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Two-Axis Motor-Driven Spherical Orienting Mechanism

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to mechanisms for orienting a payload and, in
particular, it concerns a two-axis motor-driven orienting mechanism.

Two-axis spherical orienting devices, which orient a payload towards a desired
direction in space by rotating it around a fixed point, are used in many fields of
technology. Of particular interest in the context of the present invention are applications
in which the orientation of an optical payload, such as a lens or mirror, needs to be
controlled about two axes.

A conventional mechanism for the tilting of an orientable device into two
directions is an assembly of two gimbals, i.e., pivoted supports that each allow the
rotation of a device about a single axis, wherein one inner gimbal is mounted on an outer
gimbal with orthogonal pivot axes. However, in order to actuate the inner gimbal, an
actuating motor has to be carried and displaced by the outer gimbal. This leads to an
increase in the moment of inertia against which the outer gimbal operates, limiting the
mechanism’s ability to perform rapid movements.

U.S. Patent No. 5,966,991 discloses a two degree-of-freedom spherical orienting
device in which a “spherical five-bar mechanism” supporting a payload is actuated by

two rotary actuators which are in fixed positions relative to a base.
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SUMMARY OF THE INVENTION

The present invention is a spherical orienting mechanism for orienting a payload
about two axes.

According to the teachings of an embodiment of the present invention there is
provided, a spherical orienting mechanism for orienting a payload relative to two axes of
rotation about a center of rotation, the mechanism comprising: (a) a payload support
located at the center of rotation; (b) a frame at least partially encompassing the payload
support; (c) a first drive assembly comprising: (i) a first motor deployed in fixed relation
to the frame, and (ii) a first drive arm deployed so as to be driven by the first motor to
rotate about a first drive axis aligned with the center of rotation, the payload support being
supported relative to the first drive arm by a first support rotary joint, the first support
rotary joint defining a first support rotation axis that is transverse to the first drive axis
and aligned with the center of rotation; (d) a second drive assembly comprising: (i) a
second motor deployed in fixed relation to the frame, and (ii) a second drive arm
deployed so as to be driven by the second motor to rotate about a second drive axis,
transverse to the first drive axis and aligned with the center of rotation, the second drive
arm being linked to the payload support by a coupling linked to the second drive arm via
a coupling rotary joint and to the payload support via a second support rotary joint, the
coupling rotary joint defining a coupling rotation axis that is transverse to the second
drive axis and aligned with the center of rotation, the second support rotary joint defining
a second support rotation axis that is transverse to the coupling rotation axis and to the
first support rotation axis, wherein the first drive arm is supported relative to the frame

for rotation about the first drive axis by a first set of two bearing assemblies located on
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opposite sides of the center of rotation, and wherein the second drive arm is supported
relative to the frame for rotation about the second drive axis by a second set of two
bearing assemblies located on opposite sides of the center of rotation.

According to a further feature of an embodiment of the present invention, the first
frame is a closed frame encompassing the payload support.

According to a further feature of an embodiment of the present invention, the
bearing assemblies of the first and second sets of bearing assemblies are implemented as
loaded duplex bearing assemblies.

According to a further feature of an embodiment of the present invention, at least
one of the first set of two bearing assemblies is a back-to-back loaded duplex bearing
assembly, and at least one of the second set of two bearing assemblies is a back-to-back
loaded duplex bearing assembly.

According to a further feature of an embodiment of the present invention, one of
the first set of two bearing assemblies is a back-to-back loaded duplex bearing assembly
and another of the first set of two bearing assemblies is a face-to-face loaded duplex
bearing assembly, and wherein one of the second set of two bearing assemblies is a back-
to-back loaded duplex bearing assembly and another of the second set of two bearing
assemblies is a face-to-face loaded duplex bearing assembly.

According to a further feature of an embodiment of the present invention, the first
drive arm has a bifurcated medial portion defining a medial opening, and wherein the
first support rotary joint comprises a third set of two bearing assemblies located on
opposite sides of the center of rotation supporting the payload support bilaterally from

the bifurcated medial portion of the first drive arm.
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According to a further feature of an embodiment of the present invention, the
coupling extends from the second drive arm through the medial opening in the first drive
arm.

