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The torque reaction tube 10054 is attached to the frame 825
by ear 1245 engaging between ears 985 with a pivot pin 128
inserted through the aligned apertures, and ear 965 engaging
between ears 1225 with a pivot pin 128 inserted through the
aligned apertures. The torque reaction tube 10056 is rotatable
relative to the frame 825.

The central member 102 is formed of a rectangular frame
130 having a first portion 132, a second portion 134 which
is parallel to the first portion 132, a third portion 136 which
connects a first end of the first and second portions 132, 134
together, and a fourth portion 138 which connects the
opposite ends of the first and second portions 132, 134
together. A pair of spaced-apart support bars 139, 141 extend
between the first and second portions 132, 134 and are
parallel to the third and fourth portions 136, 138. As such,
a central passageway 139 is formed between the first and
second portions 132, 134 and the support bars 139, 141; a
first side passageway 144 is formed between support bar 139
and first, second and third portions 132, 134, 136; and a
second side passageway 146 is formed between support bar
141 and first, second and fourth portions 132, 134, 138. The
spreader arm 32 extends through a passageway formed
through the first portion 132, the support bars 139, 141 and
the second portion 134. The spreader arm 32 has central
passageway 143 therethrough which aligns with the central
passageways 113a, 139, 1135. The first portion 132 has a
first ear 140 extending into side passageway 144, and a
second ear 142 extending into side passageway 146. Each
ear 140, 142 has an aperture therethrough which are aligned
with each other.

The torque reaction tubes 100a, 1005 are attached to the
central member 102 by ear 140 engaging with ear 118a and
with ear 12056 with a pivot pin 148 inserted through the
aligned apertures, and by ear 142 engaging with ear 1185
and with ear 120a with a pivot pin 150 inserted through the
aligned apertures. The torque reaction tubes 100a, 1005 are
rotatable relative to the central member 102.

The link arms 22a, 225 can rotate 360 degrees relative to
each other as shown in FIG. 22. As shown in FIG. 20, the
link arms 22a, 22b are aligned with each other. As the link
arms 22a, 22b are rotated by the cable actuation and
tensioning system 26, the link arms 22a, 225 rotate via hinge
80. The torque reaction tubes 100qa, 1105 pivot relative to the
central member 102 and the frames 82a, 825 to enable the
hinge 80 to be anywhere from 0 degrees to 360 degrees as
shown in FIG. 22. When the hinge 80 is in the O degree
position, the link arms 22a, 225 are side-by-side, the torque
reaction tubes 1004, 1005 are engaged with the frames 82a,
826 (the tabs 1144, 116a engage with the retaining guides
92a, 94a; the tabs 1145, 1165 engage with the retaining
guides 9256, 94b), and the central member 102 is perpen-
dicular to the torque reaction tubes 100a, 1005. When the
hinge 80 is in the 180 degree position, the link arms 22a, 225
are aligned with each other, the torque reaction tubes 100a,
1005 are engaged with the frames 82a, 82 (the tabs 114a,
1164 engage with the retaining guides 92a, 94a; the tabs
1145, 1165 engage with the retaining guides 925, 945), and
the central member 102 is sandwiched between the torque
reaction tubes 100a, 1005. When the hinge 80 is in the 360
degree position, the link arms 22a, 225 are side-by-side, the
torque reaction tubes 100a, 1005 are disengaged from the
frames 82a, 82, and the central member 102 is sandwiched
between the torque reaction tubes 100a, 1004.

The hinge 80 prevents loads from the spreader arm 32
from causing hinge 24 to separate (i.e. a vertical positive or
negative force acting through pivot pins 126, 128, 148, 150).
This is accomplished by the location of the pins 126, 128

10

15

20

25

30

35

40

45

50

55

60

65

14

over the centerline of the hinge 80 as shown in FIG. 20, and
the location of pins 148, 150 on the centerline. The sym-
metric design of the hinge 80 reduces number of unique
parts.

The central passageways 113a, 139, 1135 provides a large
pass through for wires: which remains unobstructed during
deployment and operation of the manipulator 20. The size of
the central passageways 113a, 139, 1135 may be adjusted
due to requirements on the spreader arm geometry. The
hinge 80 is scalable for different dimensioned cross-sections
as well as directly applicable to other cross-sectional geom-
etries, such as circular, triangular, hexagonal, etc.

