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RECONFIGURABLE STRUCTURE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 33
U.S.C. 119(e) of U.S. Provisional Patent Application No.

60/563,897 filed Apr. 8, 2004, entitled “Evolvable Neural
Software System and Related Devices™ and U.S. Provisional
Patent Application No. 60/566,226 filed Apr. 23, 2004,

entitled “Evolvable Neural Software System and Related
Devices,” each of which 1s incorporated herein by reference in
its entirety.

ORIGIN OF THE INVENTION

The invention described herein was made by an employee
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 rovalties thereon or therefor.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a reconfigurable structure
and, more particularly, to a structure that can change 1ts form
to optimize its function and/or adapt to contingencies.

2. Description of the Related Art

Structural systems that are uniquely configured and dedi-
cated to carrying out a specific task or a narrow range of tasks
are known 1n the art. These conventional systems include
robotic structures that are configured to carry out an action in
a particular way. In one example, mobile platiorms, some-
times referred to as “rovers,” are typically configured as
wheeled vehicles or legged vehicles. Such vehicles may be
used to explore, acquire data, or extract environmental
samples 1n inhospitable environments, such as volcanic envi-
ronments or on the surface of other planets. Such platforms
may also be tasked with carrying out tasks that are too dan-
gerous or otherwise not suitable for humans, such as disabling
bombs.

A problem associated with these conventional systems 1s
that they are unable to adapt to contingencies 1n their operat-
ing environments. As a result, relatively small variations 1n
the operating environment may result in total system failure.
For example, if a conventional wheeled vehicle or a legged
vehicle tips over on uneven terrain, the vehicle 1s unable to
right itself and continue to operate.

Another type of conventional systems include structural
systems having dedicated components to carry out specific
tasks. In one example, spacecrait are commonly designed to
have dedicated structural components functioning as instru-
ments, mstrument supports, communication systems, and
propulsion structures, such as solar sails.

A problem associated with these conventional systems 1s
their 1ability to change their form or structure to optimize
their performance or to adapt to contingencies that adversely
aifect their operation. For example, on conventional space-
craft, localized damage to an instrument boom, solar array, or
portion of a solar sail caused by debris impact may cause
failure of the component and/or the mission.

Thus, conventional robotic systems and other structural
systems lack the ability to optimize their function and/or to
adapt to contingencies 1n their operating environments.
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2
SUMMARY OF EXEMPLARY ASPECTS

In the following description, certain aspects and embodi-
ments of the present invention will become evident. It should
be understood that the invention, 1n 1ts broadest sense, could
be practiced without having one or more features of these
aspects and embodiments. It should also be understood that
these aspects and embodiments are merely exemplary.

To overcome the drawbacks of the prior art and in accor-
dance with the purpose of the invention, as embodied and
broadly described herein, one aspect of the invention provides
a reconfigurable structure including a plurality of selectively
extensible and retractable limbs, at least one node pivotably
receiving respective ends of at least two limbs, and an actuator
associated with each limb for extending and retracting the
limb.

In another aspect, the invention provides a reconfigurable
structure 1including a plurality of nodes, a plurality of selec-
tively extensible and retractable limbs, each limb having a
first end and a second end pivotably received by respective
nodes, an actuator associated with each limb for extending
and retracting the limb, and an addressable module associated
with each actuator to control the actuator. As used herein,
“addressable” means discretely accessible by one or more
media. The media used to address a given module may utilize
one or more of an electrical signal, a fiber optic signal, aradio
frequency signal, and an infrared signal. Media utilizing other
types of signals may also be used.

In a further aspect, the invention provides a reconfigurable
structure including a polyhedral frame. As used herein, “poly-
hedral frame” means a frame defining a plurality of faces. The
polyhedral frame includes a plurality of selectively extensible
and retractable limbs, a plurality of nodes, each node p1vot-
ably recerving respective ends of at least two limbs, a motor
associated with each limb for extending and retracting the
limb, and an addressable module associated with each actua-
tor to control the motor. The limbs may define polyhedral
subirames within the polyhedral frame.

