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(57) ABSTRACT

Geometrically versatile composite lattice support structure
having a seamless three-dimensional configuration are dis-
closed and described. The lattice support structure is created
by forming two or more cross supports, such as helical, lon-
gitudinal, circumferential and/or lateral cross supports, which
intersect to form a plurality of multi-layered nodes. The lat-
tice support structure may be designed without any protru-
sions extending outward from the overall geometry, thus
enabling efficient tooling, and thus enabling ease of mass
production. The lattice support structure may comprise a
completely circumferentially closed geometry, such as a cyl-
inder, ellipse, airfoil, etc. The method for fabricating the
lattice support structure comprises laying up a fiber material,
in the presence of resin, within rigid channels of a rigid mold,
thus creating a green, uncured three-dimensional geometry of
unconsolidated cross supports and multi-layered nodes
where these intersect. Subjecting these to a curing system
functions to consolidate the cross supports and multi-layered
nodes to produce the composite lattice support structure.

20

Lo
N

L




US 2013/0233492 Al

Sep. 12,2013 Sheet 1 of 13

20

Patent Application Publication

avavav IONMEG
Sfesalt | M
g RN L Y
v i
AUNTINT AR

T

Mwo_/w«%/ 2/ AN

AR )

INZNZNY) ) &

\LESAANNI B A2 ANE LA

FIG. 2B FIG. 2C

FIG. 2A



US 2013/0233492 Al

Patent Application Publication  Sep. 12,2013 Sheet 2 of 13

NN

PR R KKK

LK

SASASS

&K
7K

ST 50 50 /iU LSO S T

RIS

FIG. 3C

FIG. 3B

FIG. 3A

FIG. 4C

FIG. 4B

FIG. 4A



Patent Application Publication  Sep. 12, 2013 Sheet 3 of 13 US 2013/0233492 A1

20\

24 ™~
22b

22a —_|

26b
RN

22¢ \

N/Z

NZ

NN AN

FIG. 5



Patent Application Publication  Sep. 12, 2013 Sheet 4 of 13 US 2013/0233492 A1

26 5, 26 o, 2; 24 o2b
28 22¢c
22 22 28 223
FIG. 6A FIG. 6B FIG. 6C
24 24
26
22b
26 28
22d
223 28
24 26
22b 293 22a \220
22c¢ 22p
FIG. 6D FIG. 6E FIG. 6F
24
26
22

FIG. 7



Patent Application Publication  Sep. 12, 2013 Sheet 5 of 13 US 2013/0233492 A1

/ 32

NN FT
<>\5®\

FIG. 8

/30 32
W
Lz
TN

[ONNNNNNNNNN

ZN

S 777>
B .

NNNNNNNNN\NY

FIG. 9



Patent Application Publication  Sep. 12, 2013 Sheet 6 of 13 US 2013/0233492 A1

A
- ™—36
34 —\_’ 36
FIG. 10
~_ S

FIG. 11



Patent Application Publication  Sep. 12, 2013 Sheet 7 of 13 US 2013/0233492 A1

® il

FIG. 12A  FIG. 12B FIG. 12C FIG. 12D

YA

FIG. 13A FIG. 13B FIG. 13C

ANVANRYA'

FIG. 13D FIG. 13E FIG. 13F



Patent Application Publication  Sep. 12, 2013 Sheet 8 of 13 US 2013/0233492 A1

//f/////'// > \\\‘\\\\\k\\
‘e
:i;\ \\\\\“\\\\\\\ //////U// / '
5t NN )
FIG. 14A 124
FIG. 14B
\M o I[it‘ 126a
) b IM 126b
[ /1:_% [ 126¢
I 1]

FIG. 14C



Patent Application Publication  Sep. 12, 2013 Sheet 9 of 13 US 2013/0233492 A1

210
\ 250

f\ 226 230 »
2223 k\

214

Uncured, Green Three-Dimensional Lay-up

260" Curing System (e.qg.,
Hydroclave, Autoclave)

