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MULTI-LINK SPHERICAL JOINT WITH
COLLOCATED CENTERS OF ROTATION

ORIGIN OF THE INVENTION

The invention described herein was made by employee(s)
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any royalties therecon or therefor. Further, the invention
described herein was made in the performance of work
under a NASA contract and 1s subject to the provisions of
Section 305 of the National Aeronautics and Space Act of

1938, Public Law 85-568 (72 Stat. 435; 42 U.S.C. 2457).

BACKGROUND

A spherical joint (also referred to as a ball joint) 1s used
for allowing free rotation in two planes at the same time
while preventing translation 1n any direction, including
rotating 1n those planes. Combining two such joints with
control arms enables motion 1n all three planes. One type of
spherical joint 1s a spherical rolling joint, which 1s a high-
precision joint that includes a spherical outer and 1nner race
separated by ball bearings. The ball bearings are housed 1n
a spherical retainer and roll along both the mner and outer
surfaces. This design allows the joint to have very low
friction while maintaining a large range of motion.

A spherical joint may be used to buld a truss. However,
trusses built with conventional spherical joints are unstable
and uncontrollable. For example, such trusses may not
handle the loads of actuators. In addition, the positions of
some linkages may be dependent upon the position of other
linkages. Therefore, 1t would be desirable to have an
improved spherical joint, which may {facilitate building
trusses that solve one or more of the foregoing problems.

SUMMARY

A jomt 1s disclosed. The joint may include a shell that 1s
hollow and at least partially spherical. The shell includes a
plurality of shell rail sections including a first shell rail
section. The first shell rail section includes a portion of an
outer surface of the shell, a portion of an inner surface of the
shell, and an opening edge section that defines a shell
opening. The joint also includes a plurality of rotatable
members 1mcluding a first rotatable member. The first rotat-
able member includes an outer cup positioned at least
partially outside of the shell and having an outer track
surface, and an inner cup positioned at least partially mside
of the shell and having an inner track surface. The first shell
rail section 1s positioned at least partially between the outer
and inner track surfaces. The first rotatable member 1is
configured to move along a first arcuate path with respect to
the shell while a central longitudinal axis through the first
rotatable member remains extending through a center of the
shell.

A spherical joint 1s also disclosed. The spherical joint
includes a shell that 1s hollow and at least partially spherical.
The shell includes a first shell section and a second shell
section that are configured to be coupled together. The shell
also includes a plurality of shell rail sections including a first
shell rail section. The first shell rail section includes a
portion of an outer surface of the shell, a portion of an inner
surface of the shell, and a first opening edge section that
defines a first shell opening. The spherical joint also includes
a plurality of rotatable members including a first rotatable
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member. The first rotatable member 1includes a first outer cup
positioned at least partially outside of the shell and having
an outer track surface. The outer track surface 1s at least
partially spherical and comprises a radius that 1s substan-
tially the same as a radius of the outer surface of the shell.
The first rotatable member also includes a first inner cup
positioned at least partially imside of the shell and having an
inner track surface. The inner track surface 1s at least
partially spherical and comprises a radius that is substan-
tially the same as a radius of the inner surface of the shell.
A diameter of the first imnner cup 1s greater than a diameter
of the first shell opening such that the first inner cup 1s
configured to be inserted into an interior of the shell prior to
the first and second shell sections being coupled together.
The first rotatable member also includes a first cup connec-
tor portion extending through the first shell opeming and
coupling the first outer cup and the first inner cup together.
The first rotatable member also includes a first rotatable
member connector portion configured to couple the first
rotatable member to an elongated member. The first shell rail
section 1s positioned at least partially between the outer and
inner track surfaces. The first rotatable member 1s configured
to move along a first arcuate path with respect to the shell
while a central longitudinal axis through the first rotatable
member remains extending through a center of the shell.
A truss structure 1s also disclosed. The truss structure
includes a plurality of joints including a first joint. Each joint
includes a shell that 1s hollow and at least partially spherical.
The shell includes a plurality of shell rail sections including
a first shell rail section and a second rail section. The first
and second shell rail sections each include a portion of an
outer surface of the shell, a portion of an 1nner surface of the
shell, and an opening edge section that defines a shell
opening. Each joint also includes a plurality of rotatable
members including a first rotatable member and a second
rotatable member. The first rotatable member 1s configured
to move along a first arcuate path with respect to the shell
while a central longitudinal axis through the first rotatable
member remains extending through a center of the shell. The
second rotatable member 1s configured to move along a
second arcuate path with respect to the shell while a central
longitudinal axis through the second rotatable member
remains extending through the center of the shell. The first
and second rotatable members each include an outer cup
positioned at least partially outside of the shell and having
an outer track surface. The first and second rotatable mem-
bers each include an 1nner cup positioned at least partially
inside of the shell and having an 1nner track surface. The first
shell rail section 1s positioned at least partially between the
outer and inner track surfaces of the first rotatable member,
and the second shell rail section i1s positioned at least
partially between the outer and 1nner track surfaces of the
second rotatable member. The truss structure also includes a
plurality of actuators including a first actuator and a second
actuator. The first actuator 1s coupled to the outer cup of the
first rotatable member of the first joint. The first actuator 1s
configured to extend and retract. The first rotatable member
of the first joint and the first actuator are configured to move
with respect to the shell of the first joint while the central
longitudinal axis through {first rotatable member of the first
joint and the first actuator remains extending through the
center of the shell of the first joint. The second actuator 1s
coupled to the outer cup of the second rotatable member of
the first joint. The second actuator 1s configured to extend
and retract. The second rotatable member of the first joint
and the second actuator are configured to move with respect
to the shell of the first joint while the central longitudinal
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axis through second rotatable member of the first joimnt and
the second actuator remains extending through the center of
the shell of the first joint.

