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SHAPE-CHANGING STRUCTURE MEMBER WITH EMBEDDED SPRING

RELATED APPLICATIONS
[0001] This application is related to two commonly-assigned concurrently-filed
applications, "Structure with Reconfigurable Polymer Material" (Attorney Docket No.
PD-06W163), and "Shape-Changing Structure with Superelastic Foam Material"
(Attorney Docket No. PD-07W090). Both of these applications are hereby

incorporated herein by reference in their entireties.

BACKGROUND OF THE INVENTION
TECHNICAL FIELD OF THE INVENTION

[0002] The invention is in the field of reconfigurable structural members.

DESCRIPTION OF THE RELATED ART
[0003] Metal foam materials have been used in static structures, such as for bone
replacement.
[0004] Shape memory polymer materials have been used for morphing or shape
changing structures, components, and hardware. Unlike shape memory alloys,
shape memory polymers do not exert enough force during shape change to
overcome anything but the weakest of forces. Attempts have been made to develop
structural supports to prevent the shape memory polymer material from warping out
of desired shapes. However, this has been found to severely limit the shape
changes that practically can be achieved.
[0005] It will be appreciated that there is room for improvement in the area of use

of shape memory polymer materials.

SUMMARY OF THE INVENTION
[0006] According to an aspect of the invention, a shape-changing structure
member includes a shape-changing material supported coil springs within the
material.
[0007] According to another aspect of the invention, a shape-changing structural
member includes: a shape-changing structural material capable of elastic
deformation at strains of at least 5%; and one or more springs embedded in the
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shape-changing structural material, wherein the one or more springs provide
structural support to the shape-changing material.

[0008] According to yet another aspect of the invention, an extendible aircraft
wing includes: a shape-changing material configured to be extended and retracted;
and a pair of concentric springs embedded in the shape-changing material. The
springs have an axial length in a direction in which the shape-changing material is to
be extended and retracted. The springs provide structural support to the shape-
changing material.

[0009] To the accomplishment of the foregoing and related ends, the invention
comprises the features hereinafter fully described and particularly pointed out in the
claims. The following description and the annexed drawings set forth in detail certain
illustrative embodiments of the invention. These embodiments are indicative,
however, of but a few of the various ways in which the principles of the invention
may be employed. Other objects, advantages and novel features of the invention
will become apparent from the following detailed description of the invention when

considered in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Inthe annexed drawings, which are not necessarily to scale:
[0011] Fig. 1 is an oblique view of one structural member in accordance with an
embodiment of the present invention, an extendable wing, with the wing illustrated in
the retracted configuration;
[0012] Fig. 2 shows the wing of Fig. 1 in an extended configuration;
[0013] Fig. 3 shows the wing of Fig. 1 with the shape-changing material removed
to show underlying extendable skeleton;
[0014] Fig. 4 shows the wing of Fig. 1 in an extended configuration, with the
shape-changing material removed to show the underlying extendable skeleton
segments;
[0015] Fig. 5is a cross-sectional view showing one spring configuration for use in
the wing of Fig. 1;
[0016] Fig. 6 is an oblique view showing part of the spring configuration of Fig. 5;
[0017] Fig. 7 is a diagram showing a possible the functional relationship of parts
of a structural member in accordance with an embodiment of the invention;
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[0018] Fig. 8 is a cross-sectional view showing a second spring configuration for
use in the wing of Fig. 1; and
[0019] Fig. 9 is a cross-sectional view showing a second spring configuration for

use in the wing of Fig. 1.

DETAILED DESCRIPTION
[0020] A shape-changing structural member has a shape-changing material, such
as a suitable foam material, for example a polymer foam capable of withstanding at
least 300% strain or a metal alloy foam capable of withstanding at least 5% strain.
Springs, such as one or more coil springs, provide structural support for the shape-
changing material. The springs may also be used to provide forces to expand and
contract the shape change material. The springs may include pairs of concentric
springs, one inside of another. The concentric springs may surround an underlying
skeleton structure that supports the shape-changing material and/or aids in changing
the shape of the material. The concentric springs may or may not be wrapped
around the underlying skeleton structure. Multiple springs or pairs of springs may be
coupled together using a sheet metal connector, such as a piece of straight or
curved steel.
[0021] Figs. 1 and 2 show two configurations of a one example of a shape-
chancing structure, a wing 10 that has a variable wingspan. The wing 10 has a
number of shape-changing members 12, here being portions of the wing 10. The
shape-changing wing members 12 can be expanded and contracted to change their
shapes. Fig. 1 shows the wing 10 in a first (extended) configuration, with the
segments 12 each increased in volume, and lengthened in the direction of the
wingspan. Fig. 2 shows the wing 10 in a second (retracted) configuration, with the
members 12 having a reduced extent in the direction of the wingspan.
[0022] The members 12 each have a shape-changing material 14. A shape-
changing material is defined herein as a material capable of elastic deformation at
strains of at least 5%. Certain types of shape-changing material, such as polymer
foams, may be capable of elastic deformation at much larger strains, such as at
strains of 300% or 400%. The shape-changing material 14 may be a foam material