The central member 102 can be synchronized to bi-sect
angle (or follow many other relations) involving the location
of link arm 22a relative to link arm 2254. The hinge 80 can
be augmented to have a preload across the hinge 80 to
prevent pulling-apart of the hinge 80 under tension. The
preload force is provided by the cable tension in a cable
articulated hinge. The over center hinge lines prevent
spreader compression from spreading the hinge 24.

The hinge 80 supports a deployable central link (i.e. the
spreader arm 32 in this embodiment) which is restowable.
The central member 102 can be modified to accommodate
any spreader arm 32 cross-section geometry.

The tabs 114a, 116a (and those tabs of torque reaction
tube 1005 which are not shown) and retaining guides 92a,
92b, 94a, 945 react to torques on the hinge 80 and improve
the stiffness of the hinge 80.

As shown in FIG. 22, when the link arms 22a, 2256 are
side-by-side, two different folding patterns are provided.
This allows for multiple packaging options during stowage.

In addition, this hinge 80 reduces the internal wiring
bundle length to accommodate the full 360 degree rotation
compared to a traditional hinge joint, because the rotation
effectively occurs around the cross-section center line
instead of the hinge axis as a result of the joint geometry.
This requires less slack in the wire bundle during articula-
tion than a conventional hinge.

In each embodiment, while tensioning by cables are
shown and described herein, it is to be understood that the
tensioning can be accomplished in a variety of ways, includ-
ing, but not limited to, cables, metallic tapes, rigid bar,
springs, etc. or some combination of these approaches.

In each embodiment, actuating the hinges 24 of the
manipulator 20 through the cable actuation and tensioning
system 26 provides a large mechanical advantage for the
motor 48 that actuates the hinge 24, enabling use of smaller,
lighter-weight motors, thus requiring less power. Low pre-
cision motors can be used because the cable actuation and
tensioning system 26 can be designed to damp out irregu-
larities in the motor torque, further reducing motor com-
plexity and costs. A single motor 48 is preferably used per
hinge 24, however, multiple motors 48 per hinge 24 oper-
ating in an antagonistic manner can be provided, depending
on the performance or redundancy required. In addition,
since the motors 48 are located away from the mechanical
hinge formed by pivot pin 68 forming the hinge 24, this
simplifies the mechanical design and enables straight for-
ward on-orbit repair because removal of the motor does not
affect the hinge angle. Further, the cable actuation and
tensioning system 26 increases the stiffness of the link arms
22a, 22b, 22¢, providing for a smaller, lighter-weight sys-
tem.

In each embodiment, the hinge 24 achieves a high torque
efficiency by using mechanical advantage to generate the
required hinge torque. The mechanical advantage is defined
as the perpendicular distance from the cable actuation and
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second frame is capable of being fixed in position relative to
the second tube by a second tab engaging with a second
retaining guide.

13. The hinge of claim 12, wherein each of first and
second retaining guides is pair of spaced apart flanges, and
each of the first and second tabs is a tab.

14. The hinge of claim 13, wherein the first retaining
guide is provided on the first frame, the first tab is provided
on the first tube, the second retaining guide is provided on
the second frame, the second tab is provided on the second
tube.

15. The hinge of claim 12, wherein the first retaining
guide is provided on the first frame, the first tab is provided
on the first tube, the second retaining guide is provided on
the second frame, the second tab is provided on the second
tube.

16. The hinge of claim 12, wherein the first tab and first
retaining guide are offset from the first axis; and the second
tab and second retaining guide are offset from the second
axis.

17. The hinge of claim 1, wherein the hinge has a
combined range of motion, provided by the rotatable attach-
ments of the first tube to the first frame and the central
member and the rotatable attachments of the second tube to
the second frame and the central member, that permits the
first frame to rotate 360 degrees while the second frame is
stationary.

18. The hinge of claim 1, wherein:

the first tube is rotatably attached to the central member

along a first axis; and

the second tube is rotatably attached to the central mem-

ber along a second axis parallel to the first axis.
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ing an elongated member, a wheel 37. Each spreader arm 32
has a pair of outboard ends 52, 54 upon which either the
driven or non-driven members are mounted or provided, and
a centerline extends between the outboard ends 52, 54. The
spreader arms 32 provide mechanical advantage about the
hinge 24. A single spreader arm 32 above and below the
hinge 24 can be used, or multiple spreader arms can be used
depending on design requirements.