This summary 1s provided to introduce a selection of
concepts that are further described below in the detailed
description. This summary 1s not intended to identify key or
essential features of the claimed subject matter, nor 1s 1t
intended to be used as an aid 1n limiting the scope of the
claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

The following figures form part of the present specifica-
tion and are included to further demonstrate certain aspects
of the presently described subject matter and should not be
used to limit it. The present subject matter may be better
understood by reference to one or more of these drawings in
combination with the description of embodiments presented
herein. Consequently, a more complete understanding of the
present embodiments and further features and advantages
thereol may be acquired by referring to the following
description taken in conjunction with the accompanying
drawings, 1n which like reference numerals may identify like
elements, wherein:

FIG. 1 illustrates a perspective view of a spherical joint,
according to an embodiment.

FIG. 2 illustrates a transparent perspective side view of
the spherical joint, according to an embodiment.

FIG. 3 illustrates a top view of the spherical joint,
according to an embodiment.

FIGS. 4A and 4B illustrate perspective views of a shell of
the spherical joint, according to an embodiment.

FIGS. 5A and 3B 1illustrate perspective views of an outer
portion (also referred to as an outer cup) of the spherical
joint, according to an embodiment.

FIGS. 6A and 6B 1illustrate perspective views of an inner
portion (also referred to as an inner cup) of the spherical
joint, according to an embodiment.

FIGS. 7A and 7B illustrate perspective views of the inner
and outer cups coupled together, according to an embodi-
ment.

FIG. 8 illustrates a transparent perspective side view of
the spherical joint having a cable guide positioned therein,
according to an embodiment.

FIG. 9 1llustrates a perspective view of the cable guide,

according to an embodiment.

FIG. 10 illustrates a transparent perspective view of the
spherical joint, according to an embodiment.

FIG. 11 1illustrates an exploded perspective view of a
rotatable member connector portion that may be coupled to
the spherical joint, according to an embodiment.

FIGS. 12A-12C 1illustrate perspective views ol a truss
structure including a plurality of spherical joints and linear
actuators, according to an embodiment.

DETAILED DESCRIPTION

Reference may now be made 1n detail to specific embodi-
ments illustrated in the accompanying drawings and figures.
In the following detailed description, numerous specific
details are set forth 1n order to provide a thorough under-
standing of the embodiments described herein. However, 1t
may be apparent to one of ordinary skill in the art that other
embodiments may be practiced without these specific
details. In other 1instances, well-known methods, procedures,
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components, circuits, and networks have not been described
in detail so as not to unnecessarily obscure aspects of the
embodiments.

It may also be understood that, although the terms first,
second, etc. may be used herein to describe various ele-
ments, these elements should not be limited by these terms.
These terms are only used to distinguish one element from
another. For example, a first object could be termed a second
object, and, similarly, a second object could be termed a first
object, without departing from the scope of the present
disclosure.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting. As used 1n the description and the appended claims,
the singular forms “a,” “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It may also be understood that the term
“and/or” as used herein refers to and encompasses any and
possible combinations of one or more of the associated listed
items. It may be further understood that the terms
“includes,” “including,” “comprises” and/or “comprising,”
when used 1n this specification, specily the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, operations, elements,
components, and/or groups thereol. Further, as used herein,
the term “1”” may be construed to mean “when” or “upon”
or “in response to determining” or “in response to detect-
ing,” depending on the context.

As used herein, the terms “mner” and “outer”; “up” and
“down”; “upper” and “lower”; “upward” and “downward”;
“above” and “below”; “inward” and “outward”; and other
like terms as used herein refer to relative positions to one
another and are not intended to denote a particular direction
or spatial orientation. The terms “couple,” “coupled,” “con-
nect,” “connection,” “connected,” “in connection with,” and
“connecting” refer to “in direct connection with” or “in
connection with via one or more mtermediate elements or
members.”

FIG. 1 illustrates a perspective view of a spherical joint
100, according to an embodiment. The spherical joint 100
may include a shell (also referred to as a housing) 110. The
shell 110 may be at least partially hollow. The shell 110 may
be at least partially spherical. Thus, the shell 110 may
include an outer shell surface that i1s at least partially
spherical and an inner shell surface that 1s at least partially
spherical. The shell 110 may be or include a single, integral
component; however, in the embodiment shown, the shell
110 includes a first (e.g., upper) shell section 110A and a
second (e.g., lower) shell section 110B, which may be
coupled together. Having two or more shell sections (e.g.,
halves) 110A, 110B may facilitate assembly of the spherical
joint 100, as described below.