Aside from the structural and procedural arrangements set
forth above, the invention could include a number of other
arrangements, such as those explained hereinafter. It 1s to be
understood that both the foregoing description and the fol-
lowing description are exemplary only.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are icorporated 1n
and constitute a part of this specification, illustrate several
exemplary embodiments of the invention and together with
the description, serve to explain the principles of the mnven-
tion. In the drawings,

FIG. 1 1s a schematic view of an embodiment of the recon-
figurable structure of the present invention;

FIG. 2 1s a schematic view of an embodiment of a limb and
an actuator of the present invention;

FIG. 3 1s a schematic view of another embodiment of a limb
and an actuator of the present invention;

FIG. 4 1s a schematic view of an embodiment of a node of
the present invention;

FIG. 5 1s a schematic view of another embodiment of a
node of the present invention;

FIG. 6 1s a 1s a schematic view of another embodiment of a
limb and an actuator of the present invention;

FI1G. 7 1s a schematic view of an embodiment of an actuator
mounted on a node of the present invention;

FIG. 8 1s a schematic view of a node of the present inven-
tion;
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FIG. 9 1s a block diagram of an embodiment of a control
arrangement of the present invention;

FIG. 10 1s a schematic view of an embodiment of an
addressable module of the present invention;

FIG. 11 1s a schematic view of another embodiment of an
addressable module of the present invention;

FIG. 12 1s a schematic view of another embodiment of an
addressable module of the present invention;

FIG. 13 1s a schematic view of another embodiment of the
reconiigurable structure of the present invention;

FIG. 14 1s a schematic view of another embodiment of the
reconfigurable structure of the present invention;

FIG. 15 1s a schematic view of another embodiment of the
reconfigurable structure of the present ivention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Reference will now be made in detail to an the exemplary
embodiments of the mnvention, examples of which are 1llus-
trated 1n the accompanying drawings. Wherever possible, the
same reference numbers will be used throughout the draw-
ings to refer to the same or like parts.

The reconfigurable structure according to the present

invention provides an arrangement in which a structure can
change 1ts form to optimize its function and/or adapt to con-
tingencies arising 1n 1fs operating environment. Some
embodiments of the invention provide a scalable system rang-
ing from a single polyhedral frame to a massively parallel
system 1ncluding multiple interconnecting polyhedral
frames. Further, embodiments of the invention may be fabri-
cated using a range of technologies, including mature elec-
tromechanical technologies, as well as microelectromechani-
cal systems (MEMS) and nanoelectromechanical systems
(NEMS) currently being developed.
In some embodiments, structures according to the mven-
tion include multiple polyhedral frames providing an undii-
terentiated architecture that can reconfigure 1nto a variety of
tfunctions without the need for specialized structures or
appendages. Other embodiments provide specialized attach-
ments for robotic, on-orbit, spacecrait servicing. Still other
embodiments provide gossamer reconfigurable structural
frames for space payloads.

In one embodiment, the structure according to the present
invention comprises a polyhedral frame 20, as shown 1n FIG.
1. The polyhedral frame comprises a plurality of selectively
extensible and retractable limbs 22, at least one node 24
pivotably receiving respective ends of at least two limbs 22,
and an actuator (not shown) associated with each limb for
extending and retracting the limb 22.

In one embodiment, the polyhedral frame shown 1n FIG. 1
may be used as a rover, in which the variable length limbs 22
extend or retract to conform to terrain. The structure travels
by selectively varying the length of respective limbs 22 to
topple over 1n alternating directions 1n a controlled manner.

According to one embodiment, each limb 22 comprises a
telescoping shaft 26, as shown in FIG. 2. The telescoping
shaft 26 may comprise at least one of steel, aluminum, tita-
nium, alloys, composites, and polymers. The telescoping
shaft 26 may comprise any ol a range of other matenals
having suitable strength and weight characteristics.