able to expand and contract in one or more directions, changing the volume of the
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material. The shape-changing material 14 may also be a solid material, which as
used herein refers to a material that is substantially without voids.
[0023] The shape-changing material 14 may be a shape memory polymer
material, either in solid form, as a foam, and/or as a gel. As explained in greater
detail below, the polymer material may have mixed in it particles that are acted upon
by the electromagnetic field.
[0024] Alternatively the shape-changing material may be a superelastic metal
foam material 14. Superelasticity, sometimes referred to as pseudoelasticity, refers
to a situation where a solid material undergoes a phase transformation that causes a
reduction of the material's modulus of elasticity (Young's modulus). When
mechanically loaded, a superelastic material may reversibly deform to very high
strains, such as strains of 5 to 10%, or (more narrowly) strains in the range of 6 to
8%. The superelastic foam material may be a suitable metal alloy foam. One
example of a suitable metal alloy for producing a superelastic metal foam material is
a nickel titanium alloy, such as nitinol. The nitinol may be 55% nickel by weight,
although other proportions may be used. Other possibilities include alloys of copper
and zinc, with or without aluminum. In addition, the material for the superelastic
foam alternatively be a suitable metallic glass. The superelastic metal foam of the
members 12 may have a density as low as 10 to 20 percent of the theoretical
density, when the foam is in an expanded state. It will be appreciated that other
suitable foam densities may be employed.
[0025] The shape-changing members 12 have continuous outer surfaces 16 that
remain continuous and unbroken throughout the shape change process. The shape
changing process of the structure 10 thus is distinguished from structural movements
in which one discrete part moves as a whole relative to another part. The
maintenance of a continuous outer surface during a shape change process is
advantageous in a wing, since a continuous outer surface may provide better
aerodynamic properties for the wing. Shape change while maintaining a continuous
outer surface may be referred to herein as "morphing."
[0026] Figs. 3 and 4 show a skeleton 30 of the structure 10. The skeleton 30
includes one or more rigid members that underlie or otherwise support the shape-
changing material 14. The skeleton 30 may be made of a suitable rigid material,
such as a suitable metal. The skeleton 30 may itself be able to change shape, for
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example by being provided with an actuator to allow it to change its length, or by
having parts slide relative to each other. Such actuation may be done with any of a
variety of forces, such as by use of hydraulics, electrical motors, or piezoelectric
materials. It will be appreciated that providing a continuous surface is desirable in a
large number of situations, for example in reducing drag of aircraft and other moving
vehicles. The skeleton 30 may provide support for the shape-changing material 14,
and/or may be used to provide the force for putting a strain on the shape-changing
material 14, to change the shape of the shape-changing material 14 when the
material is in a "soft" state.
[0027] The various members in the structure 10 may be expanded/retracted
individually, or substantially simultaneously. The shape-changing members 12 may
be separated into segments that may be individually extended and retracted. The
segments may be bordered by ribs 32 (Figs. 1 and 2) which may provide structural
support, as well as serving as electrically conductive plates for heating and/or
providing electromagnetic forces. The change in wing length may be performed to
optimize speed-related characteristics of an aircraft. Longer wings may be more
suitable for long-duration low-speed flying, while shorter wings may be more suitable
for faster speeds.
[0028] In addition to the skeleton 30, the shape-changing material 14 may be
supported or reinforced by one or more coil springs embedded within the material
14. In addition, the springs may aid in providing the force to extend or retract the
material 14. More generally, the springs may facilitate changing the shape of the
shape-changing material. Several possible spring configurations are described
below.
[0029] Figs. 5 and 6 shows a pair of concentric coil springs 40 and 42 that
surround and enclose the skeleton 30. The springs 40 and 42 have an axial
(longitudinal) length in a direction along with the shape-changing material 14 is to be
extended and retracted (along the direction of extension/retraction of the skeleton
30). The springs 40 and 42 provide structural support to the shape-changing material
14 that the springs 40 and 42 are embedded in. It will be appreciated that the
springs 40 and 42 may be configured to elastically expand and contract (change
their lengths) by a large amount. The springs 40 and 42 may be capable of an
elastic length extension by a factor of 4 or 5. The springs 40 and 42 are anchored to
5