Attention is invited the embodiment of the manipulator 20
shown in FIGS. 1 and 2. Two hinges 24 and three link arms
22a, 22b, 22¢ are shown, however, any number and size of
hinges 24 and link arms 22a, 225, 22¢ can be combined
based on the requirements of a particular application. The
base end 29 and tip which serves as the mounting location
for a payload holding device 33 are not shown in these
Figures.

A pair of first spaced apart ears 56, 58 are provided at the
first outboard end 28 of each link arm 22a, 22b, 22¢. The
first ears 56, 58 are enlarged and extend from a first surface
60 of the link arms 22a, 225, 22¢. Each first ear 56, 58 has
an aperture therethrough which are aligned with each other.
The apertures through the ears 56, 58 are offset from the
centerlines of the link arms 22a, 225, 22¢. A pair of second
spaced apart ears 62, 64 are provided at the second outboard
end 30 of each link arm 22a, 225, 22¢. The second ears 62,
64 are enlarged and extend from a second surface 66 of the
link arms 22a, 22b, 22c¢. Each second ear 62, 64 has an
aperture therethrough which are aligned with each other. The
apertures through the ears 62, 64 are offset from the cen-
terlines of the link arms 22a, 2254, 22c.

To couple the link arms 22a, 225, 22¢ together, the link
arms 22a, 22b, 22¢ are aligned such that the second end 30
of link arm 22a is proximate to the first end 28 of link arm
22b, and the second end 30 of link arm 225 is proximate to
the first end 28 of link arm 22¢. When placed end-to-end, the
first surface 60 of link arm 22a, the second surface 66 of link
arm 22b, and the first surface 60 of link arm 22¢ are flush,
or substantially flush, with each other; the second surface 66
of link arm 22a, the first surface 60 of link arm 225, and the
second surface 66 of link arm 22c¢ are flush, or substantially
flush, with each other. As a result, the centerlines of the link
arms 22a, 22b, 22¢ are aligned with each other (additional
link arms would also alternate in this manner). The ears 62,
64 at the second end 30 of link arm 22a interengage with the
ears 62, 64 at the first end 28 of link arm 225 such that the
apertures align with each other. A pivot pin 68 is mounted
through these aligned apertures to allow the link arms 22a,
22b to rotate relative to each other to form a hinge. Accord-
ingly, the pivot pin 68 is offset from the centerlines of the
link arms 22a, 22b, 22¢. The ears 62, 64 at the second end
30 of link arm 225 interengage with the ears 56, 58 at the
first end 28 of link arm 22c¢ such that the apertures align with
each other. A pivot pin 68 is mounted through these aligned
apertures to allow the link arms 224, 22¢ to rotate relative to
each other to form a hinge. Accordingly, the pivot pin 68 is
offset from the centerlines of the link arms 22a, 224, 22c¢.
Each pivot pin 68 defines an axis of rotation for the adjacent
link arms 22a, 22b and 22b, 22c¢. It is to be understood that
other hinge structures can be provided in each of the
embodiments to allow the articulation of the hinge 24.

The innermost ears 58, 64 are spaced apart from each
other such that a spreader aperture 70 is formed therebe-
tween in which the spreader arm 32 is mounted. The
spreader arm 32 has a passageway at its center through
which the pivot pin 68 extends.
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The hinge 24 between link arms 22a, 225 is described
with the understanding that the other hinges 24 provided in
the manipulator 20 are identical in structure (of course, each
hinge 24 can vary in size).

The spreader arm 32 has a rotatable pulley 38, 40
mounted at each of its ends 52, 54. Apertures are provided
in the spreader arm 32 to reduce weight, to provide a
mounting location for a spring 50a mounted on one side of
the spreader arm 32, and to allow continuous internal wire
paths. A first end of the spring 50q is affixed to the spreader
arm 32 proximate to the end of the aperture 72 which is
proximate to the center of the spreader arm 32, and the
spring 50qa extends along the centerline of the spreader arm
32.

A rotatable pulley 42 is mounted in an aperture in the link
arm 22a proximate to, but spaced from, the second outboard
end 30. A driven capstan 34 is mounted in an aperture in the
link arm 225 proximate to, but spaced from, the first end 28.
A motor 48 is mounted on the link arm 225 proximate to, but
spaced from, the first end 28, and drives the capstan 34 as
discussed herein.