The spherical joint 100 may also include one or more
rotatable members (five are shown: 120A-120E). The rotat-
able members 120A-120E may extend radially through
corresponding openings in the shell 110. The rotatable
members 120A-120E may be spaced apart from one another
by an angle that 1s from about 60° to about 180°, about 75°
to about 150°, or about 90° to about 120°. As shown, the
adjacent rotatable members 120A, 120B are spaced apart
from one another 1n a first (e.g., vertical) plane by about 90°,
and the adjacent rotatable members 120B-120D are spaced
apart from one another 1n a second (e.g., horizontal) plane by
about 120°. The spherical joint 100 (e.g., the rotatable
members 120A-120E) may not use or include ball bearings

to facilitate movement (e.g., rotation).
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Each rotatable member 120A-120E may include an outer
portion (five are shown: 130A-130E). The outer portions
130A-130E may also be referred to as outer cups. The outer
cups 130A-130E may be positioned at least partially radially
outward from the shell 110. The outer cups 130A-130E may
be configured to receive/withstand a compression load (e.g.,
a load directed inward toward the shell 110) without passing
through the opening in the shell 110.

Each rotatable member 120A-120E may include an inner
portion (two are shown in FIG. 1: 150A, 150B). The inner
portions 150A, 150B may also be referred to as inner cups.
The 1mmner cups 150A, 150B may be positioned at least
partially radially inward from the shell 110. The inner cups
150A, 150B may be configured to receive/withstand a
tension load (e.g., a load directed away from the shell 110)
without passing through the opening in the shell 110. Each
mner cup 150A, 150B may be coupled to the corresponding
outer cup 130A-130E. For example, a portion of each imnner
cup 150A, 150B may extend radially through the corre-
sponding opening in the shell 110 and be coupled to the
corresponding outer cup 130A-130E. This 1s described 1n
greater detail below.

Each rotatable member 120A-120FE may have a central
longitudinal axis 170A-170F extending, therethrough Thus,
the cups 130A, 150A may have the axis 170A extendmg
therethrough, the cups 130B, 150B may have the axis 1708
extending therethrough, and so on. The axes 170A-170E
may ntersect one another inside the shell 110. More par-
ticularly, the axes 170A-170E may intersect one another at
a center point of the shell 110 (e.g., a center of the sphere).

The rotatable members 120A-120E may be configured to
move (e.g., independently of one another) with respect to the
shell 110. More particularly, the outer cups 130A-130E and
their corresponding inner cups 150A, 150B may be config-
ured to move together with respect to the shell 110, such that
the axes 170A-170B are configured to tilt (e.g., around the
center point of the shell 110) 1n any direction by an angle.
The angle may be from about 1° to about 5°, about 3° to
about 10°, about 10° to about 20°, about 20° to about 45°,
or more. This 1s described in greater detail below. Even
when the rotatable members 120A-120FE move with respect
to the shell 110, their axes 170A-170E may still extend

through (e.g., intersect) the center point of the shell 110.

FIG. 2 illustrates a transparent perspective side view of

the spherical joint 100, according to an embodiment. This
view shows the outer cup 130C coupled to the correspond-
ing inner cup 150C. More particularly, the mner cup 150C
extends through the opening 1n the shell 110 and at least
partially into the outer cup 130C. In one embodiment, the
cups 130C, 150C may be screwed together. The outer cups
130A, 130E are not transparent in FIG. 2, and thus, their
corresponding inner cups may not be seen. The outer cup
130D has been omitted from FIG. 2 to more clearly illustrate
the inner cup 150D extending through the opemng 112D 1n
the shell 110 (also referred to as shell opening 112D).

FIG. 3 illustrates atop view of the spherical joint 100 with
the upper shell section 110A of the shell 110 and the
rotatable member 120A removed for clarity, according to an
embodiment. Thus, the lower portion 110B of the shell 110
and the rotatable members 120B-120E are shown. Each
rotatable member 120B-120E shown in FIG. 3 has the outer

cup 130B-130E coupled to the corresponding inner cup
150B-150E.

FIGS. 4A and 4B illustrate exploded perspective views of

the upper shell section 110A of the shell 110, according to
an embodiment. The upper shell section 110A has been

rotated shightly from FIG. 4A to FIG. 4B. The lower shell
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6

section 110B may be substantially the same as the upper
shell section 110A (e.g., a mirror 1mage).

As mentioned above, the upper shell section 110A may be
substantially spherical and hollow. Thus, the upper shell
section 110A may include an outer shell surface 410 that 1s
at least partially spherical, and an inner shell surface 420 that
1s at least partially spherical. The upper shell section 110A
may also include one or more opening edge sections 430 that
at least partially define one or more openings (three are
shown: 112A-112C) in the upper shell section 110A. As
mentioned above, the rotatable members 120A-120C may
extend through the openings 112A-112C.

A shell rail (shown by the dashed lines 440) may be
disposed at least partially around each opening edge section
430 and/or opening 112A-112C. As discussed below, each
set of outer and iner cups 130A-130E, 150E-150E may
have one of the shell rails 440 positioned at least partially
therebetween.