As shown, the telescoping shatt 26 is driven by a cable and
pulley actuator 28. The cable and pulley actuator 28 com-
prises a {irst cable element 30 and a second cable element 32.
The first cable element 30 is strung through the shaft 26 so as
to engage each of the shaft sections 34, 36, 38. A first end 40
of the first cable element 30 1s connected to a distal section 38
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of the shait 26. A second end 42 of the first cable 30 1s secured
to apulley 44. The second cable element 32 1s disposed within
the central opening 46 of the shait 26. A first end 48 of the
second cable element 32 1s connected to the distal section 38
of the shait 26. A second end 50 of the second cable element
32 1s secured to the pulley 44.

The cable may comprise any of a range of materials having
the appropriate size to fit within and between the shaft sec-
tions and the appropriate tensile strength to withstand the
actuation loads associated with extending and retracting the
shaft 26.

The pulley 44 stores a portion of the first and second cable
clements 30, 32. The stored portion of the cable elements
varies as the shaft 26 1s extended and retracted. In one
embodiment, the pulley 44 comprises separate respective
winding portions to receive each cable element 30, 32.

The actuator 28 further comprises a motor 32 for operating
the pulley 44. The motor 52 may be mounted on a respective
limb 22 or on a node 24. Operation of the motor 52 1n a {irst
direction places tension on the first cable element 30 and
extends the shait 26, and operation of the motor 50 1n a second
direction places tension on the second cable element 32 and
retracts the shaft 26. The cable and pulley actuator 28 causes
the shalt segments 34, 36, 38 to extend and retract substan-
tially ssmultaneously, thereby allowing for smooth movement
of the structure. Actuators which act on the shaft segments
sequentially may also be used.

In another embodiment, shown 1n FIG. 3, the telescoping
shaft 54 1s driven by a cable and spring actuator 56. The cable
and spring actuator 56 comprises a spring element 38 biasing
the shaft 54 to an extended position. A cable element 60 1s
disposed within the central opening 62 of the shait 54. A first
end 64 of the cable element 60 1s connected to a distal section
66 of the shaft 54. A second end 68 of the cable element 60 1s
secured to a pulley 70, which stores a portion of the cable
clement 60.

The actuator 56 turther comprises a motor 72 for operating
the pulley 70. The motor 72 may be mounted on a respective
limb 22 or on a node 74. In this embodiment, operation of the
motor 72 in a first direction releases a portion of the cable
clement 60 from the pulley 70 and allows the shait 54 to
extend under the force of the spring 58. Operation of the
motor 72 1n a second direction places tension on the cable
clement 60 and retracts the shaft 54. Selective extension and
retraction of the limbs 22 allows the structure to travel by
toppling over 1n alternating directions 1n a controlled manner.

The polyhedral frame shown 1n FIG. 1 comprises nodes 24
that pivotably receive ends of respective limbs 22. In one
embodiment, shown i1n FIG. 4, each node 24 comprises a
plurality of ball and socket joints 74 for pivotably recerving,
ends of respective limbs 22. Three ball and socket joints 74
are shown on the node 24 in FIG. 4, but nodes may be
provided with a different number of joints to correspond to
the number of limbs received by a given node.

FIG. 5 shows another embodiment, where each node 24
comprises a support element 76 and a plurality of pliant
clements 78 disposed on the support element 76 for pivotably
receiving ends of respective limbs 22. The pliant elements 78
may comprise resilient cables, spring elements, or other con-
nections providing a desired amount of pivoting of the limbs
with respect to the support element. Three pliant elements are
shown on the node 1n FIG. 5, but nodes may be provided with
a different number of pliant elements 78 to correspond to the
number of limbs 22 recerved by a given node 24.

