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F1G. 1A

The hybrid bifurcating WEC may be capable operating in various orientations
with various degrees of rigidity and/or flexibility. The amount of rigidity or
flexibility may be based on the intended mode of operation and the intended
operational environment. In some embodiments, the hybrid bifurcating WEC
may utilize distributed embedded energy converter technologies and folding,
origami-like mechanics. In this way, the overall shape, form, and function of
the hybrid bifurcating WEC may be governed by a structure with hinges, bends,
and/or joints with the ability to fold and unfold in some embodiments being
controlled by the distribution and embedding of many relatively small energy
converters (i.e., generators).

[Continued on next page]
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HYBRID BIFURCATING WAVE ENERGY CONVERTERS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority from U.S. Provisional Patent Application No. 63/589,767
filed on October 12, 2023, the contents of which are incorporated herein by reference in their

entirety.

CONTRACTUAL ORIGIN
This invention was made with government support under Contract No. DE-AC36-
08G028308 awarded by the Department of Energy. The government has certain rights in this

invention.

BACKGROUND
Most wave energy converters (WECs) are large monolithic rigid bodies limited to a small
optimal bandwidth of wave energy conditions. This is because such WECs lack inherent abilities
to change their geometry and function. Likewise, most current state-of-the-art WECs are difficult
to transport and deploy due to their large sizes. Thus, there remains a need for a WEC capable of

operating in various ocean conditions and being easy to install.

SUMMARY

An aspect of the present disclosure is a device including a first panel having a first end, a
second panel having a second end, and a hinge connected to the first end and the second end; in
which an angle exists between the first panel and the second panel with a vertex at the hinge, a
generator is positioned within the hinge, and the generator is capable of converting changes in the
angle from an external stimuli to electrical energy. In some embodiments, the angle has a first
value and a second value, the second value is less than the first value, the hinge includes a damping
device, and the damping device is configured to return the angle to the first value when an external
stimuli results in the first panel changing the angle to the second value. In some embodiments, the
damping device includes a spring. In some embodiments, the device has a height, the hinge is
configured to adjust the angle based on an external stimuli, the hinge is configured to adjust the
angle to be substantially acute when the external stimuli exceeds a threshold resulting in the height
decreasing. In some embodiments, the threshold includes a force substantially equivalent to a

maximum restoring force exerted by the damping device. In some embodiments, the generator
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includes a brushless generator. In some embodiments, the first panel includes at least one foam,
polystyrene, fiberglass, rubber, plastic, wood, polyurethane, or metal. In some embodiments, the
first panel includes a fabric, mesh, rubber, or deformable plastic stretched over a substantially solid
frame, and the substantially solid frame is configured to hold the fabric, mesh, rubber, or
deformable plastic substantially taunt. In some embodiments, the first panel includes a flexible
material and an elastomer generator, the first panel is configured to be moved by external stress,
and the elastomer generator is capable of converting movement of the first panel to electrical
energy. In some embodiments, the flexible material cis a plastic, foam, or rubber. In some
embodiments, the elastomer generator is embedded within the flexible material. In some
embodiments, a base configured to connect the second panel to a substantially solid material. In
some embodiments, the hinge is a first hinge, a second hinge is configured to connect the second
panel to the substantially solid material, and an angle exists between the second panel and the
substantially solid surface with a vertex at the second hinge, a generator is positioned within the
second hinge, and the generator is capable of converting changes in the angle from an external
stimuli to electrical energy. In some embodiments, the generator is a brushless generator. In some
embodiments, the substantially solid material is at least one of a rock, a coral, a concrete block, an

ocean floor, or a dock beam.

BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the present disclosure are illustrated in the referenced figures of the
drawings. It is intended that the embodiments and figures disclosed herein are to be considered
illustrative rather than limiting.

FIGS. 1A-B illustrate an embodiment of a hybrid bifurcating wave energy converter
(WEC) in an erect (FIG. 1A) and folded (FIG. 1B) state, according to some aspects of the present
disclosure.

FIGS. 2A-B illustrate an exemplary hinge of an embodiment of a hybrid bifurcating WEC
with a housing (FIG. 2A) and the internal components of the hinge (FIG. 2B), according to some
aspects of the present disclosure.

FIGS. 3A-B illustrate photographic views of an embodiment of a hybrid bifurcating WEC,
folded (FIG. 3A) and erect (FIG. 3B), according to some aspects of the present disclosure.