The rotatable members 120A-120E may each have one or
more rotatable configurations. For example, the rotatable
member 120A (not shown in FIGS. 4A and 4B), which
extends through the opening 112A, may be configured to
move along a first actuate path from a first position where
the rotatable member 120A 1s tilted toward a first rail
location 441 to a second position where the rotatable mem-
ber 120A 1s tilted toward a second rail location. The rotatable
member 120A may also be configured to move along a
second actuate path from a third position where the rotatable
member 120A 1s tilted toward a third rail location 443 to a
fourth position where the rotatable member 120A 1s tilted
toward a fourth rail location 444. The first and second
arcuate paths may be substantially perpendicular to one
another. The rotatable member 120 A may also be configured
to move along a third arcuate path such that the axis 170A
through the rotatable member 120A circles/revolves around
a center ol the opening 112A. The axis 170A through the
rotatable member 120A may remain extending through a
center point of the spherical shell 110 as the rotatable
member 120A moves through the arcuate path(s).

FIGS. 5A and 5B 1illustrate perspective views of the outer
cup 130A of the rotatable member 120A, according to an
embodiment. The other outer cups 130B-130E may be the
same as the outer cup 130A. The outer cup 130A may
include an 1nner surface (also referred to as an outer track
surface) 132A. The imner surface 132A may be at least
partially spherical such that 1t 1s configured to conform to the
outer surface of the shell 110. The outer cup 130A may also
include a sleeve 134 A that extends (e.g., outward) from the
inner surface 132A. Thus, when the inner surface 132A
contacts the outer surface of the shell 110, the sleeve 134A
may extend radially outward and away from the shell 110.
A bore 136 A may extend through the outer cup 130A (e.g.,
through the 1mner surface 132A and the sleeve 134A). The
axis 170A may extend through the inner surface 132A, the
sleeve 134 A, and the bore 136A.

FIGS. 6A and 6B illustrate perspective views of the inner
cup 150A of the rotatable member 120A, according to an
embodiment. The other mner cups 150B-150E may be the
same as the mmner cup 150A. The imner cup 150A may
include an outer surface (also referred to as an 1nner track
surface) 152A. The outer surface 152A may be at least
partially spherical such that 1t 1s configured to conform to the
inner surtace of the shell 110. The mner cup 150A may also
include an arm (also referred to as a cup connector portion)
154 A that extends (e.g., outward) from the outer surface
152 A. Thus, when the outer surface 152 A contacts the 1nner
surface of the shell 110, the arm 154 A may extend radially
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outward through the opening 112A 1n the shell 110 and at
least partially into the outer cup 130A. A bore 156 A may
extend through the inner cup 150A (e.g., through the outer
surface 152 A and the arm 154 A). The axis 170A may extend
through the outer surface 152A, the arm 154 A, and the bore
156A. As discussed below, the bores 136A, 156 A may be
aligned and configured to have one or more cables (e.g.,
power and/or communication cables) extending there-
through.

FIGS. 7A and 7B illustrate perspective views of the
rotatable member 120A, according to an embodiment. More
particularly, FIGS. 7A and 7B 1illustrate the outer and inner
cups 130A, 150A coupled together. The 1nner cup 150A may
be configured to be positioned at least partially within the
outer cup 130A. For example, the arm 154 A of the inner cup
150A may be configured to be positioned at least partially
within the bore 136A of the outer cup 130A. In one
embodiment, the arm 154A may have external threads that
may couple with corresponding internal threads on the outer
cup 130A.

As shown in FIG. 7B, the outer and inner cups 130A,
150A may form a gap therebetween, which may serve as a
track 116. At least a portion of the shell 110 (e.g., the shell
rail 440) may be positioned within the track 116.

FIG. 8 illustrates a transparent perspective side view of
the spherical joint 100 having a cable guide 800 positioned
therein, and FIG. 9 illustrates a perspective view of the cable
guide 800, according to an embodiment. The cable guide
800 may be configured to be positioned at least partially
within the shell 110. The cable guide 800 may include a
hollow body 810 and one or more protrusions (five are
shown: 820A-820F) that extend radially outward from the
body 810. The protrusions 820A-820E may be substantially
aligned with the rotatable members 120A-120E. More par-
ticularly, the protrusions 820A-820E may be substantially
aligned with the outer portions 130A-130E and/or the cor-
responding 1nner portions 150A-150E. Each protrusion
820A-820F may have a bore (three are shown: 822A-822C)
extending therethrough.

One or more cables (one 1s shown: 830) may extend at
least partially through the spherical joint 100. The cable
guide 800 may be flexible (e.g., elastic). The cable guide 800
may serve to direct and protect the cable 830. For example,
the cable gmide 800 may prevent the cable 830 from being
caught or tangled in response to the movement of the
rotatable members 120A-120E. The cable guide 800 may
also or instead prevent the rotatable members 120A-120F
from rotating about their axes, which could twist the cable
830.

In the example shown 1n FIG. 8, the cable 830 extends
through the rotatable member 120C (e.g., the outer and inner
cups 130C, 140C) and into the interior of the shell 110. The
cable 830 then extends through the protrusion 820C and into
the interior of the body 810 of the cable guide 800. The cable
830 then extends through the protrusion 820E and out the
rotatable member 120E (e.g., the outer and inner cups 130E,
150E). This 1s merely one example of how the cable 830
may be routed. In another embodiment, the cable 830 may
be routed through the spherical joint 100 without the use of
the cable guide 800 (1.e., the cable guide 800 may be
omitted).