In a further embodiment, each limb comprises at least one
tape element 80. An embodiment of alimb 22 comprising two
tape elements 80 1s shown 1n FIG. 6, along with an associated
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actuator 82. The actuator 82 comprises a winding element 84
for storing a portion of each tape element 80 and a motor (not
shown) for driving each winding element 84 to selectively
store the tape element 80 and dispense the tape element 80.
Storing and dispensing the tape element 80 corresponds to
retracting and extending the respective limb 82. The motor for
driving the winding elements 84 may utilize a belt drive or
direct shaft drive. Other drive arrangements may also be used.

The two tape elements 80 are stored individually onrespec-
tive winding elements 84 when the limb 22 1s retracted. The
tape elements 80 have a substantially flattened cross-section
in the stored configuration on the winding elements 84. When
the limb 22 1s extended and the tape elements 80 are dis-
pensed from the winding element 84, the tape elements 80
take on a rounded cross-section due to internal resiliency in
the material of the tape element 80. Once the tape elements 80
are dispensed, they combine to form a substantially tubular
limb 22. The limb 22 may have a cross-section other than
circular, depending on the material characteristics. Further, a
retaining element (not shown), such as a spring, for example,
may be placed around the limb 22 to maintain the two tape
clements 80 1n an engaged configuration. The tape elements
80 may comprise at least one of steel, aluminum, titanium,
alloys, composites, and polymers. Other materials may also
be used.

In another embodiment, the tape elements 80 comprise
carbon nanostructure elements. As with the tape elements
described above, the carbon nanostructure tape elements sub-
stantially tlatten when stored on the winding elements. When
dispensed from the winding elements 84, the carbon nano-
structure tape elements engage each other to form a substan-
tially tubular limb 22. The carbon nanostructure tape cle-
ments may engage each other 1in zipper-like fashion. In this
embodiment, the winding elements 84 and motor may com-
priscs MEMS or NEMS devices.

The actuator associated with each limb 22 may be mounted
on a respective limb 22 or on a node 24. FIG. 7 shows an
embodiment 1n which an actuator 82 1s pivotably mounted on
anode 24. As shown, the actuator 82 1s disposed on a pivoting
ball 86 within a recess 88 on the node 24. Other pivoting
arrangements may also be used. A given node 24 may accom-
modate multiple actuators 82, as shown 1n FIG. 8. The node
24 1n FIG. 8 has six associated actuators 82. Nodes can be
made to accommodate different numbers of actuators by
varying their geometry to provide a greater number of facets.

In a further embodiment, the structure according to the
present mvention further comprises an addressable module
90 associated with each actuator 28, 56, 82 to control the
actuator. The addressable module 90 controls the actuator 28,
56, 82 by receiving commands sent from a control computer
92, including a controller 94 and transcetver 96, optionally
remote from the structure, as shown in FIG. 9.

In yet another embodiment, the addressable module 90
comprises a power supply 98, a transcerver 100 to receive a
command signal and a controller 102 to provide a control
signal to drive the actuator, for example, a motor 104, 1n
response to the command signal. A schematic diagram of this
arrangement 1s shown 1n FIG. 10. The transceiver 100 may be
configured to recerve at least one of an electrical signal, a fiber
optic signal, a radio frequency (RF) signal, and an infrared
(IR) signal. Other types of signals may also be used.

Accordingly, 1n one embodiment, the structure of the
present invention may be controlled using a joystick control-
ler or other mput device connected to the structure through a
wire or fiber optic connection. In another embodiment, all of
the addressable modules on the structure may be provided
with a unique RF frequency tag, allowing for non-contacting,
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independent control of the structure. The addressable mod-
ules 90 may be disposed on a respective limb 22 or on a node

24.

In a further embodiment, the structure further comprises at
least one sensor 106 associated with each limb 22 providing
teedback to the controller 102 on at least one parameter. The
at least one parameter may be chosen from force, pressure,
temperature, limb length, and limb attitude. Other parameters
may also be measured. A schematic diagram of this arrange-
ment 1s shown 1n FIG. 11. The information provided by the
sensor 106 may enhance the operation of the structure while
it carries out various activities.

