailed
description taken in conjunction with the accompanying
drawings in which:

FIG. 1 is a perspective view of a compound harmonic
actuator in accordance with embodiments;

FIG. 2 is a schematic axial view of a wave generator
of the compound harmonic actuator of FIG. 1 in ac-
cordance with alternative embodiments;

FIG. 3 is a schematic axial view of a wave generator
of the compound harmonic actuator of FIG. 1 in ac-
cordance with alternative embodiments;

FIG. 4 is a top-down view of the compound harmonic
actuator of FIG. 1;

FIG. 5 is a cutaway side view of the compound har-
monic actuator of FIG. 1 taken along line 5-5 of FIG.
4;

FIG. 6 is an enlarged view of the encircled portion
of FIG. 5;
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FIG. 7 is an enlarged view of the encircled portion
of FIG. 4;

FIG. 8 is a perspective view of a wave generator of
the compound harmonic actuator of FIGS. 1-7 in ac-
cordance with embodiments;

FIG. 9 is a perspective view of roller bearings pro-
vided about the wave generator of FIG. 8;

FIG. 10 is an enlarged axial view of a portion of the
wave generator of FIG. 8;

FIG. 11 is a perspective view of a flex spline of the
compound harmonic actuator of FIGS. 1-7 in accord-
ance with embodiments;

FIG. 12 is an enlarged axial portion of a section of
the flex spline of FIG. 10; and

FIG. 13 is a perspective view of a flex spline of the
compound harmonic actuator of FIGS. 1-7 in accord-
ance with embodiments.

DETAILED DESCRIPTION

[0030] As will be described below, a compound har-
monic actuator is provided with at least one or more im-
provements. As a first example of the one or more im-
provements, a wave generator of the compound harmon-
ic actuator may include a scalloped outer surface that
secures roller bearings in place and negates a need for
a cage. As a second example of the one or more im-
provements, a flex spline of the wave generator may in-
clude only a single unitary piece. As a third example of
the one or more improvements, the flex spline of the wave
generator may include a ground flex spline, an output
flex spline and a coupling configured to interface with the
ground and output flex splines. The first and second im-
provements may be employed together and the first and
third improvements may be employed together.
[0031] With reference to FIGS. 1-7, a compound har-
monic actuator 100 is provided. The compound harmonic
actuator 100 includes a motor 101, a flex spline 102 and
a wave generator 103. The motor 101 includes an interior
stator with windings that are receptive of current and a
rotor disposed about the interior stators. The rotor in-
cludes a circumferential array of magnets such that,
when current is supplied to the windings via wiring 1010,
a flux moment is induced in the rotor which causes the
rotor to rotate. This rotary motion serves to drive corre-
sponding rotations of the wave generator 103. The flex
spline 102 is disposed about the motor 101 with the wave
generator 103 radially interposable between the motor
101 and the flex spline 102. The wave generator 103 is
rotatably drivable by the motor 101 as noted above and
is shaped to form the flex spline 102 into an elliptical
shape 201 with a major axis 202 (see FIG. 2) or into an