FIG. 10 illustrates a transparent perspective view of the
spherical joint 100, according to an embodiment. As men-
tioned above, the rotatable members 120A-120E may be
configured to move with respect to the shell 110. FIG. 10
illustrates the movement (e.g., rotation) of the rotatable
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10

15

20

25

30

35

40

45

50

55

60

65

8

the centers of the opemings 112A, 112B 1n the shell 110, and
the axes 170A, 170B extend through the centers of the
rotatable members 120A, 120B. More particularly, the axis
170A extends through the centers of the cups 130A, 150A,
and the axis 170B extends through the centers of the cups
130B, 150B. The axes 114A, 114B and the axes 170A, 170B
may extend through a center point 118 of the shell 110. The
center point 118 may be a shared center of rotation for the
rotatable members 120A-120F. In other words, the rotatable
members 120A-120E may be configured to move (e.g.,
independently from one another) about the center point 118
with respect to the shell 110, and the axes 170A-170FE will
remain extending through the center point 118 as the rotat-
able members 120A-120E rotate.

The angle D represents the degree of angular freedom of
the rotatable member 120A. The degree of angular freedom
D 1s the angle between the axis 114A through the opening
112 A and the axis 170A through the rotatable member 120A
(e.g., when the rotatable member 120A has been rotated to
the maximum extent allowable). The other rotatable mem-
bers 120B-120E may have similar degrees of angular free-
dom D. The degree of angular freedom D may be from about
1° to about 5°, about 5° to about 10°, about 10° to about 20°,
about 20° to about 45°, or more.

The angle OA represents the opening angle. The opening
angle OA 1s the angle between the axis 114A through the
center of the opening 112 A and the opening edge section 430
of the opening 112A. The other openings 112B-112E may
have a similar OA.

The angle 1A represents the interference angle. When two
adjacent rotatable members 120A, 1208 are rotated toward
one another, they may contact one another. More particu-
larly, as shown 1n FIG. 10, the inner cups 150A, 150B may
have contact points 128A, 128B that contact one another.
The mterference angle 1A represents the angle between the
axis 114 A through the opening 112A and the contact point
128 A on the rotatable member 120A (e.g., the ner cup
150A) when the rotatable members 120A, 120B are rotated
toward one another such that the contact points 128A, 128B
are contacting one another. For example, the openings 112 A,
112B may be spaced apart from one another by about 90°.
Thus, the contact points 128A, 128B may contact one
another when the inner cups 150B, 150B are each rotated
toward one another by 45° (1.e., the interference angle (I1A)),
which adds up to 90°.

The angle PA represents the pullout angle. The pullout
angle PA 1s the angle between the opening edge section 430
of the opening 112A and the contact point 128A on the
rotatable member 120A (e.g., the inner cup 150A) when the
rotatable members 120A, 120B are rotated toward one
another such that the contact points 128A, 128B are con-
tacting one another. The pullout angle PA may be sized to
help prevent the cups 130A, 150A from being “pulled”
through the opening 112A. More particularly, the outer cup
130 A may be slightly larger than the opening 112 A such that
it may not be pushed through the opening 112A during a
compression load, and the inner cup 150A may be slightly
larger than the opening 112A such that 1t may not be pulled
out through the opeming 112A during a tension load. For
example, the cups 130A, 150A may have diameters that are
larger than the diameter of the opening 112A. Thus, the cups
130A, 150A may not fully cover the opening 112A at all
times, as may be seen on the left side of the opening 112A,
where a gap exists.

As mentioned above, the shell 110 may include two or
more shell sections 110A, 110B. As the inner cups 150A-
150E may not be mnserted into the interior of the shell 110
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through the openings 112A-112E, they may instead be
inserted into the interior of the shell 110 when the shell
sections 110A, 110B are apart. Once the 1nner cups 150A-
150FE are 1n the interior of the shell 110, the shell sections
110A, 110B may be coupled together.

The link radius r, represents the radius of the sleeve 134A
of the outer cup 130A and/or the radius of the arm 154A of
the inner cup 150A. The sphere radius r (not shown 1n FIG.
10) represents the radius of the shell 110 (e.g., from the
center pomnt 118 to the outer surface 410 and/or the 1nner
surface 420 of the shell 110.

The triangle between the degree of angular freedom D,
opening angle OA, and link radius r; links the angular
variables and dimensions of the spherical joint 100. By
replacing the opening angle OA with arcsin(r; /rg) and solv-
ing for the sphere radius r, this leads to:

Fr
sin(fCA4 — D —PA4)

Equation 1

e =

Once the final angles are derived, the minimum radius of
the shell 110 may be calculated, minimizing the size of the
spherical joint 100. The link radius r, may be based at least
partially upon (e.g., derived directly from) a tension load.
Equation 1 may allow for the shell 110 to be sized based
upon on the load requirement of the rotatable members

120A-120E.