In a still further embodiment, shown in FIG. 12, the addres-
sable module 90 associated with each motor comprises a
power supply 98, a transcerver 100 to recerve a first command
signal, a computer 108 to provide a second command signal
in response to the first command signal, and an associated
controller 102. The associated controller 102 provides a con-
trol signal to drive the motor 104 in response to the second
command signal. In another embodiment, the computer 108
turther provides the second command signal to the controllers
associated with other motors. In this arrangement, the recon-
figurable structure of the present invention 1s equipped for
autonomous operation. The computer may utilize an evolv-
able synthetic neural system 1n this arrangement, as described
in a related application, U.S. application Ser. No. 11/109,400
filed Apr. 8, 2003, entitled “Evolvable Synthetic Neural Sys-

tem,” which 1s incorporated herein by reference 1n 1ts entirety.

Further embodiments of the reconfigurable structure of the
present invention are shown i FIGS. 13 and 14. As shown,
cach of these embodiments includes polyhedral subframes
within the polyhedral frame, and a central node 110 that may
be used for carrying instruments or other dedicated equip-
ment. The protected location of the central node 110 makes 1t
ideal for that purpose.

The increased number of nodes 24 and limbs 22 on the
structure shown 1n FIG. 14 provides that structure with
greater articulation than other embodiments possess. Due to
the greater articulation, the structure of that embodiment may
be capable of smoother motions and greater flexibility than
other embodiments. Reconfigurable structures arranged as
shown in FIG. 14 may be reconfigured to a substantially
planar arrangement.

In the embodiment shown 1n FIG. 15, the reconfigurable
structure of the present invention comprises a first plurality of
polyhedral frames connected to adjacent polyhedral frames to
form a first platform 112 defining a first substantially planar
surface 114. The structure further comprises a second plural-
ity of polyhedral frames connected to adjacent polyhedral
frames to form a second platform 116 defining a second
substantially planar surface 118. The second platform 116 1s
connected to the first platform 112 through intermediate

limbs 119.

In this arrangement, the first substantially planar surface
114 and the second substantially planar surface 118 are sub-
stantially parallel. Further, the first substantially planar sur-
face and the second substantially planar surface have a hex-
agonal shape. The polyhedral frames may also be arranged so
that the planar surfaces have different shapes.

In one embodiment, a fabric 120 1s disposed on the poly-
hedral frames defining one of the first substantially planar
surface 114 and the second substantially planar surface 118 to
form a solar sail. A similar arrangement may be used to form
a telescope mirror. The fabric may comprise a polymer mate-
rial. One type of polymer material used 1s a helical nanotubule
dendritic polymer. Other materials may also be used.
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In some embodiments the reconfigurable structure of the
present invention may have a retracted volume significantly
less than its extended volume. In one embodiment, the ratio of
the length of an extended limb to the length of a retracted limb
1s approximately 3:1. In further embodiment, the ratio of the
length of an extended limb to the length of a retracted limb 1s
approximately 6:1. In a still further embodiment, the ratio of
the length of an extended limb to the length of a retracted limb
1s greater than 50:1.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the structure and
methodology described herein. Thus, 1t should be understood
that the mvention 1s not limited to the examples discussed in
the specification. Rather, the present invention 1s mtended to
cover modifications and variations.

What 1s claimed 1s:

1. A reconfigurable structure, comprising:

a plurality of selectively extensible and retractable limbs;

a plurality of nodes each pivotably recerving respective

ends of at least two of said plurality of selectively exten-
sible and retractable limbs; and

a plurality of actuators each associated with a correspond-

ing one of each and every limb for extending and retract-
ing the limb; wherein at least one of said plurality of
selectively extensible and retractable limbs 1s pivotally
received by a corresponding one of said plurality of
nodes at opposite ends thereof; wherein

the plurality of limbs and the at least one node form at least

one three dimensional shape changing polyhedral frame
including at least six limbs connected by at least three
nodes thereby forming four faces; and wherein said at
least one three dimensional shape changing polyhedral
frame 1s void of a fixed length connection between any
two of said at least three nodes.