WO 2009/140021 PCT/US2009/040762

structural material on opposite sides of the shape-changing material 14, such as the
ribs 32 (Fig. 1).
[0030] One or both of the springs 40 and 42 may be made of a shape memory
alloy, which may be solid or a metal foam. One type of shape memory feature
involves the material changing crystalline structure, in essence changing phase, at
certain temperatures when the material is heated and cooled. This allows the
material to "learn" a certain shape that may be regained by subsequent heating, after
cooling and shape change of the material. Other shape memory materials rely on
other forces, such as magnetic forces, to trigger the shape memory feature. Shape
memory features rely on transitions between various crystal structures that the
material can be in. For example, the material may transition between austenite and
martensite at certain temperatures while being heated and cooled. The material
shape is set by heating the material well into the high-temperature austenite phase,
and holding the material in place. Subsequently cooling of the material causes a
transition into the low-temperature martensite phase. The material can be freely
deformed in the martensite phase. Then when the material is subsequently heated
so that it transitions to the austenite phase, the material spontaneously reverts to the
shape set into it previously when it was at a high temperature in the austenite phase.
[0031] In addition, the metal alloy material of the springs 40 and/or 42 may
transition from a high-modulus "strengthened" ("stiff"* or "hard") state to a low-
modulus "relaxed" or (relatively) "soft" state as the material passes through a
transition temperature. For a metal alloy this transition temperature may correspond
to a temperature at which a transition or phase transformation in the metal alloy
occurs. The transition temperature at which the phase transformation takes place
can be manipulated by how the metal material is alloyed or otherwise formed, and by
how the metal material has been heat treated. The transition temperature thus may
be set at a chosen temperature above a temperature of the environment around the
foam material. Alternatively, the transition temperature may be set below a normal
operating temperature of the material, or the environment around the material.
[0032] Where both of the springs 40 and 42 are made of shape memory alloys,
the springs 40 and 42 may be set to have different transition temperatures, for
example by having different compositions of the alloys of the two springs 40 and 42.
The use of shape memory alloys having different transition temperatures allows the
6



WO 2009/140021 PCT/US2009/040762

springs 40 and 42 to act as a bi-directional actuator for extending and retracting the
shape-changing material 14 of the shape-changing member 12. Changing the
temperature of the springs 40 and 42 individually changes the modulus of elasticity
(Young's modulus) of the springs 40 and 42. In addition, heating may be used to
cause the shape memory feature of the springs 40 and 42 to selectively separate or
bring together plates, such as the ribs 32 (Figs. 1 and 2), that are on opposite sides
of the shape-changing material 14.
[0033] The springs 40 and 42 may act as a bi-directional actuator even if only one
of the springs 40 and 42 is made of a shape memory metal alloy. The spring made
of a conventional material, such as steel, will not significantly change its stiffness
over a range of operating temperature. The spring made of a shape memory alloy
will significantly change its stiffness as it passes through the transition temperature.
The shape memory alloy material spring may be configured to have a modulus of
elasticity above that of the conventional material spring when the shape memory
alloy is in its stiff or hard state, below the transition temperature. The shape memory
alloy material spring also may be configured to have a modulus of elasticity below
that of the conventional material spring when the shape memory alloy is in its soft
state, above the transition temperature. Thus the shape memory alloy spring may
be dominant in shaping the material 14 below the transition temperature, and the
conventional material spring may be dominant above the transition temperature.
[0034] The shape memory alloy for the springs 40 and/or 42 may be any of a
variety of known shape memory materials. An example of a suitable material is
nitinol. The metal alloy of the springs 40 and/or 42 may be the same as or different
from the metal alloy (if any) in the shape-changing material 14.
[0035] It will be appreciated that as another alternative both of the springs 40 and
42 may be made of conventional material. In such a situation the springs 40 and 42
provide structural support only, and are not used to actuate extension or retraction of
the material 14. For this alternative the springs 40 and 42 may be replaced by a
single coil spring.
[0036] One or both of the springs 40 and 42 may be used for electrically heating
the surrounding shape-changing material 14. The heating may be used to soften the
material 14, for example bringing the material 14 above a glass transition
temperature or a phase transition temperature. The electrical heating may also be
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used for bringing a shape memory alloy of the heated spring(s) above a transition
temperature.
[0037] The springs 40 and 42 may extend across one or more discrete segments
of the shape-changing material 14. As mentioned above, the springs 40 and 42 may
be attached to structural members, such as the ribs 40 and 42, bordering or within
the shape-changing material 14.
[0038] With reference now to Fig. 7, the shape-changing material 14 may be a
solid or foam shape memory polymer material 52. As is known, shape memory
polymer materials and other materials may be heated above a glass transition
temperature or plastic temperature, to enable them to change their shapes.
However, when doing so it may be desirable to have the shape memory polymer
material 52 still able to resist some forces on it. This ability to resist loads is greatly
reduced when the shape memory polymer material 52 is sufficiently heated so as to
soften it to allow it to change shape. For example, during shape change the Young's
modulus of shape memory polymer foam is relatively low, and therefore the polymer
material may not be able to carry significant loads. Some mechanism may be
needed to increase the stiffness of the material when it is in this condition, in order to
have the material resist loads. The springs 40 and 42 (Fig. 5) provide one such
mechanism.
[0039] In addition, a shape-controlling electromagnetic field system 58 may be
used to aid in maintaining the shape of the polymer material 52. The
electromagnetic field system 58 includes an electromagnetic source 60 and a pair of
electromagnetic elements 62 and 64. As shown in Fig. 7, the electromagnetic
elements 62 and 64 may be on opposite sides of the shape memory polymer
material 52. It will be appreciated that a wide variety of number, size, and
configuration of electromagnetic elements are possible. For example, the
electromagnetic elements 62 and 64 may be plates or wires. As another example
the electrical elements may be metal foil elements embedded in the polymer material
52. It will be appreciated that the electromagnetic elements may be located in any of
a variety of places within or near the material 52.
[0040] The electromagnetic field system 58 may provide an electric field and/or a
magnetic field for controlling shape of the shape memory polymer material 52. Thus
the electromagnetic elements 62 and 64 may be electrical elements, such as