According to a further feature of an embodiment of the present invention, an end

5 portion of the coupling is bifurcated, and wherein the second support rotary joint
comprises a fourth set of two bearing assemblies located on opposite sides of the center
of rotation supporting the payload support bilaterally from the bifurcated end portion of
the coupling.

According to a further feature of an embodiment of the present invention, the

10 bearing assemblies of the third and fourth sets of bearing assemblies are implemented as
loaded duplex bearing assemblies.

According to a further feature of an embodiment of the present invention, the
coupling rotary joint is configured to provide adjustability of an axial position of the

coupling along the coupling rotation axis.

15 BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to the
accompanying drawings, wherein:
FIGS. 1A-1C are upper and lower isometric views, and a bottom view, of an
orienting mechanism, constructed and operative according to the teachings of an
20  embodiment of the present invention;
FIG. 2 is a lower isometric view of a payload and payload support from the

orienting mechanism of FIG. 1A;
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FIGS. 3A-3D are lower isometric views similar to FIG. 1B showing various
selected components and their interconnections with the payload support of FIG. 2;

FIGS. 4A and 4B are schematic cross-sectional views taken through loaded duplex
bearing assemblies with a back-to-back configuration and a face-to-face configuration,
respectively;

FIG. 5 is a cut-away isometric view of the orienting mechanism of FIG. 1 cut away
along the dashed line V in the direction indicated by the associated arrows;

FIG. 6 is a cut-away isometric view of the orienting mechanism of FIG. 1 cut away
along the dashed line VI in the direction indicated by the associated arrows; and

FIG. 7 is a cut-away isometric view of the orienting mechanism of FIG. 1 cut away

along the dashed line VII in the direction indicated by the associated arrows.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is a spherical orienting mechanism for orienting a payload
about two axes.

The principles and operation of orienting mechanisms according to the present
invention may be better understood with reference to the drawings and the accompanying
description.

Referring now to the drawings, FIGS. 1A-7 are various full and partial views of a
spherical orienting mechanism, generally designated 10 for orienting a payload 12
relative to two axes of rotation about a center of rotation 14. In the non-limiting example
illustrated throughout the drawings, the payload is an optical mitror, which may be used

to control the line of sight of an optical device (not shown), which may be, for example,
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a scanning imaging system or an active laser. Although illustrated in this context, the
payload may be any type of payload for which an orienting mechanism is needed.

Mechanism 10 includes a payload support 16 located at the center of rotation 14.
The payload support may be a distinct support platform which support the payload, or
may be integrated with the payload as illustrated here. A frame 18 at least partially
encompasses payload support 16, and is most preferably implemented as a closed frame
encompassing payload support 16, thereby providing enhanced rigidity to the
mechanism. The terminology of a “closed frame” and “encompassing” are used
according to their normal meanings, and refer to a structure which extends continuously
around the payload support, in some cases such that the frame defines a continuous frame
around the payload support in at least one plane, and typically in a plane that is roughly
orthogonal to a neutral facing direction of the payload (e.g., a vector normal to the mirror
surface). The continuity of a closed frame is valuable for the additional rigidity that it
provides compared to an open frame, but it will be understood that such rigidity can be
provided even if the closure is not continuous in a single plane.

In order to align the payload support about two axes, mechanism 10 includes a
first drive assembly including a first motor 20 deployed in fixed relation to frame 18, and
a first drive arm 22 deployed so as to be driven by first motor 20 to rotate about a first
drive axis 24 aligned with the center of rotation 14, and a second drive assembly including
a second motor 26 deployed in fixed relation to frame 18 and a second drive arm 28
deployed so as to be driven by second motor 26 to rotate about a second drive axis 30.
The second drive axis 30 is transverse, and preferably perpendicular, to first drive axis

24 and aligned with the center of rotation 14.
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The connection of the payload support 16 to the first and second drive arms 22
and 28 will be best understood with reference to FIG. 2 and FIGS. 3A-3D, which show
selected elements in isolation in order to reveal the mechanical relation between them.