Example

The spherical joint 100 may be made out of aluminum
7075. The degree of angular freedom D may be 15° (allow-
ing for 30° of total travel). The bore 156A through the inner
cup 150A may be 0.25 inches. The pullout angle PA may be
2° larger than the opening angle QA to prevent the rotatable
member 120A from being pulled out through the opening
112A. The load on the rotatable member 120A may be 1500
Ibs. If the opposing rotatable member 120E experiences a
load of 1500 1lbs 1n the opposite direction, the rotatable

member 120A may experience 3000 lbs of force. The factor
of safety (FOS) off of yield may be 1.25.

Yield strength=73,000 ps1/1.25=58,400 psi Equation 2
Stress=F/A Equation 3
58,400 ps1=3000 Ib/A Equation 4
A=0.05137 in? Equation 5
A=7r,>—m(0.25)?°=0.05137 in® Equation 6
Link radius r;=0.281 1nches Equation 7
Plug this into equation 1:

0.281 , Equation 8

ry = Sn@5 - 15— (151 2) = 1.248 1inches

Thus, the shell 110 may have a diameter of about 2.5 inches.

FIG. 11 1illustrates an exploded perspective view of a
rotatable member connector portion 1100 that may be
coupled to the spherical joint 100, according to an embodi-
ment. Each rotatable member 120A-120E may be config-
ured to be coupled to an elongated member 1110. The
elongated member 1110 may be or include a linear actuator
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that 1s configured to extend and retract to vary the length
thereof. As shown, the sleeve 134 A of the outer cup 130A of
the rotatable member 130A may be configured to be coupled
to the linear actuator 1110.

In the embodiment shown, the sleeve 134A may be
coupled to the actuator 1110 via a guide nut 1120. The sleeve
134A may be coupled to the guide nut 1120A via one or
more radial links (six are shown: 1122), a hinge nut 1124,
and a bolt 1126. The radial links 1122 may be circumfer-
entially offset from one another around the axis 170A. A bolt
head 1128 may be configured to couple to the bolt 1126. This
may couple the guide nut 1120 to the actuator 1110.

FIGS. 12A-12C 1llustrate perspective views of a truss
structure 1200, according to an embodiment. The truss
structure 1200 may include a plurality of spherical joints
(seven are shown 100A-100G) and a plurality of actuators
(twelve are shown: 1110A-1110L). Each spherical joint
100A-100G may be configured to be coupled to one or more
actuators 1110A-1110L.. For example, three of the rotatable
members of the spherical joint 100A are coupled to the
actuators 1110A-1110C, and four of the rotatable members
of the spherical joint 100B are coupled to the actuators
1110A, 1110D, 1110F, 1110G.

In FIG. 12A, the actuators 1110A-1110L are 1n first (e.g.,
retracted) positions, and thus, the truss structure 1200 1s 1n
a first (e.g., collapsed) state. In FIG. 12B, the actuators
1110A-1110C have been actunated into second (e.g.,
extended) positions. As the actuators 1110A-1110C extend,
the angles between the actuators 1110A-1110C may
decrease. For example, the angle 1210 between the actuators
1110A and 1110B may decrease. The angles between the
actuators 1110A-1110C and the actuators 1110D-1110F may
increase. For example, the angle 1220 between the actuator
1110B and the actuator 1110D may increase.

In FIG. 12C, all of the actuators 1110A-1110L are in the
extended position, and thus, the truss structure 1200 1s 1n a
second (e.g., expanded) state. This may also cause angles
between the actuators 1110A-1110L to vary (when compared
to FIGS. 12A and 12B). As mentioned above, the actuators
1110A-1110L may be coupled to the sleeves of the outer
cups of the rotatable members, which may be configured to
move (e.g., rotate) with respect to the shell of the spherical
jomt. This may allow the actuators 1110A-1110L to extend
and retract, and the angles therebetween to vary, which may
allow the truss structure 1200 to vary 1ts shape and size.

Notwithstanding that the numerical ranges and param-
eters setting forth the broad scope of the present teachings
are approximations, the numerical values set forth in the
specific examples are reported as precisely as possible. Any
numerical value, however, inherently contains certain errors
necessarily resulting from the standard deviation found 1n
their respective testing measurements. Moreover, all ranges
disclosed herein are to be understood to encompass any and
all sub-ranges subsumed therein. For example, a range of
“less than 10” may include any and all sub-ranges between
(and including) the minimum value of zero and the maxi-
mum value of 10, that 1s, any and all sub-ranges having a
minimum value of equal to or greater than zero and a
maximum value of equal to or less than 10, e.g., 1 to 3.