-elevated pressure (e.g.,

Negative pressure from

vacuum)

-elevated temperature

FIG. 15



Patent Application Publication  Sep. 12, 2013 Sheet 10 of 13 US 2013/0233492 A1

310

1 Start '

\

Form a first cross support
comprising a fiber-based composite
material

Y

Form a second cross support

material that intersects the first
cross support

Y

comprising a fiber-based composite | 316

Form one or more multi-layered nodes where the first
and second cross supports intersect, with one or more
selective individual fiber filaments of the first cross
support intersecting and being layered with one or
more individual selective fiber filaments of the second
cross support to define the multi-layered nodes

T 320

Y
Form one or more additional cross
supports comprising a fiber-based

composite material that intersect
wither or both of the first and second
cross supports to provide one or more
additional multi-layered nodes

\ ]

| Start )

FIG. 16




Patent Application Publication  Sep. 12, 2013 Sheet 11 of 13 US 2013/0233492 A1

410 Start

\d

Obtain a rigid mold having a 412
plurality of channels formed therein e
that intersect at strategic locations

\d

Lay up a fiber material, in the
presence of a resin, within the 416
channels of the rigid mold N

A

Consolidate the lay-up to form a
plurality of composite cross supporls 460
and nodes having a pre-determined )

Remove the formed lattice
support structure from the
rigid mold after
consolidation

|
| lateral cross-sectional area 510
l
PRI S
T v Sy
: Form the cr oss.supports: | Further finish formed lattice |
! to have non-linear or | ! support structure I
| curved segments | | aoply finishing coat {
! between nodes : :— - cZ f t}:p Ienz th gco |
e e e e = i
/ I 506 : I-smoothen rough parts :
1 I i
502 v N
|
|
|

End

FIG. 17



Patent Application Publication  Sep. 12, 2013 Sheet 12 of 13 US 2013/0233492 A1

Lay up a fiber material within the channels of the rigid mold

1 Start | & 416

Y 420
Deposit fiber material, in the

presence of resin, within the
channels through at least some of
said channel intersections

424

Filament
winding
process?

432

Post-wetted
tow?

Prepreg tow?

Other
Uniderectional processes?

orientation?

Form a plurality of cross supports (uncured)
-helical orientation

-longitudinal aorientation

-circumferential or lateral orientation

4

-other 448 452
v /
Form a plurality of multi-layered nodes Form an uncured, seamless
from layered or overlapping fiber filaments > three-dimensional green
of at least two cross supports lattice configuration
4
End

FIG. 18



Patent Application Publication  Sep. 12, 2013 Sheet 13 of 13 US 2013/0233492 A1

Consolidate the lay-up to form a plurality of composite cross supports
and nodes having a pre-determined lateral cross-sectional area

& 460

Apply
a release
layer over
lay-up?

Cover the lay-up, in an
uncured state, with a
vacuum enclosure

476

Resilient
polymer vacuum
bag?

472

Prepolymer
liquid-based
vacuum bag?

Apply in liquid form and 488
rapidly polymerize to form T
the vacuum bag

) 4

Place the lay-up in the
» vacuum enclosureina [*

curing system ~_ 492

Y
Cure the lay-up in the
presence of a vacuum, heat

and pressure to cause End
vacuum enclosure to

compact fiber material and

resin into channels \496

FIG. 19



US 2013/0233492 Al

COMPOSITE GEOMETRIC SUPPORT
STRUCTURES AND ASSOCIATED METHODS
AND SYSTEMS

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 12/542.555 entitled “Method and System for
Forming Composite Geometric Support Structures,” filed
Aug. 17, 2009, which claims the benefit of U.S. Provisional
Application No. 61/089,124, filed Aug. 15, 2008, and
entitled, “Three-Dimensional Geo-Strut Structure and
Method of Manufacture,” each of which are incorporated by
reference in their entirety herein.