irregular elliptical shape 301 with multiple major axes 302
(see FIG. 3). The rotational driving of the wave generator
103 drives corresponding rotations of the major axis 202
or the major axes 302 of the flex spline 102.
[0032] The flex spline 102 has a number of external
teeth that can interface with a number of internal teeth
of an output gear, an output arm or a coupling as will be
described below. Since the number of the external teeth
of the flex spline 102 is different than the number of in-
ternal teeth of the output gear, the output arm or the cou-
pling, the rotations of the major axis 202 of the major
axes 302 of the flex spline 102 drive corresponding (re-
verse) and geared-down rotations of the output gear, the
output arm or the coupling.
[0033] The compound harmonic actuator 100 may fur-
ther include one or more ground arms 104 and an output
arm 105. The motor 101 is supportively disposable within
the one or more ground arms 104 and the output arm is
drivable by the flex spline 102 to pivot within a predefined
range of angles relative to the one or more ground arms
104. In some cases, the compound harmonic actuator
100 may be employed to control certain surfaces of a
wing of an aircraft where a relatively large amount of
torque is required to pivot an aerodynamic surface rela-
tive to another aerodynamic surface. For example, the
one or more ground arms 104 may be affixed to an aircraft
wing spar and the output arm 105 may be affixed to an
aileron of the aircraft wing. In such cases, as the output
arm 105 pivots relative to the one or more ground arms
104, the aileron correspondingly pivots relative to the
spar. The angular range of such pivoting is limited by
software which prevents an over rotation in either direc-
tion of the motor 101 and by mechanical features (e.g.,
the guide 106 of the output arm 105 and the boss 107 of
the one or more ground arms 104 which moves through
the guide 106 during pivoting).
[0034] While conventional wave generators are typi-
cally provided with smooth outer surfaces and cages that
secure roller bearings in place, with reference to FIGS.
8-10, the wave generator 103 may include a scalloped
outer surface 801 and roller bearings 901 which are ar-
ranged circumferentially and side-by-side about the scal-
loped outer surface 801 and which are respectively se-
cured in placed by each corresponding scallop. That is,
as shown in FIG. 10, the scalloped outer surface 801 is
formed of or includes sequential ridges 802 and lands
803 where a sequential pair of ridges 802 and the inter-
vening land 803 forms an individual scallop 804 in which
an individual roller bearing 901 is rotatably disposable to
rotate about a central longitudinal axis A thereof. In ac-
cordance with embodiments, a distal edge 1001 of each
ridge 802 may be relatively sharp and may be radially
aligned with or terminal within respective central longitu-
dinal axes of adjacent roller bearings 901.
[0035] While conventional flex splines are typically pro-
vided as a central flex spline part from which two inner
rings extend and lateral flex spline parts that are fittable
over exterior surfaces of the two inner rings, with refer-
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ence to FIGS. 11 and 12, the flex spline 102 is formed
as only a single unitary piece 1101. As shown in FIG. 12,
this single unitary piece 1101 includes a body 1201 that
is integrally formed with a smooth interior diameter (ID)
surface 1202 and external teeth 1203. The smooth ID
surface 1202 is impinged upon by the roller bearings 901
(or by a bearing race) of the flex spline 102 as the flex
spline 102 is rotated by the wave generator 103. As
shown in FIG. 11, the smooth ID surface 1202 is contin-
uous and without a seam or a break whereas, in accord-
ance with embodiments, the external teeth 1203 may be
formed to define one or more machining slots 1102 which
run circumferentially about the flex spline 102. The ma-
chining slots 1102 may be produced as a result of the
machining of the external teeth 1203 and are not specif-
ically required. Where the machining slots 1102 are pro-
vided, however, they define groups of external teeth that
may have similar or different numbers of external teeth.
[0036] In accordance with further embodiments and,
with reference to FIG. 13, the flex spline 102 may include
first and second ground flex splines 1301 and 1302, an
output flex spline 1303 and a coupling 1304. The first and
second ground flex splines 1301 and 1302 are disposed
on either side of the output flex spline 1303. The coupling
1304 includes first ring gears 1305 that have internal
teeth, second ring gears 1306 that have internal teeth
and first and second sets of coupling pins 1307 and 1308
that are disposed to secure each of the first ring gears
1305 to a corresponding one of the second ring gears
1306.
[0037] The respective IDs of the first and second
ground flex splines 1301 interface with the rollers 901 of
the wave generator 103. The first and second ground flex
splines 1301 and 1302 have a first number of external
teeth that interface with internal teeth of for example the
one or more ground arms 104 and the internal teeth of
the first ring gears 1305. The output flex spline 1303 has
a second number of external teeth, which is different from
the first number. These external teeth interface with an
output gear, such as the output arm 105, and with the
internal teeth of the second ring gears 1306.
[0038] The flex spline 102 of FIG. 13 has unique char-
acteristics since the flex spline 102 needs to deform con-
stantly due to the nature of the compound harmonic drive
and since the flex spline 102 needs to transmit torque
between the first and second ground flex splines 1301
and 1302 and the output flex spline 1303.
[0039] Thus, in operation, the wave generator 103
pushes the first and second ground flex splines 1301 and
1302 into the first ring gears 1305 by straining the flex
spline 102. This strain results in cyclic stresses which
can lead to fatigue and one method to reduce the stresses
is to make the flex spline 102 relatively thin. While this
would reduce the stress associated with the induced
wave generator deformation, it reduces the ability of the
flex spline 102 to transmit torque. The coupling 104 ad-
dresses this issues and makes it possible to transmit
torque from the first and second ground flex splines 1301

and 1302 to the output flex spline 1303 (here a thickness
of the flex spline 102 can be based on the stresses in-
duced by deformation caused by the wave generator
103).
[0040] While the disclosure is provided in detail in con-
nection with only a limited number of embodiments, it
should be readily understood that the disclosure is not
limited to such disclosed embodiments. Rather, the dis-
closure can be modified to incorporate any number of
variations, alterations, substitutions or equivalent ar-
rangements not heretofore described, but which are com-
mensurate with the scope of the invention as defined by
the claims. Additionally, while various embodiments of
the disclosure have been described, it is to be understood
that the exemplary embodiment(s) may include only
some of the described exemplary aspects. Accordingly,
the disclosure is not to be seen as limited by the foregoing
description, but is only limited by the scope of the ap-
pended claims.