8
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capacitor plates. Alternatively, the electromagnetic elements 62 and 64 may be
magnetic field elements, such as coils.

[0041] The electromagnetic elements 62 and 64 may act on an inherent property
of the shape memory polymer material 52. For instance, the electromagnetic field
system may set up an electric field that acts on a dielectric constant of the shape
memory polymer material 52.

[0042] The shape memory polymer material 52 may have particles 66
interspersed within it that are acted upon by the electromagnetic field system 58.
The particles 66 may be magnetic particles that receive a force when acted upon by
magnetic field set up by the electromagnetic field system 58. The magnetic particles
may be magnetite particles. Particles that respond to an electrical field may be
piezoelectric material particles. Additives to the shape memory polymer material 52
to increase its dielectric constant may include titanates or titanium compounds. Any
sort of suitable particles with a high dielectric constant would be useful for this
purpose. The particles 66 may be micron-size to nano-size particles.

[0043] The electromagnetic field system 58 may be used to heat the shape
memory polymer material 52 in order to soften the material to change its shape.
Alternatively or in addition one or more separate heating elements 68 may be used
to heat the shape memory polymer material 52. As discussed above, the springs 40
and 42 (Fig. 5) may be used as separate resistive heating elements.

[0044] It will be appreciated that a wide variety of suitable additives may be used
to make a polymer a shape memory polymer. The glass transition temperature and
other characteristics of the shape memory polymer material may be controlled by the
type and amount of additives. Other characteristics for the shape memory polymer
material may be suitability for the chemical or other environment that the material is
exposed to. The shape memory polymer material 52 may be either a polyurethane-
based material or an epoxy-based material. Cyanate-ester-based materials may
also be utilized. Foam materials have the advantage of having much greater strain
capacities than neat resin materials. However, it will be appreciated that foam
materials have less stiffness than solid materials. The Poisson's ratio of the neat
resin may be around 0.4 to 0.5. This will result in significant lateral expansion and