FIELD OF THE INVENTION

[0002] The present invention relates generally to complex
three-dimensional geometric lattice support structures that
have enhanced load bearing capacity per unit weight, and that
are formed from composite materials (e.g., lattice structures
formed from carbon or other fiber reinforcements and resin
(e.g., polymer matrix) constituents). More particularly, the
present invention relates to the methods and systems used in
the formation of such structures.

BACKGROUND OF THE INVENTION AND
RELATED ART

[0003] Development of improved support structures in the
fields of civil, mechanical and aerospace design is a constant
and ongoing effort. One primary focus of these efforts is in
producing efficient support structures that exhibit high
strength properties while being low in weight. In other words,
a beneficially efficient support structure will comprise a rela-
tively high force to weight ratio.

[0004] Inthe field of composite lattice support structures, a
primary issue concerning such structures relates to the diffi-
culty in the manufacturing methods used to form the indi-
vidual support members making up the lattice structure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present invention will become more fully
apparent from the following description and appended
claims, taken in conjunction with the accompanying draw-
ings. Understanding that these drawings merely depict exem-
plary embodiments of the present invention they are, there-
fore, not to be considered limiting of its scope. It will be
readily appreciated that the components of the present inven-
tion, as generally described and illustrated in the figures
herein, could be arranged and designed in a wide variety of
different configurations. Nonetheless, the invention will be
described and explained with additional specificity and detail
through the use of the accompanying drawings in which:
[0006] FIGS.1A-1C depict exemplary embodiments oflat-
tice support structures in accordance with embodiments of
the present disclosure;

[0007] FIGS. 2A-2C depict alternative exemplary embodi-
ments of lattice support structures in accordance with
embodiments of the present disclosure;

[0008] FIGS. 3A-3C depict alternative exemplary embodi-
ments of lattice support structures in accordance with
embodiments of the present disclosure;

[0009] FIGS. 4A-4C depict alternative exemplary embodi-
ments of lattice support structures in accordance with
embodiments of the present disclosure;
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[0010] FIG. 5 depicts an alternative exemplary embodi-
ment of another lattice support structure in accordance with
embodiments of the present disclosure;

[0011] FIGS. 6A-6F depict various arrangements of cross
supports and various node configurations in accordance with
embodiments of the present disclosure;

[0012] FIG. 7 depicts a multi-layered node configuration
prior to fusion and/or consolidation in accordance with
embodiments of the present disclosure, where each cross
support includes multiple layers and the layers are stacked
with other cross support material from different cross sup-
ports therebetween;

[0013] FIG. 8 depicts node layering in cross section in
accordance with one embodiment of the present disclosure;

[0014] FIG. 9 depicts node layering in cross section in
accordance with another embodiment of the present disclo-
sure;

[0015] FIG. 10, depicts a cutaway portion of an exemplary
consolidated node in accordance with embodiments of the
present disclosure;

[0016] FIG. 11 depicts an exemplary consolidated node
sectioned orthogonally to the longitudinal axis depicting the
change in member width approaching the node and massing
of layered material near and on the node;

[0017] FIGS. 12A-12D depict alternative exemplary
embodiments of cross-sectional geometries of individual
Cross supports;

[0018] FIGS. 13A-13F depict still further alternative exem-
plary embodiments of cross-sectional geometries of indi-
vidual cross supports;

[0019] FIGS. 14A-14C depict an exemplary lattice support
structure having a plurality of longitudinal and helical cross
supports, wherein the longitudinally oriented cross supports
comprise a t-shaped cross-sectional geometry;

[0020] FIG. 15 depicts a partial cross-sectional view of a
system used to fabricate a lattice support structure in accor-
dance with an exemplary embodiment of the present inven-
tion;

[0021] FIG. 16 depicts a flow chart of an exemplary fabri-
cation method;
[0022] FIG. 17 depicts a flow chart of another exemplary

fabrication method;