2. The reconfigurable structure of claim 1, wherein every
node 1s connected to every other node by at least one limb.

3. The reconfigurable structure of claim 1, wherein the
plurality of limbs and the plurality of nodes form a plurality of
polyhedral subirames within the three dimensional shape
changing polyhedral frame.

4. The reconfigurable structure of claim 1, wherein each
node comprises a plurality of ball and socket joints for p1v-
otably receiving ends of respective limbs.

5. The reconfigurable structure of claim 1, wherein each
node comprises: a support element; and a plurality of pliant
clements disposed on the support element for pivotably
receiving ends of respective limbs.

6. The reconfigurable structure of claim 1, wherein each
limb comprises at least three telescoping shaft sections.

7. The reconfigurable structure of claim 6, wherein the ratio
of the length of an extended limb to the length of a retracted
limb 1s approximately 3:1.

8. The reconfigurable structure of claim 6, wherein the ratio
of the length of an extended limb to the length of a retracted
limb 1s approximately 6:1.

9. The reconfigurable structure of claim 6, wherein the ratio
of the length of an extended limb to the length of a retracted
limb 1s greater than 30:1.

10. The reconfigurable structure of claim 1, wherein the
actuator associated with each limb 1s prvotably mounted on a
node.

11. The reconfigurable structure of claim 10, wherein each
limb comprises at least one tape element.

12. The reconfigurable structure of claim 11, wherein the
actuator comprises: a winding element for storing a portion of

5

10

15

20

25

30

35

40

45

50

55

60

65

8

cach tape element; and a motor for driving each winding
clement to selectively store the tape element and dispense the
tape element.

13. The reconfigurable structure of claim 12, wherein the at
least one tape element comprises two tape elements.

14. The reconfigurable structure of claim 13, wherein the
two tape elements form a substantially tubular limb when
dispensed from the winding element.

15. The reconfigurable structure of claim 13, wherein the
tape elements comprise at least one of steel, aluminum, tita-
nium, alloys, composites, and polymers.

16. The reconfigurable structure of claim 13, wherein the
tape elements comprise carbon nanostructure elements.

17. The reconfigurable structure according to claim 1, fur-

ther including a plurality of interconnected polyhedral frames
together forming at least one planar surface comprised of a
plurality of interconnected faces.

18. A reconfigurable structure, comprising: a plurality of
limbs each and every one of said limbs being selectively
extensible and retractable; at least one node pivotably receiv-
ing respective ends of at least two of said plurality of limbs;
and an actuator associated with said each and every one of
said limbs for extending and retracting the limb; wherein the
actuator associated with each limb comprises a motor; and the
plurality of limbs and the at least one node form a three
dimensional shape changing polyhedral frame including at
least six limbs connected by at least three nodes thereby
forming four faces; and wherein said at least one three dimen-
sional shape changing polyhedral frame 1s void of a fixed
length connection between any two of said at least three
nodes.

19. The reconfigurable structure of claim 18, further com-
prising an addressable module associated with each and every
motor, the addressable module comprising: a transceiver to
receive a command signal; and a controller to provide a con-
trol signal to drive the motor 1n response to the command
signal.

20. The reconfigurable structure of claim 19, wherein the
transcerver 1s configured to receive at least one of an electrical
signal, a fiber optic signal, a radio frequency signal, and an
inirared signal.

21. The reconfigurable structure of claim 19, wherein each
addressable module 1s disposed on a node.

22. The reconfigurable structure of claim 21, wherein each
actuator 1s disposed on a respective limb.

23. The reconfigurable structure of claim 19, wherein each
addressable module 1s disposed on a limb.

24. The reconfigurable structure of claim 19, further com-
prising at least one sensor associated with each limb provid-
ing feedback to the controller on at least one parameter.