FIG. 4 illustrates a non-generic origami embodiment for a hybrid bifurcating WEC,

according to some aspects of the present disclosure.
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REFERENCE NUMERALS
100............... hybrid bifurcating wave energy converter (WEC)
105.............. panel
110............... hinge
115............... angle
120............... generator
125............... base
130............... solid surface
135.............. housing
140............... spring
145, connection
150.............. wiring

DETAILED DESCRIPTION

The embodiments described herein should not necessarily be construed as limited to
addressing any of the particular problems or deficiencies discussed herein. References in the
specification to “one embodiment”, “an embodiment”, “an example embodiment’, “some
embodiments”, etc., indicate that the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not necessarily include the particular
feature, structure, or characteristic. Moreover, such phrases are not necessarily referring to the
same embodiment. Further, when a particular feature, structure, or characteristic is described in
connection with an embodiment, it is submitted that it is within the knowledge of one skilled in
the art to affect such feature, structure, or characteristic in connection with other embodiments
whether or not explicitly described.

As used herein the term “substantially” is used to indicate that exact values are not
necessarily attainable. By way of example, one of ordinary skill in the art will understand that in
some chemical reactions 100% conversion of a reactant is possible, yet unlikely. Most of a reactant
may be converted to a product and conversion of the reactant may asymptotically approach 100%
conversion. So, although from a practical perspective 100% of the reactant is converted, from a
technical perspective, a small and sometimes difficult to define amount remains. For this example
of a chemical reactant, that amount may be relatively easily defined by the detection limits of the

instrument used to test for it. However, in many cases, this amount may not be easily defined,
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hence the use of the term “substantially”. In some embodiments of the present invention, the term
“substantially” is defined as approaching a specific numeric value or target to within 20%, 15%,
10%, 5%, or within 1% of the value or target. In further embodiments of the present invention, the
term “substantially” is defined as approaching a specific numeric value or target to within 1%,
0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of the value or target.

As used herein, the term “about” is used to indicate that exact values are not necessarily attainable.
Therefore, the term “about” is used to indicate this uncertainty limit. In some embodiments of the
present invention, the term “about” is used to indicate an uncertainty limit of less than or equal to
+20%, £15%, £10%, +5%, or 1% of a specific numeric value or target. In some embodiments of
the present invention, the term “about” is used to indicate an uncertainty limit of less than or equal
to £1%, +0.9%, +0.8%, +0.7%, +£0.6%, +0.5%, +0.4%, +0.3%, +0.2%, or £0.1% of a specific
numeric value or target.

Among other things, the present disclosure relates to hybrid bifurcating wave energy
converters (WEC). The hybrid bifurcating WEC may be capable operating in various orientations
with various degrees of rigidity and/or flexibility. The amount of rigidity or flexibility may be
based on the intended mode of operation and the intended operational environment. In some
embodiments, the hybrid bifurcating WEC may utilize 1) distributed embedded energy converter
technologies and 2) folding, origami-like mechanics. In this way, the overall shape, form, and
function of the hybrid bifurcating WEC may be governed by an “origami structure” (i.e., a structure
with hinges, bends, or joints) with the ability to fold and unfold in some embodiments being
controlled by the distribution and embedding of many relatively small energy converters (i.e.,
generators). These small energy converters may be simple generators that are primarily located
and/or near the hinges of the hybrid bifurcating WEC structure. The amount of folding and
unfolding (and even where such folding and unfolding occurs) may be determined based on the
desired mode of operation and/or intended environment for the hybrid bifurcating ocean WEC.
FIGS. 1A-B illustrate a hybrid bifurcating WEC 100 in an erect (FIG. 1A) and folded (FIG. 1B)
state, according to some aspects of the present disclosure. FIGS. 3A-B illustrate photographic
views of this embodiment of a hybrid bifurcating WEC 100, folded for transport (not deployment
as shown in FIG. 1B), (FIG. 3A) and erect (FIG. 3B), according to some aspects of the present

disclosure.
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The left panel of FIG. 1A shows the erect hybrid bifurcating WEC 100 in an isometric
view, while the right panel of FIG. 1A shows the erect hybrid bifurcating WEC 100 in a side view.
The hybrid bifurcating WEC 100 includes a plurality of panels 105a, 105b, 105¢c, and 105d
connected via a plurality of hinges 110a, 110b, 110c, and 110d. An angle 115 exists between a
first panel 105a and a second panel 105b, with the vertex of the angle 115 located substantially at
the hinge 110a connecting the two panels (110a and 110b). A base 125 is connects the hybrid
bifurcating WEC 100 to a solid surface 130, such as the ocean floor, a concrete block, reef material
(e.g., rock and/or coral), or a dock beam.