A spring 505 has an end attached to the link arm 22a
proximate to the hinge 24 and extends along the centerline
of the link arm 22a. (The apertures shown in FIG. 1 above
the spring 5056 can be provided, or can be eliminated).

In this embodiment, the capstan 34 and the pulleys 38, 40,
42 are located equidistant from the hinge axis defined by the
pivot pin 68 and a single capstan 34 is located along one of
the link arms 224 to actuate the hinge 24 (the capstan 34 and
the pulleys 38, 40, 42 do not need to be located equidistant
from the hinge axis). The capstan 34 has two warping end
profiles at different diameters for actuation. The springs 50a,
504 are used to accommodate changes in the total cable path
as the hinge 24 articulates. In this embodiment, the cables
44, 46 are used as the primary tension element, however, a
variety of approaches may be taken such as fixed rods,
telescoping members or tapes, etc.

FIG. 2 provides a side elevation view of the hinge 24
described in FIG. 1. In this embodiment, the springs 50a,
505 are used to provide the antagonistic force. The two
tension cables 44, 46 form two loops; one cable 44 pulls the
54 of the spreader arm 32 at B toward the capstan 34 at C,
and the second cable 46 pulls the link arm 22a, via a
connection at A, toward the capstan 34 at C on link arm 2254.
Cable 44 is anchored on the spreader arm 32 at B, proceeds
clockwise around the capstan 34 at C on the inner radius of
the capstan 34, proceeds over pulley 38 at D, proceeds over
pulley 42 at A, proceeds over pulley 40 at B, and proceeds
down to the spring 50a and is attached thereto. Cable 46 is
anchored at to the link arm 22a at A, proceeds clockwise
over pulley 40 at B, proceeds around capstan 34 at C,
proceeds over pulley 38 at D, proceeds over pulley 42 at A,
and is attached to the spring 505 on link arm 22a.

The hinge articulation, i.e. control of the angle AOC, is
accomplished by rotating the capstan 34. The angle AOC
can range from O degrees to 315 degrees, in this example.
When the capstan 34 is rotated clockwise, the angle AOC
decreases as point B is drawn toward point C via cable 44
and point A is drawn toward point C via cable 46. To balance
motion of each link arm 22a, 225, relative to the spreader
arm 32, the capstan 34 for cable 46 has twice the diameter
of the capstan 34 for the cable 44. When the capstan 34 is
rotated counter-clockwise, the spreader 32 at B moves away
from the capstan 34 at C due to the action of the tensioning
springs 50a, 505 which apply a restoring force, thus causing
the angle AOC to increase.
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tensioning system 26 to the rotation axis defined by pivot pin
68. This distance is a design variable that can be adjusted
based upon requirements. The tendon-actuated hinges 24
have high structural efficiency, and significantly reduce the
total mass of the manipulator 20 while also achieving higher
stiffness of the hinge 24. Because of the lack of gravity, the
manipulator 20 uses the opposing (antagonistic) tension
loops of cables 44, 46 or cables 44, 45, 46, 47 to maintain
structural integrity and exert force on payloads during
articulation of the hinge 24.

In each embodiment, it is to be understood that the pulleys
on the spreader arm(s) 32 can be eliminated, and instead, the
cables 44, 46 can interengage with the ends 52, 54 of the
spreader arm(s) 32 and slide along the ends of the spreader
arm(s) 32 such that the ends 52, 54 of the spreader arm(s) 32
provide the non-driven elements. The spreader arm(s) 32 can
disengage from the cables 44, 46 and re-engage as necessary
during articulation of the hinge 24. In this configuration, the
ends 52, 54 of the spreader arm(s) 32 provide the non-driven
elements of the cable actuation and tensioning system 26.

The tension stiffening provides a versatile approach that is
integrated with variable length link arms 22a, 225, 22¢ or
spreaders 32, and can be selectively applied to only a subset
of the link arms 22a, 225, 22¢ (only near the root for
example) or spreaders 32 as needed to meet performance
and operational requirements.

The link arms 22a, 22b, 22¢ and spreader arm(s) 32 can
be deployable members (STEMS for example) to allow for
more efficient packaging. The very long versions (many link
arms) of the manipulator 20 can be deployable structures,
erectable structures, manufactured on-orbit, or some com-
bination of those methods.