25. The reconfigurable structure of claim 24, wherein the at
least one parameter 1s chosen from force, pressure, tempera-
ture, limb length, and limb attitude.

26. The reconfigurable structure of claim 6, wherein the
telescoping shaft comprises at least one of steel, aluminum,
titanium, alloys, composites, and polymers.

277. The reconfigurable structure according to claim 18,
wherein said each and every limb 1s 1dentical.

28. The reconfigurable structure according to claim 27,
wherein said structure 1s scalable to be reconfigured 1n 1den-
tical shapes of different sizes.

29. A reconfigurable structure, comprising:
a plurality of selectively extensible and retractable limbs;

il

at least one node pivotably receiving respective ends of
least two limbs; and

at
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an actuator associated with each limb for extending and
retracting the limb wherein each limb comprises a tele-
scoping shaft; and

wherein each actuator comprises: a first cable element engag-
ing each section of the shaft; a second cable element con-
nected to a distal section of the shait; a pulley for storing a
portion of the cable elements; and a motor for operating the
pulley, wherein operation of the motor 1 a {first direction
places tension on the first cable element and extends the shaft,
and operation of the motor 1n a second direction places ten-
sion on the second cable element and retracts the shaft; and
wherein the plurality of retractable limbs and the at least
one node form a three dimensional shape changing poly-
hedral frame 1including at least six limbs connected by at
least three nodes thereby forming four faces; and
wherein said at least one three dimensional shape chang-
ing polyhedral frame 1s void of a fixed length connection
between any two of said at least three nodes.

30. A reconfigurable structure, comprising;

a plurality of selectively extensible and retractable limbs;

at least one node pivotably receiving respective ends of at
least two limbs; and

an actuator associated with each limb for extending and
retracting the limb wherein each limb comprises a tele-
scoping shaft; and

wherein each actuator comprises: a spring element biasing
the shatt to an extended position; a cable element con-
nected to a distal section of the shatt; a pulley for storing
a portion of the cable element; and a motor for operating
the pulley, wherein operation of the motor 1mn a first
direction releases a portion of the cable element from the
pulley and allows the shaft to extend under the force of
the spring, and operation of the motor 1n a second direc-
tion places tension on the cable element and retracts the
shatt; and

wherein the plurality of retractable limbs and the at least
one node form a three dimensional shape changing poly-
hedral frame including at least six limbs connected by at
least three nodes thereby forming four faces; and
wherein said at least one three dimensional shape chang-
ing polyhedral frame 1s void of a fixed length connection
between any two of said at least three nodes.

31. A reconfigurable structure, comprising:

a plurality of nodes;

a plurality of selectively extensible and retractable limbs,
cach limb having a first end and a second end pivotably
received by respective nodes;

an actuator associated with each limb for extending and
retracting the limb; and

an addressable module associated with each actuator to
control the actuator and
wherein the plurality of selectively extensible and

retractable limbs and the plurality of nodes form a
three dimensional shape changing polyhedral frame
including at least s1x limbs connected by at least three
nodes thereby forming four faces; and wherein said at
least one three dimensional shape changing polyhe-
dral frame 1s void of a fixed length connection
between any two of said plurality of nodes.

32. The reconfigurable structure of claim 31, wherein the
plurality of nodes and the plurality of limbs form at least one
polyhedral frame.

33. The reconfigurable structure of claim 32, wherein the
plurality of nodes and the plurality of limbs form a plurality of
polyhedral subiframes within the polyhedral frame.

34. The reconfigurable structure of claim 31, wherein the
actuator associated with each limb comprises a motor.
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35. The reconfigurable structure of claim 34, wherein the
addressable module associated with each motor comprises: a
transcerver to receive a command signal; and a controller to
provide a control signal to drive the motor 1n response to the
command signal.