FIGS. 2A-B illustrate an exemplary hinge 110 of the hybrid bifurcating WEC with a
housing 135 (FIG. 2A) and the internal components (i.e., the components within the housing 135)
of the hinge 110 (FIG. 2B), according to some aspects of the present disclosure. A hinge 110 may
include a first connection 145a to a first panel 105a (not shown in FIGS. 2A-B and a second
connection 145b to a second panel 105b (not shown in FIGS. 2A-B). The hinge 110 may also
include a generator 120 connected to wiring 150. A hinge 110 may also include a spring 140,
capable of exerting a restoring force on the first panel 105a and/or the second panel 105b.

In some embodiments, the wiring 150 may be connected to a power conditioning module
and/or rectifier (not shown). In some embodiments, a plurality of hybrid bifurcating WECs 100
may be connected via wiring 150 and the electrical energy generated by the plurality of hybrid
bifurcating WECs 100 may be connected to such power conditioning module and/or rectifier. In
some embodiments, the power conditioning module and/or rectifier may be connected to an energy
storage device (not shown) such as a battery.

In some embodiments, the generators 120 and/or the springs 120 in the hinges 110 may
substantially dampen or hinder the dynamic deformation (i.e., reduce the magnitude of the changes
in the angle 115) of the hybrid bifurcating WEC 100 providing a resistance to the stress and/or
force provided by wave action.

In some embodiments, when fully erect, as shown in FIGS. 1A and 3B, the hybrid
bifurcating WEC 100 may be substantially flexible, as it is capable of moving (in its entirety or
each panel 105 may move substantially independently) in response to wave action. When
substantially folded, as shown in FIGS. 1B and 3A, this embodiment of the hybrid bifurcating
WEC 100 may be substantially rigid, as the movement of the entire hybrid bifurcating WEC 100

and each individual panel 105 may be substantially limited.
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In some embodiments, ocean wave action and/or current may cause the expanding and
contracting of an angle 115 of the hybrid bifurcating WEC 100, which may constitute dynamic
deformation. This expanding and/or contracting of the angle 115 may be predominantly felt by the
hinge 110. For example, in FIG. 1A, the angle 115 is approximately 180°, however, wave action
acting on the hybrid bifurcating WEC 100 may cause the first panel 105a and/or the second panel
105b to move in relation to each other, changing the angle 115 to either a substantially obtuse or
substantially acute angle. In some embodiments, the wave action may cause the panels 105a and
105b to substantially oscillate between two angles 115, for example, a first angle 115 of
approximately 220° and a second angle of approximately 140°. As shown in FIGS. 2B, the hinge
110 may contain a generator 120 capable of converting the kinetic energy from the changes in the
angle 115 to electrical energy. Note that with multiple hinges 110 and angles 115, the angles 115
need not be substantially equivalent or congruent.

In some embodiments, at least one generator 120 may be presented in the hinge 110
positioned between a first panel 105a and a second panel 105b. These hinges 110 may act as a
pivot or fulcrum between at least two panels 105 and may adjust the angle 115 between the at least
two panels 105 (varying in the range of about 0 ° to about 360 ©). As the angle 115 between the
two panels 105 is changed based on external stimuli from wave action, the embedded generator
120 may convert the mechanical energy to electrical energy.

In some embodiments, the generator 120 may be an alternator capable of converting the

mechanical energy of the panels 105 moving and changing the angle 115 into electrical energy.
Exemplary generators 120 include alternating current (AC) generators or direct current (DC)
generators. In some embodiments, the generator 120 may be a brushless generator.
FIG. 1B and FIG. 3A illustrate a hybrid bifurcating WEC 100 substantially folded, according to
some aspects of the present disclosure. When folded, the angles 115 may be substantially acute
(i.e., less than approximately 90°). Note that in the folded state, the angles 115 and 115b need not
be substantially congruent or equivalent.