Referring first to FIG. 2, this shows the payload support 16 with associated axles
32 defining a first support rotation axis 34 and axles 36 defining a second support rotation
axis 38. As best seen in FIG. 3B, payload support 16 is directly supported relative to first
drive arm 22 by a first support rotary joint that is freely rotatable about first support
rotation axis 34, so that first support rotation axis 34 is transverse, and preferably
perpendicular, to first drive axis 24 and aligned with the center of rotation 14. In this
manner, rotation of first drive arm 22 directly controls tilt of payload support 16 (and
hence mirror 12) about axis 24 while leaving payload support 16 free to tilt about first
support rotation axis 34 under control of the second drive assembly.

Second drive arm 28 is linked to payload support 16 by a coupling 40 linked to
second drive arm 28 via a coupling rotary joint 42 and to payload support 16 via a second
support rotary joint. The coupling rotary joint 42 defines a coupling rotation axis 44 that
is transverse, and preferably perpendicular, to the second drive axis 30 and aligned with
center of rotation 14. The second support rotary joint is rotatable about second support
rotation axis 38 that is transverse, and preferably perpendicular, to coupling rotation axis
44 and to the first support rotation axis 34. These features are best seen in FIG. 3C, where
both drive arms are removed to reveal the structure of coupling 40, and FIG. 3D, which
shows the assembly associated with second drive arm 28 while omitting first drive arm
22 for clarity. It will be noted that rotation of second drive arm 28 actuates motion of
coupling 40 and thereby tilts payload support 16 about first support rotation axis 34 (the

position of which is defined by the position of first drive arm 22, as described above).
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Coupling rotary joint 42 provides the extra degree of freedom required to accommodate
the combination of rotations. The overall arrangement of both drive arms is shown in
FIG. 3A.

The term “transverse” as used herein refers to axes which are sufficiently
angularly spaced as to allow a combination of rotations about those axes to achieve the
entire range of required orientations. In most cases, axes that are transverse to each other
are at angles of between 70-110 degrees, more preferably between 80-100 degrees, and
most preferably within 5 degrees of perpendicular. In a particularly preferred example of
the present invention, the first and second drive axes 24 and 30 are perpendicular, and
the first and second support rotation axes 34 and 38 are perpendicular.

Certain applications of the orienting mechanism of the present invention impose
challenging performance demands on the mechanism. In particular, certain applications
require high precision and repeatability of motion during a rapid stepped-scanning
motion, and/or insensitivity to external vibrations, impacts and acceleration. It is a
particular feature of certain particularly preferred embodiments of the present invention
that the orienting mechanism is implemented with various features which contribute to
one or more of the desired mechanical properties.

Thus, according to one aspect of certain particularly preferred embodiments of the
present invention, first drive arm 22 is supported relative to frame 18 for rotation about
first drive axis 24 by a first set of two bearing assemblies 46a and 46b located on opposite
sides of the center of rotation 14, and second drive arm 28 is supported relative to frame
18 for rotation about second drive axis 30 by a second set of two bearing assemblics 48a
and 48b located on opposite sides of center of rotation 14. By providing support for both

drive arms at both ends, the frequencies of vibrational modes of the mechanism are
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greatly increased, thereby providing greatly enhanced rigidity and stability under
conditions of vibration.

In certain particularly preferred implementations, the first set of two bearing
assemblics 46a and 46b and the second set of two bearing assemblies 48a and 48b are
implemented as loaded duplex bearing assemblies. Loaded duplex bearing assemblies are
assemblies in which a pair of bearing rings are tightened (preloaded) together axially in
a way that reduces tolerances and play to achieve enhanced precision. Such assemblies
may be of two types, distinguished by the way in which the bearing rings are loaded and
the resulting mechanical properties, as illustrated schematically in FIGS. 4A and 4B. In
the configuration of FIG. 4A, referred to as “back-to-back,” the inner rings 50 are
clamped together (represented schematically by arrows) so that the contact points
between the bearings 52 and the inner rings are axially spaced apart, while the contact
points with the outer rings 54 are closer together. In the configuration of FIG. 4B, referred
to as “face-to-face,” the outer rings are clamped together, resulting in contact points
between the bearing and the outer rings that are axially spaced apart, while the contact
points with the inner rings are closer together. Both configurations offer high precision
with minimal play, but the contact region profiles (highlighted by dash-dot lines) of the
back-to-back configuration provide greatly enhanced pivotal rigidity compared to the
roughly radial contact region profiles of the face-to-face configuration, which offers more
elasticity.