While the present teachings have been illustrated with
respect to one or more 1implementations, alterations and/or
modifications may be made to the illustrated examples
without departing from the spirit and scope of the appended
claims. For example, 1t may be appreciated that while the
process 1s described as a series of acts or events, the present
teachings are not limited by the ordering of such acts or
events. Some acts may occur 1n different orders and/or
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concurrently with other acts or events apart from those
described herein. Also, not all process stages may be
required to implement a methodology 1n accordance with
one or more aspects or embodiments of the present teach-
ings. It may be appreciated that structural objects and/or
processing stages may be added, or existing structural
objects and/or processing stages may be removed or modi-
fied. Further, one or more of the acts depicted herein may be
carried out 1n one or more separate acts and/or phases.
Furthermore, to the extent that the terms “including,”
“includes,” “having,” “has,” “with,” or variants thereof are
used 1n etther the detailed description and the claims, such
terms are intended to be inclusive 1n a manner similar to the
term “comprising.” The term “at least one of” 1s used to
mean one or more of the listed items may be selected.
Further, 1n the discussion and claims herein, the term “on”
used with respect to two materials, one “on” the other, means
at least some contact between the materials, while “over”
means the materials are i proximaity, but possibly with one
or more additional intervening materials such that contact 1s
possible but not required. Neither “on” nor “over” implies
any directionality as used herein. The term “conformal”
describes a coating material 1n which angles of the under-
lying material are preserved by the conformal material. The
term “about” indicates that the value listed may be some-
what altered, as long as the alteration does not result in
nonconformance of the process or structure to the 1llustrated
embodiment. The terms “couple,” “coupled,” “connect,”
“connection,” “connected,” “in connection with,” and “con-
necting” refer to “in direct connection with” or “in connec-
tion with via one or more intermediate elements or mem-
bers.” Finally, the terms “exemplary” or “illustrative”
indicate the description 1s used as an example, rather than
implying that i1t 1s an ideal. Other embodiments of the
present teachings may be apparent to those skilled in the art
from consideration of the specification and practice of the
disclosure herein. It 1s intended that the specification and
examples be considered as exemplary only, with a true scope
and spirit of the present teachings being indicated by the
following claims.

What 1s claimed 1s:

1. A joint, comprising:

a shell that 1s hollow and at least partially spherical,
wherein the shell includes a plurality of shell rail
sections including a first shell rail section, wherein the
first shell rail section includes:

a portion of an outer surface of the shell;
a portion of an mner surface of the shell; and
an opening edge section that defines a shell opening;

a plurality of rotatable members including a first rotatable
member, the first rotatable member 1including:
an outer cup positioned at least partially outside of the

shell and having an outer track surface; and
an iner cup positioned at least partially inside of the
shell and having an inner track surface;

wherein the first shell rail section 1s positioned at least
partially between the outer and inner track surfaces;
and

wherein the first rotatable member 1s configured to move
along a first arcuate path with respect to the shell while
a central longitudinal axis through the first rotatable
member remains extending through a center of the

shell.

2. The jomnt of claim 1, wherein the first arcuate path
extends from a first rail location to a second rail location, and
wherein the first and second rail locations are diflerent
circumierential locations around the first rail section.
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3. The joint of claim 2, wherein the first rotatable member
1s movable 1n a plurality of arcuate paths including the first
arcuate path and a second arcuate path, wherein the second
arcuate path extends from a third rail location to a fourth rail
location, wherein the third and fourth rail locations are on
opposite sides of the first rail section, and wherein the
central longitudinal axis remains extending through the
center of the shell as the first rotatable member moves along
the first and second arcuate paths.

4. The joint of claim 3, wherein the first and second
arcuate paths are substantially perpendicular to one another.

5. The joint of claim 1, wherein the outer track surface and
the 1nner track surface are at least partially spherical.

6. A spherical joint, comprising:

a shell that 1s hollow and at least partially spherical,
wherein the shell includes a first shell section and a
second shell section that are configured to be coupled
together, wherein the shell also includes a plurality of
shell rail sections including a first shell rail section,
wherein the first shell rail section includes:

a portion of an outer surface of the shell;

a portion of an mner surface of the shell; and

a first opening edge section that defines a first shell
opening;

a plurality of rotatable members including a first rotatable
member, the first rotatable member including:

a first outer cup positioned at least partially outside of
the shell and having an outer track surface, wherein
the outer track surface i1s at least partially spherical

and comprises a radius that 1s substantially the same
as a radius of the outer surface of the shell; and

a {irst inner cup positioned at least partially inside of the
shell and having an 1nner track surface, wherein the
inner track surface 1s at least partially spherical and
comprises a radius that 1s substantially the same as a
radius of the inner surface of the shell, and wherein
a diameter of the first inner cup i1s greater than a
diameter of the first shell opening such that the first
inner cup 1s configured to be inserted into an interior
of the shell prior to the first and second shell sections
being coupled together;

a first cup connector portion extending through the first
shell opening and coupling the first outer cup and the
first 1nner cup together; and

a {irst rotatable member connector portion configured
to couple the first rotatable member to an elongated
member:;

wherein the first shell rail section 1s positioned at least
partially between the outer and inner track surfaces;
and

wherein the first rotatable member 1s configured to move
along a first arcuate path with respect to the shell while
a central longitudinal axis through the first rotatable
member remains extending through a center of the
shell.

7. The spherical joint of claim 6, wherein the first inner
cup comprises the first cup connector portion, and wherein
the first cup connector portion 1s positioned at least partially
within the first outer cup.

8. The spherical joint of claim 6, wherein the spherical
joint does not comprise ball bearings.

9. The spherical joint of claim 6, wherein a degree of
angular Ifreedom between the central longitudinal axis
through the first rotatable member and a central longitudinal
axis through the first shell opening 1s from about 1° to about

30°.
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10. The spherical joint of claim 9, wherein the degree of
angular freedom 1s limited by the first inner cup, the first
outer cup, or both contacting the first opening edge section.