contraction of the foam material 12 with change of wingspan, unless some force is
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applied to hold the shape memory polymer material at the desired outer mold line.
The Poisson's ratio of the shape memory polymer foam may be less than 0.1.
[0045] It will be appreciated that the electromagnetic field system 58 may be
used to effect shape change in the material 52. Also, an electromagnetic field
system as described above may be used in conjunction with other types of material,
such as superelastic metal foam materials.
[0046] Fig. 8 shows an alternative spring arrangement in which a first concentric
coiled spring pair 80 is located within a shape-changing material 14 at a leading
edge 84 of awing. A second concentric spring pair 90 is located within the material
14 at a trailing edge 94 of the wing 10. The spring pairs 80 and 90 are located
outside of the skeleton 30, and are coiled such that their axes are directed
perpendicular to the plane shown in Fig. 8. One or both of the springs in each spring
pair 80 and 90 may include a shape memory alloy material. The spring pairs 80 and
90 are advantageously located where structural support is most needed on the wing
10. The spring pairs may thus be more efficient in providing uniform structural
support. In addition, the smaller spring assemblies 80 and 90 may advantageously
provide better, more uniform heating when the spring pairs 80 and 90 are used as
resistive heaters.
[0047] Fig. 9 shows another spring configuration for the wing 10, with a number
concentric coil springs or spring pairs 100, 102, 104, 106, and 108 at various
locations within the shape-changing material 14, outside of the skeleton 30. The
spring pairs 100-108 are all linked by a sheet metal connector 110. The sheet metal
connector 110 may be one of multiple supports at various longitudinal (axial)
locations along lengths of the spring pairs 100-108. The sheet metal connector 110,
which may be made of sheet steel or another suitable metal, provides structural
support wing 10, keeping the springs 100-108 in a fixed position relative to one
another. The sheet metal connector 110 may serve as an alternative structure to be
used in place of the ribs 32 (Fig. 1).
[0048] The springs or spring pairs 100-108 may include springs with shape
memory alloy materials. Alternatively, the springs 100-108 may all be single-metal
conventional springs.
[0049] The above descriptions have related to a single type of structure, an
expandable wing 10. It will be appreciated that the concepts described herein are
10
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applicable to a variety of other structures where shape change and/or reconfiguration
is desired.

[0050] Although the invention has been shown and described with respect to a
certain preferred embodiment or embodiments, it is obvious that equivalent
alterations and modifications will occur to others skilled in the art upon the reading
and understanding of this specification and the annexed drawings. In particular
regard to the various functions performed by the above described elements
(components, assemblies, devices, compositions, etc.), the terms (including a
reference to a "means”) used to describe such elements are intended to correspond,
unless otherwise indicated, to any element which performs the specified function of
the described element (i.e., that is functionally equivalent), even though not
structurally equivalent to the disclosed structure which performs the function in the
herein illustrated exemplary embodiment or embodiments of the invention. In
addition, while a particular feature of the invention may have been described above
with respect to only one or more of several illustrated embodiments, such feature
may be combined with one or more other features of the other embodiments, as may

be desired and advantageous for any given or particular application.
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CLAIMS
What is claimed is:

1. A shape-changing structural member (12) comprising:

a shape-changing structural material (14) capable of elastic deformation at
strains of at least 5%; and

one or more springs (40, 42) embedded in the shape-changing structural
material, wherein the one or more springs provide structural support to the shape-

changing material.

2. The structural member of claim 1, wherein the structural material is

substantially continuous throughout the structural member.

3. The structural member of claim 1 or claim 2, wherein the structural material

is a solid polymer material.

4. The structural member of claim 1 or claim 2, wherein the structural material

is a foam material.

5. The structural member of claim 4, wherein the foam material is a polymer

foam.

6. The structural member of claim 5, wherein the polymer foam is a shape

memory polymer foam.

7. The structural member of claim 4, wherein the foam material is a

superelastic metal foam.

8. The structural member of claim 7, wherein the superelastic metal foam
includes a metal alloy.

9. The structural member of any of claims 1 to 8, wherein the foam material is
capable of elastic deformation at strains of at least 300%.
12
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10. The structural member of any of claims 1 to 9, wherein the one or more

springs includes a coil spring.

11. The structural member of claim 10, wherein an axial length of the one or
more springs is in a direction in which the shape-changing material is to be extended

and retracted.

12. The structural member of any of claims 1 to 9, wherein the one or more

springs includes a pair of coil springs.

13. The structural member of claim 12, wherein at least one of the coil

springs is made of a shape memory metal alloy.

14. The structural member of claim 12, wherein both of the coil springs are

made of a shape memory metal alloy.

15. The structural member of claim 14, wherein the coil springs have different

shape memory transition temperatures.

16. The structural member of claim 12, wherein the coil springs are

concentric, with one of the springs inside the other of the springs.
17. The structural member of claim 16, further comprising additional pairs of
concentric coil springs; wherein the pairs of coil springs support the shape-changing

structural material at different locations within the material.

18. The structural member of claim 17, wherein the pairs of concentric coils

springs are connected to each other by a metal connector.

19. The structural member of any of claims 1 to 18, wherein the structure is

an extendible wing.

13
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20. An extendible aircraft wing comprising:

a shape-changing material configured to be extended and retracted; and

a pair of concentric springs embedded in the shape-changing material;

wherein the springs have an axial length in a direction in which the shape-
changing material is to be extended and retracted; and

wherein the springs provide structural support to the shape-changing material.

14
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