In some embodiments, the hinges 110 may respond to an external stimuli of extremely
strong wave action and/or current changes and cause the hybrid bifurcating WEC 100 to convert
from a substantially erect state (as shown in FIGS. 1A and 3B) into a collapsed/folded state. That
is, a hinge 110 may “detect” or “feel” force from a wave that exceeds a safety threshold and

respond by substantially decreasing the angle 115 The safety threshold may be substantially
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equivalent to the restoring force the spring 140 is capable of exerting. That is, a hinge 110 may be
capable of adjusting the angle 115 to respond to changes in the environment to protect the hybrid
bifurcating WEC 100 from wave action too strong for the damping device (i.e., the spring 140) to
restore the hybrid bifurcating WEC 100 to its original orientation (i.e., restore the angle 115 to
approximately its starting value). This may be a form of physical reservoir computing, as the
hybrid bifurcating WEC 100 itself (specifically the hinge 110 and spring 140) 1s doing the
“computation” or determining the appropriate response, simply by having a physical reaction to
external stimuli. When in response to an external stimuli greater than the restoring force capable
of being exerted by the spring 140, the hinges 110 cause the angle 115 between at least two
respective panels 105 decrease and become substantially acute (i.e., less than approximately 90°),
and, in some embodiments, the entire hybrid bifurcating WEC 100 may substantially “collapse”
or be in a folded orientation (as shown in FIG. 1B or 3A). In this folded orientation the hybrid
bifurcating WEC 100 may be protected from extreme weather or wave action. Further, the hinges
110 may note when the external stimuli (i.e., the wave action) return to a force approximately less
than the restoring force capable of being exerted by the spring 140 and increase the angle 115 to
return the hybrid bifurcating WEC 100 to its original erect state.

In some embodiments, the hybrid bifurcating WEC 100 may be capable of transforming
into a collapsed/folded state as shown in FIG. 1B and FIG. 3A for shipment and deployment (i.e.,
installation) of the hybrid bifurcating WEC 100. Such ability to bifurcate/transition between
substantially erect as shown in FIG. 1A and FIG. 3B and substantially folded as shown in FIG.
1B, make the hybrid bifurcating WEC 100 highly adaptable to many more operational conditions
and make it easier for installation and transport than traditional WEC systems.

In some embodiments, the hybrid bifurcating WEC 100 may be made of panels 105, which
may have at least a minimal level of stiffness or rigidity. In some embodiments, the panels 105
may be foam, polystyrene, fiberglass, rubber, plastic, wood, polyurethane, metal, or other
substantially rigid material. In some embodiments, the panels 105 may be covered with a
substantially waterproof sealant and/or a fabric or mesh. In some embodiments, the panels 105
may be a fabric, mesh (i.e., netting) rubber, or deformable plastic stretched over a substantially
solid frame which holds the fabric, mesh, rubber, or deformable plastic substantially taunt.

Note that the example hybrid bifurcating WEC 100 shown in FIGS. 1A-B and FIG. 2 shows

four panels 105 and four hinges 110, but in some embodiments, other numbers of panels 105 and
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hinges 110 may be used. For example, a hybrid bifurcating WEC 100 may contain one, two, three,
four, five, six, seven, eight, nine, ten, etc. panels 105 and/or one, two three, four, five, six, seven,
eight, nine, ten, etc. hinges 110. In the embodiment shown in FIGS. 1A-B and FIG. 2 has the same
number of panels 105 and hinges 110, but in some embodiments, there may be more panels 105
than hinges 110, or, in some embodiments, more hinges 110 than panels 105. For example, in the
embodiment shown in FIG. 4, there are at least approximately three hinges 110 per panel 105 in
the hybrid bifurcating WEC 100. Further, each panel 105 need not be substantially the same size
and/or be made of the same materials. For example, in the embodiment shown in FIG. 4, a plurality
of panels 105 are shown, of various shapes, sizes, and orientations. Further, the hybrid bifurcating
WEC may have a plurality of hinges 110 and panels 105 arranged in various formations. For
example, a single “chain” where the hinges 110 and panels 105 are arranged end to end as shown
in FIGS. 1A-B and 3A-B. In this embodiment, the hinges 110 are substantially parallel to each
other and the panels 105 are also substantially parallel to each other. In another example, the hinges
110 and panels 105 may be arranged in complex ways to form a cylinder or tube as shown in FIG.
4. In this embodiment, the hinges 110 may intersect each other at a vertex, which may also be
considered a hinge 110. That is, an orientation as shown in FIG. 4 allows for a greater number of
hinges 110 (and thus generators 120, increasing the amount of electrical energy capable of being
generated) than a device arranged as shown in the embodiment in FIGS. 1A-B and 3A-B.

In some embodiments the forces from the wave action may also be felt by the panels 105
which may contain embedded generators 120. In some embodiments, there may be generators 120
(i.e., devices capable of converting mechanical energy to electrical energy) embedded within these
panels 105. In some embodiments, the panels 105 may be somewhat elastic, and the generators
120 may be elastomer generators (such as dielectric elastomer generators) capable of being
stretched and converting the stretching (a form of mechanical energy) into electrical energy. In
some embodiments, the panels 105 may be rubber, plastic, or a water-resistant (or treated to be
water-resistant) fabric. Embedding generators 120 within the panels 105 while still including
generators 120 in the hinges 110 allows for even more electrical energy to be generated from the
wave action.