According to certain preferred implementations of the present invention, the high-
rigidity properties of back-to-back loaded duplex bearing assemblies are used to
advantage to enhance rigidity of the orienting mechanism by implementing at least one

of the first set of two bearing assemblies 46a and 46b as a back-to-back loaded duplex
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bearing assembly, and at least one of the second set of two bearing assemblies 48a and
48b as a back-to-back loaded duplex bearing assembly. While in some cases it may be
advantageous to implement both bearing assemblies on each axis as back-to-back
assemblies, it has been found in some cases that this may make assembly of the
mechanism more difficult. It may therefore be preferred in some cases to implement one
of the first set of two bearing assemblies 46a and 46b as a back-to-back loaded duplex
bearing assembly and the other as a face-to-face loaded duplex bearing assembly, and
similarly to implement one of the second set of two bearing assemblies 48a and 48b as a
back-to-back loaded duplex bearing assembly and the other as a face-to-face loaded
duplex bearing assembly. In one non-limiting preferred example, the back-to-back loaded
duplex bearing assembly is implemented as the motor-side bearings 46a and 48a,
although the reverse arrangement is also possible. The diameter of the bearing assemblies
may differ within each set, such as for the use of larger diameter bearing assemblies
adjacent to the motor and smaller diameter assemblies at the distal end of each drive arm,
as illustrated here.

In particularly preferred implementations, some or all of the aforementioned
features of bilateral support, use of duplex bearing assemblies, and the enhanced rigidity
of at least one back-to-back loaded duplex bearing assembly are used also for the support
of payload support 16 for rotation about first support rotation axis 34 and second support
rotation axis 38. In order to provide bilateral support for first support rotation axis 34,
first drive arm 22 preferably has a bifurcated medial portion 56 defining a medial opening
58, within which payload support 16 is mounted (FIG. 3B). The first support rotary joint
is preferably implemented using a third set of two bearing assemblies 60a and 60b,

located on opposite sides of the center of rotation 14, supporting the payload support 16
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bilaterally from bifurcated medial portion 56 of first drive arm 22. Coupling 40 preferably
extends from second drive arm 28 through the medial opening 58 in first drive arm 22,
as see in FIG. 3A.

In order to provide bilateral support for the second support rotary joint (second
support rotation axis 38), an end portion of coupling 40 is preferably bifurcated, forming
a Y-shape coupling. The second support rotary joint is preferably implemented using a
fourth set of two bearing assemblies 62a and 62b located on opposite sides of the center
of rotation 14 supporting payload support 16 bilaterally from the bifurcated end portion
of the coupling 40.

Here too, third set of two bearing assemblies 60a and 60b and fourth set of two
bearing assemblies 62a and 62b are preferably all implemented as loaded duplex bearing
assemblies, and in some cases, with at least one of the bearing assemblies of each set
implemented as a back-to-back loaded duplex bearing assembly.

Turning now to the coupling rotary joint 42, this is also preferably implemented
using a loaded duplex bearing assembly. Additionally, it has been found advantageous to
provide adjustability of an axial position of coupling 40 along the coupling rotation axis
44 in order to accommodate manufacturing and assembly tolerances which might
otherwise result in non-alignment of the various rotation axes. This adjustment may
advantageously be implemented by mounting an outer cup of the bearing assembly in
threaded engagement with a complementary threaded bore in second drive arm 28,
thereby allowing manual (or automated) adjustment of the coupling axial position along
the coupling rotation axis. This adjustment can be performed before tightening of the
loading on the loaded duplex bearing assembly. Tightening of the loading then preferably

serves to lock the adjustment in place.
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The range of motion of the orienting mechanism as illustrated is typically about
+20 degrees about each motor axis, but this can be modified according to the
requirements of each application.

Each drive motor 20 and 26 is preferably integrated with a corresponding encoder

5  which provides accurate feedback of motor position. The types of motor and encoder are
chosen according to the particular performance and precision requirements of each

application, as is known in the art.