Claims

1. A compound harmonic actuator, comprising:

a motor (101);
a flex spline (102) disposed about the motor; and
a wave generator (103) radially interposable be-
tween the motor and the flex spline and rotatably
drivable by the motor and shaped to form the
flex spline into an elliptical shape with an axis
such that wave generator rotations drive rota-
tions of the axis of the ellipse of the flex spline,
the wave generator comprising a scalloped out-
er surface (801) and roller bearings (901) ar-
ranged circumferentially about the scalloped
outer surface.

2. The compound harmonic actuator according to claim
1, further comprising:

a ground arm (104) in which the motor is sup-
portively disposable; and
an output arm (105) which is drivable by the flex
spline to pivot within a predefined range of an-
gles relative to the ground arm.

3. The compound harmonic actuator according to claim
1 or 2, wherein the wave generator is shaped to form
the flex spline into an irregular elliptical shape (301)
with multiple major axes (302).

4. The compound harmonic actuator according to any
preceding claim, wherein the scalloped outer surface
comprises sequential ridges (802) and lands (803).

5. The compound harmonic actuator according to claim
4, wherein a distal edge of each ridge is sharp.
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6. The compound harmonic actuator according to claim
4 or 5, wherein a distal edge of each ridge is radially
aligned with or terminal within respective central lon-
gitudinal axes of adjacent roller bearings.

7. The compound harmonic actuator according to any
preceding claim, wherein the flex spline is formed as
only a single unitary piece (1101).

8. The compound harmonic actuator according to any
of claims 1 to 6, wherein the flex spline comprises:

a ground flex spline (1301) configured to inter-
face with the wave generator and having a first
number of external teeth;
an output flex spline (1303) configured to inter-
face with an output gear and having a second
number of external teeth which is different from
the first number; and
a coupling (1304) configured to interface with
the respective first and second numbers of ex-
ternal teeth of the ground and output flex splines.

9. A compound harmonic actuator, comprising:

a motor (101);
a flex spline (102) disposed about the motor; and
a wave generator (103) radially interposable be-
tween the motor and the flex spline and rotatably
drivable by the motor and shaped to form the
flex spline into an elliptical shape with an axis
such that wave generator rotations drive rota-
tions of the axis of the ellipse of the flex spline,
the flex spline comprising:

a ground flex spline (1301) configured to in-
terface with the wave generator and having
a first number of external teeth;
an output flex spline (1303) configured to
interface with an output gear and having a
second number of external teeth which is
different from the first number; and
a coupling (1304) configured to interface
with the respective first and second num-
bers of external teeth of the ground and out-
put flex splines.

10. The compound harmonic actuator according to claim
9, further comprising:

a ground arm (104) in which the motor is sup-
portively disposable; and
an output arm (105) which is drivable by the out-
put flex spline to pivot within a predefined range
of angles relative to the ground arm.

11. The compound harmonic actuator according to claim
9, wherein the wave generator is shaped to form the

flex spline into an irregular elliptical shape (301) with
multiple major axes (302).

12. The compound harmonic actuator according to claim
9, wherein the wave generator comprises a scal-
loped outer surface (801) and roller bearings (901)
arranged circumferentially about the scalloped outer
surface, wherein:

the scalloped outer surface comprises sequen-
tial ridges (802) and lands (803),
each roller bearing rolls about a central longitu-
dinal axis thereof in a corresponding land.

13. The compound harmonic actuator according to claim
9, wherein the coupling comprises:

a first ring gear (1305) having internal teeth to
interface with the first number of external teeth
of the ground flex spline;
a second ring gear (1306) having internal teeth
to interface with the second number of external
teeth of the output flex spline; and
coupling pins (1307) disposed to secure the first
and second ring gears.

14. The compound harmonic actuator according to claim
9, wherein the ground flex spline is provided as first
and second ground flex splines on either side of the
output flex spline.

15. The compound harmonic actuator according to claim
14, wherein the coupling comprises:

first ring gears that each have internal teeth to
interface with the first number of external teeth
of each of the first and second ground flex
splines;
second ring gears that each have internal teeth
to interface with the second number of external
teeth of the output flex spline; and
first and second sets of coupling pins disposed
to secure each of the first ring gears to one of
the second ring gears.
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