Note that the hybrid bifurcating WEC 100 may be used in any water source or body of
water providing a movement, wave action, or current. Examples of such locations for use of the

hybrid bifurcating WEC 100 include in an ocean, sea, river, stream, lake, pond, or reservoir. The
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water may be substantially salt or fresh water. The hybrid bifurcating WEC 100 may be
substantially submerged during use but may be capable of operating at a variety of depths of water
(e.g., substantially shallow water, deep water, open ocean, etc.).

The foregoing discussion and examples have been presented for purposes of illustration
and description. The foregoing is not intended to limit the aspects, embodiments, or configurations
to the form or forms disclosed herein. In the foregoing Detailed Description for example, various
features of the aspects, embodiments, or configurations are grouped together in one or more
embodiments, configurations, or aspects for the purpose of streamlining the disclosure. The
features of the aspects, embodiments, or configurations may be combined in alternate aspects,
embodiments, or configurations other than those discussed above. This method of disclosure is not
to be interpreted as reflecting an intention that the aspects, embodiments, or configurations require
more features than are expressly recited in each claim. Rather, as the following claims reflect,
inventive aspects lie in less than all features of a single foregoing disclosed embodiment,
configuration, or aspect. While certain aspects of conventional technology have been discussed to
facilitate disclosure of some embodiments of the present invention, the Applicants in no way
disclaim these technical aspects, and it is contemplated that the claimed invention may encompass
one or more of the conventional technical aspects discussed herein. Thus, the following claims are
hereby incorporated into this Detailed Description, with each claim standing on its own as a

separate aspect, embodiment, or configuration.
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CLAIMS
What is claimed is:

L. A device comprising:
a first panel having a first end;
a second panel having a second end; and
a hinge connected to the first end and the second end; wherein:
an angle exists between the first panel and the second panel with a vertex at the hinge,
a generator is positioned within the hinge, and
the generator is capable of converting changes in the angle from an external stimuli to

electrical energy.

2. The device of claim 1, wherein:
the angle has a first value and a second value,
the second value is less than the first value,
the hinge comprises a damping device, and
the damping device is configured to return the angle to the first value when an external

stimuli results in the first panel changing the angle to the second value.

3. The device of claim 2, wherein:

the damping device comprises a spring.

4. The device of claim 2, wherein:
the device has a height,
the hinge is configured to adjust the angle based on an external stimuli,
the hinge is configured to adjust the angle to be substantially acute when the external

stimuli exceeds a threshold resulting in the height decreasing.
5. The device of claim 4, wherein:

the threshold comprises a force substantially equivalent to a maximum restoring force

exerted by the damping device.

10
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6. The device of claim 1, wherein:

the generator comprises a brushless generator.

7. The device of claim 1, wherein:
the first panel comprises at least one of a foam, polystyrene, fiberglass, rubber, plastic,

wood, polyurethane, or metal.

8. The device of claim 1, wherein:

the first panel comprises a fabric, mesh, rubber, or deformable plastic stretched over a
substantially solid frame, and

the substantially solid frame is configured to hold the fabric, mesh, rubber, or deformable

plastic substantially taunt.

9. The device of claim 1, wherein:
the first panel comprises a flexible material and an elastomer generator,
the first panel is configured to be moved by an external stress, and
the elastomer generator is capable of converting movement of the first panel to electrical

energy.

10. The device of claim 9, wherein:

the flexible material comprises a plastic, a foam, or a rubber.

11. The device of claim 9, wherein:

the elastomer generator is embedded within the flexible material.

12. The device of claim 1, further comprising:

a base configured to connect the second panel to a substantially solid material.

13. The device of claim 12, wherein:

the hinge is a first hinge,

11
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a second hinge is configured to connect the second panel to the substantially solid material,

and

an angle exists between the second panel and the substantially solid surface with a vertex

at the second hinge,
a generator is positioned within the second hinge, and

the generator is capable of converting changes in the angle from an external stimuli to

electrical energy.

14. The device of claim 13, wherein:

the generator comprises a brushless generator.
15. The device of claim 13, wherein:

the substantially solid material comprises at least one of a rock, a coral, a concrete block,

an ocean floor, or a dock beam.

12
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