It will be appreciated that the above descriptions are intended only to serve as
examples, and that many other embodiments are possible within the scope of the present

10 invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. A spherical orienting mechanism for orienting a payload relative to two axes

of rotation about a center of rotation, the mechanism comprising:

(a)  apayload support located at the center of rotation;

(b)  aframe at least partially encompassing said payload support;

(c)  afirst drive assembly comprising:

)
(i)

a first motor deployed in fixed relation to said frame, and

a first drive arm deployed so as to be driven by said first motor to
rotate about a first drive axis aligned with the center of rotation, said
payload support being supported relative to said first drive arm by a
first support rotary joint, said first support rotary joint defining a first
support rotation axis that is transverse to said first drive axis and

aligned with the center of rotation;

(d)  asecond drive assembly comprising:

@
(i)

a second motor deployed in fixed relation to said frame, and

a second drive arm deployed so as to be driven by said second motor
to rotate about a second drive axis, transverse to said first drive axis
and aligned with the center of rotation, said second drive arm being
linked to said payload support by a coupling linked to said second
drive arm via a coupling rotary joint and to said payload support via
a second support rotary joint, said coupling rotary joint defining a
coupling rotation axis that is transverse to said second drive axis and

aligned with the center of rotation, said second support rotary joint
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defining a second support rotation axis that is transverse to said
coupling rotation axis and to said first support rotation axis,
wherein said first drive arm is supported relative to said frame for rotation about said first
drive axis by a first set of two bearing assemblies located on opposite sides of said center
of rotation,
and wherein said second drive arm is supported relative to said frame for rotation about
said second drive axis by a second set of two bearing assemblies located on opposite sides

of said center of rotation.

2. The mechanism of claim 1, wherein said first frame is a closed frame

encompassing said payload support.

3. The mechanism of claim 2, wherein said bearing assemblies of said first and

second sets of bearing assemblies are implemented as loaded duplex bearing assemblies.

4. The mechanism of claim 3, wherein at least one of said first set of two bearing
assemblies is a back-to-back loaded duplex bearing assembly, and at least one of said

second set of two bearing assemblies is a back-to-back loaded duplex bearing assembly.

5. The mechanism of claim 3, wherein one of said first set of two bearing
assemblies is a back-to-back loaded duplex bearing assembly and another of said first set
of two bearing assemblies is a face-to-face loaded duplex bearing assembly, and wherein
one of said second set of two bearing assemblies is a back-to-back loaded duplex bearing
assembly and another of said second set of two bearing assemblies is a face-to-face loaded

duplex bearing assembly.
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6. The mechanism of claim 1, wherein said bearing assemblies of said first and

second sets of bearing assemblies are implemented as loaded duplex bearing assemblies.

7. The mechanism of claim 6, wherein at least one of said first set of two bearing
assemblies is a back-to-back loaded duplex bearing assembly, and at least one of said

second set of two bearing assemblies is a back-to-back loaded duplex bearing assembly.

8. The mechanism of claim 6, wherein one of said first set of two bearing
assemblies is a back-to-back loaded duplex bearing assembly and another of said first set
of two bearing assemblies is a face-to-face loaded duplex bearing assembly, and wherein
one of said second set of two bearing assemblies is a back-to-back loaded duplex bearing
assembly and another of said second set of two bearing assemblies is a face-to-face loaded

duplex bearing assembly.

9. The mechanism of any preceding claim, wherein said first drive arm has a
bifurcated medial portion defining a medial opening, and wherein said first support rotary
joint comprises a third set of two bearing assemblies located on opposite sides of said
center of rotation supporting said payload support bilaterally from said bifurcated medial

portion of said first drive arm.

10. The mechanism of claim 9, wherein said coupling extends from said second

drive arm through said medial opening in said first drive arm.

11. The mechanism of claim 10, wherein an end portion of said coupling is

bifurcated, and wherein said second support rotary joint comprises a fourth set of two
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bearing assemblies located on opposite sides of said center of rotation supporting said

payload support bilaterally from said bifurcated end portion of said coupling.

12. The mechanism of claim 11, wherein said bearing assemblies of said third and

fourth sets of bearing assemblies are implemented as loaded duplex bearing assemblies.

13. The mechanism of any one of claims 1-8, wherein said coupling rotary joint is
configured to provide adjustability of an axial position of said coupling along said

coupling rotation axis.

14. The mechanism of any one of claims 9-12, wherein said coupling rotary joint
is configured to provide adjustability of an axial position of said coupling along said

coupling rotation axis.