11. The spherical joint of claim 6, wherein the first inner
cup fully covers the first shell opening when the first inner
cup 1s 1n a first position, and wherein the first inner cup does
not fully cover the first shell opening when the first inner cup
1s 1n a second position.

12. The spherical joint of claim 6, wherein a diameter of
the outer 1nner cup 1s greater than the diameter of the first
shell opening, and wherein the first outer cup fully covers
the first shell opening when the first outer cup 1s 1 a first
position, and wherein the first outer cup does not fully cover
the first shell opening when the first outer cup 1s 1n a second
position.

13. The spherical joint of claim 6, wherein the plurality of
rotatable members comprises a second rotatable member,
the second rotatable member including:

a second outer cup positioned at least partially outside of

the shell;

a second iner cup positioned at least partially inside of
the shell:

a second cup connector portion extending through a
second shell opeming in the shell and coupling the
second outer cup and the second inner cup together;
and

wherein the second rotatable member 1s configured to
move along a second arcuate path with respect to the
shell while a central longitudinal axis through the
second rotatable member remains extending through
the center of the shell.

14. The spherical joint of claim 13, wherein a first bore
extends through the first inner cup and the first outer cup,
wherein a second bore extends through the second inner cup
and the second outer cup, and wherein a cable 1s configured
to extend into the interior of the shell through the first bore
and then out of the interior of the shell through the second
bore.

15. The spherical joint of claim 14, turther comprising a
cable guide positioned within the interior of the shell,
wherein the cable guide comprises a first cable guide bore
that 1s substantially aligned with the first bore, and wherein
the cable guide also comprises a second cable guide bore
that 1s substantially aligned with the second bore.

16. A truss structure, comprising:

a plurality of joints including a first joint, wherein each

joint comprises:

a shell that 1s hollow and at least partially spherical,
wherein the shell includes a plurality of shell rail
sections including a first shell rail section and a
second rail section, wherein the first and second shell
rail sections each include:

a portion of an outer surface of the shell;
a portion of an inner surface of the shell; and
an opening edge section that defines a shell opening;
a plurality of rotatable members including a first rotat-
able member and a second rotatable member,
wherein the first rotatable member 1s configured to
move along a first arcuate path with respect to the
shell while a central longitudinal axis through the
first rotatable member remains extending through a
center of the shell, wherein the second rotatable
member 1s configured to move along a second arcu-
ate path with respect to the shell while a central
longitudinal axis through the second rotatable mem-
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ber remains extending through the center of the shell,

and wherein the first and second rotatable members

cach 1nclude:

an outer cup positioned at least partially outside of
the shell and having an outer track surface; and

an 1inner cup positioned at least partially inside of the
shell and having an iner track surface, wherein
the first shell rail section i1s positioned at least
partially between the outer and inner track sur-
faces of the first rotatable member, and wherein
the second shell rail section 1s positioned at least
partially between the outer and inner track sur-
faces of the second rotatable member;

a plurality of actuators including a first actuator and a

second actuator;

wherein the first actuator 1s coupled to the outer cup of the

first rotatable member of the first joint, wherein the first
actuator 1s configured to extend and retract, wherein the
first rotatable member of the first joint and the first
actuator are configured to move with respect to the
shell of the first joint while the central longitudinal axis
through first rotatable member of the first joint and the
first actuator remains extending through the center of
the shell of the first joint;

wherein the second actuator 1s coupled to the outer cup of

the second rotatable member of the first joint, wherein
the second actuator 1s configured to extend and retract,
wherein the second rotatable member of the first joint
and the second actuator are configured to move with
respect to the shell of the first joint while the central
longitudinal axis through second rotatable member of
the first joint and the second actuator remains extending
through the center of the shell of the first joint.

17. The truss structure of claim 16, wherein first and
second actuators are configured to extend, causing an angle
between the first and second actuators to vary, thereby
actuating the truss structure from a retracted state to an
extended state.

18. The truss structure of claim 16, wherein the plurality
ol joints includes a second joint, wherein the first actuator 1s
coupled to the outer cup of the first rotatable member of the
second joint, wherein the first rotatable member of the
second jomnt and the first actuator are configured to move
with respect to the shell of the second joint while the central
longitudinal axis through f{first rotatable member of the
second joint and the first actuator remains extending through
the center of the shell of the second joint.

19. The truss structure of claim 18, wherein the plurality
ol jomts includes a third joint, wherein the second actuator
1s coupled to the outer cup of the first rotatable member of
the third joint, wherein the first rotatable member of the third
jomt and the second actuator are configured to move with
respect to the shell of the third joint while the central
longitudinal axis through first rotatable member of the third
joint and the second actuator remains extending through the
center of the shell of the third joint.

20. The truss structure of claim 19, wherein the plurality
of actuators includes a third actuator, wherein the third
actuator 1s coupled to the outer cups of the second rotatable
members of the second and third joints, wherein the second

rotatable members of the second and third joints and the
third actuator are configured to move with respect to the
shells of the second and third joints while the central
longitudinal axes through second rotatable members of the
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second and third joints and the third actuator remain extend-
ing through the centers of the shells of the second and third
jo1nts.

16
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