The cable actuation and tensioning system 26 reduces the
costs of manufacture of the manipulator 20 and reduces
cross-sectional size and weight of the link arms 22a, 225,
22c.

Because of the passive antagonistic control about the
hinge 24, a significant mechanical advantage is achieved.
Since the motors are non-co-located (the motor drive axis is
not on the same axis or substantially the same axis as the
hinge axis 68 where the link arms 22a, 225, 22¢ rotate) and
since the motor(s) 48 are remote from hinge axis 68, a
significant amount of mechanical advantage is provided by
the cable actuation and tensioning system 26.

If desired, multiple mounting locations can be provided
on the link arms 22q, 225, 22¢ and the spreader arm(s) 32 to
allow the location of the pulleys, hoists or capstans to be
adjusted. Preferably, this is accomplished before the
manipulator 20 is put into service, but this is not required.
The length of the cabling can be adjusted in service to allow
dynamic adjustment of the pulley, hoists or capstan with the
springs 50a, 505 (or other devices) taking up the slack in the
cables 44, 46 or cables 44, 45, 46, 47.

If desired, other arrangements of cables 44, 46 employing
single or multiple cables, incorporating additional pulleys,
pulley systems, capstans and motors can be used. For
example, the additional pulleys can be mounted anywhere
on the link arms 22a, 22b, 22¢ and/or spreader arm(s) 32.

While preferred embodiments of the present invention are
shown and described, it is envisioned that those skilled in the
art may devise various modifications of the present inven-
tion without departing from the spirit and scope of the
appended claims.

What is claimed is:

1. A hinge, comprising:

a central member having opposite first and second ends
and a centerline extending between the first and second
ends;
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a first frame, the first frame having opposite first and
second ends and a centerline extending between the
first and second ends of the first frame;

a second frame, the second frame having opposite first
and second ends and a centerline extending between the
first and second ends of the second frame;

a first tube having opposite first and second ends and
centerline extending between the first and second ends
of the first tube, the first tube being rotatably attached
to the first frame at a first axis and rotatably attached to
the central member;

a second tube having opposite first and second ends and
centerline extending between the first and second ends
of the second tube, the second tube being rotatably
attached to the second frame at a second axis and
rotatably attached to the central member; and

wherein an axis that the first tube is rotatably attached to
the central member is non-perpendicular to an axis that
the second tube is rotatably attached to the central
member.

2. The hinge of claim 1, wherein the first frame is
rotatably attached to the first end of the first tube, and the
central member is rotatably attached to the second end of the
first tube; and the second frame is rotatably attached to the
first end of the second tube, and the central member is
rotatably attached to the second end of the second tube.

3. The hinge of claim 1, wherein the first and second tubes
are rotatably attached to the central member along the same
axis.

4. The hinge of claim 3, wherein in a stowed position, the
centerlines of the first and second tubes and the central
member are parallel to each other, the central member is
sandwiched between the first and second tubes, the first axis
is offset from, but parallel to, the centerline of the central
member and the second Axis is offset from, but parallel to,
the centerline of the central member.

5. The hinge of claim 1, further including a spreader arm
extending through the central member which is moveable
relative to the central member.

6. The hinge of claim 5, wherein in a stowed position, the
centerlines of the first and second hares, the first and second
tubes and the central member are parallel to each other, the
central member is sandwiched between the first and second
tubes, the first tube is sandwiched between the first frame
and the central member, and the second tube is sandwiched
between the second frame and the central member.

7. The hinge of claim 6, further including a spreader arm
extending through the central member, the spreader arm
being moveable relative to the central member.

8. The hinge of claim 6, wherein in the stowed position,
the first axis is offset from, but parallel to, the centerline of
the central member and the second axis is offset from, but
parallel to, the centerline of the central member.

9. The hinge of claim 1, the first axis is offset from the
centerline of first tube and the second axis is offset from the
centerline of the second tube.

10. The hinge of claim 8, further including a spreader arm
extending through the central member.

11. The hinge of claim 1, wherein each of the central
member, the first tube and the second tube have a central
passageway therethrough which allow for the passage of
wires therethrough.

12. The hinge of claim 1, Wherein the first frame is
capable of being fixed in position relative to the first tube by
a first tab engaging with a first retaining wide, and the
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