36. The reconfigurable structure of claim 335, wherein the
transcerver 1s configured to receive at least one of an electrical
signal, a fiber optic signal, a radio frequency signal, and an
infrared signal.

377. The reconfigurable structure of claim 34, wherein the
addressable module associated with each motor comprises: a
transcerver to recerve a first command signal; a computer to
provide a second command signal in response to the first
command signal; and an associated controller to provide a
control signal to drive the motor in response to the second
command signal, wherein the computer provides the second
command signal to the controllers associated with other
motors 1n addition to the associated controller.

38. The reconfigurable structure of claim 37, wherein the
reconiigurable structure 1s equipped for autonomous opera-
tion.

39. The reconfigurable structure of claim 37, wherein the
computer utilizes an evolvable synthetic neural system.

40. The reconfigurable structure of claim 31, wherein each
addressable module 1s disposed on a respective node.

41. The reconfigurable structure of claim 40, wherein each
actuator 1s disposed on a respective node.

42. The reconfigurable structure of claim 40, wherein each
actuator 1s disposed on a respective limb.

43. The reconfigurable structure of claim 31, wherein each
addressable module and each actuator are disposed on a
respective limb.

44. The reconfigurable structure of claim 31, wherein each
limb comprises one of a telescoping shait and at least one tape
clement.

45. A reconfigurable structure, comprising:

a polyhedral frame, comprising:

a plurality of selectively extensible and retractable
limbs:

a plurality of nodes, each node pivotably receiving
respective ends of at least two limbs;

a motor having an actuator associated with each limb for
extending and retracting the limb; and

an addressable module associated with each actuator to

control the motor; and

wherein the plurality of selectively extensible and
retractable limbs and the plurality of nodes form a
three dimensional shape changing polyhedral frame
including at least six limbs connected by at least three
nodes thereby forming four faces; and wherein said at
least one three dimensional shape changing polyhe-
dral frame 1s void of a fixed length connection
between any two of said plurality of nodes.

46. The reconfigurable structure of claim 45, wherein the
addressable module associated with each motor comprises: a
transceiver to recerve a command signal; and a controller to
provide a control signal to drive the motor 1n response to the
command signal.

4'7. The reconfigurable structure of claim 46, wherein each
addressable module 1s disposed on a respective node.

48. The reconfigurable structure of claim 47, wherein each
motor 1s disposed on a respective node.

49. The reconfigurable structure of claim 47, wherein each
motor 1s disposed on a respective limb.

50. The reconfigurable structure of claim 46, wherein each
addressable module and each motor are disposed on a respec-
tive limb.
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51. The reconfigurable structure of claim 45, wherein the
plurality of limbs and the plurality of nodes form a plurality of
polyhedral subiframes within the polyhedral frame.

52. The reconfigurable structure of claim 45, further com-
prising:

a first plurality of polyhedral frames connected to adjacent
polyhedral frames to form a first platform defining a first
substantially planar surface; and

a second plurality of polyhedral frames connected to adja-
cent polyhedral frames to form a second platform defin-
ing a second substantially planar surface, wherein the
second platform 1s connected to the first platform
through intermediate limbs.

53. The reconfigurable structure of claim 352, wherein the

first substantially planar surface and the second substantially 15

planar surface are substantially parallel.

12

54. The reconfigurable structure of claim 52, wherein the

first substantially planar surface and the second substantially
planar surface have a hexagonal shape.

55. The reconfigurable structure of claim 352, wherein a
fabric 1s disposed on one of the first substantially planar
surface and the second substantially planar surface to form a
solar sail.

56. The reconfigurable structure of claim 35, wherein the

10 fabric comprises a polymer material.

57. The reconfigurable structure of claim 36, wherein the
polymer comprises a helical nanotubule dendritic polymer.



	Front Page
	Drawings
	Specification
	Claims