[0023] FIG. 18 depicts a flow chart of an exemplary laying
up process; and

[0024] FIG. 19 depicts a flow chart of an exemplary con-
solidation process.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0025] The following detailed description of exemplary
embodiments of the invention makes reference to the accom-
panying drawings, which form a part hereof and in which are
shown, by way of illustration, exemplary embodiments in
which the invention may be practiced. While these exemplary
embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention, it should be under-
stood that other embodiments may be realized and that vari-
ous changes to the invention may be made without departing
from the spirit and scope of the present invention. Thus, the
following more detailed description of the embodiments of
the present invention is not intended to limit the scope of the
invention, as claimed, but is presented for purposes of illus-
tration only to describe the features and characteristics of the
present invention, and to sufficiently enable one skilled in the
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art to practice the invention. Accordingly, the scope of the
present invention is to be defined solely by the appended
claims.

[0026] The following detailed description and exemplary
embodiments of the invention will be best understood by
reference to the accompanying drawings, wherein the ele-
ments and features of the invention are designated by numer-
als throughout.

[0027] Atthe outset, the term “fiber-based composite mate-
rial” shall be understood to mean a material comprised of
carbon or other fiber (e.g., a carbon or glass fiber filament) and
resin (e.g., polymer matrix) constituents.

[0028] When referring to a “multi-layered” node, what is
meant is that the cross supports are not merely stacked on top
of one another, but rather, a first individual cross support has
multiple layers with one or more layer(s) of material from
other cross supports therebetween. Thus, in order to be
“multi-layered, there must be at least one cross support or
layer of at least one cross support that is between at least two
layers of another cross support. Typically, however, each
cross support of the node is layered with other cross support
layers therebetween (as shown hereinafter in FIG. 7). The
term “multi-layered” node may also be described as one or
more selective individual fiber filaments of one cross support
intersecting and being layered with one or more individual
selective fiber filaments of at least one other cross support.

[0029] The term “preform” shall be understood to mean the
green, uncured composite lay-up comprising the fiber mate-
rial and resin composite as situated about the rigid mold, and
that has undergone preliminary shaping but is not yet in its
final consolidated or cured form.

[0030] The present invention provides methods and sys-
tems for forming composite lattice support structures.
Examples of other composite articles and methods for the
fabrication thereof can be found in Applicants’ copending
U.S. Patent Applications filed Aug. 17, 2009 under Attorney
Docket Nos. 3095-002.NP, and 3095-006.NP, each of which
is incorporated herein by reference. Examples of rigid molds,
such as rigid mandrels, for use in the fabrication of fiber-
based composite articles can be found in Applicants’ copend-
ing U.S. Patent Application filed Aug. 17, 2009 under Attor-
ney Docket No. 3095-004.NP, which is incorporated herein
by reference. Examples of curing systems for use in forming
fiber-based composite articles can be found in Applicant’s
copending U.S. Patent Application filed Aug. 17, 2009 under
Attorney Docket No. 3095-005.PROV, which is incorporated
herein by reference.

[0031] The present invention describes a method for form-
ing a composite lattice support structure. The method can
comprise forming first and second cross supports where the
first and second cross supports intersect at one or more loca-
tions, each being formed from having a fiber-based composite
material. The method can also comprise forming one or more
multi-layered nodes where the first and second cross supports
intersect, with one or more selective individual fiber filaments
of the first cross support intersecting and being layered with
one or more individual selective fiber filaments of the second
cross support to define the multi-layered nodes. The first and
second cross supports, with the multi-layered nodes, define a
lattice support structure having a seamless three-dimensional
geometry about a centerline. The method can also include
forming multiple additional cross supports, or a plurality of
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cross supports, these intersecting with one another to define
or form a plurality of primary and/or secondary multi-layered
nodes.

[0032] The present invention also describes a method for
forming a composite lattice support structure having a plural-
ity of cross supports intersecting one another to form a plu-
rality of multi-layered nodes. The method can comprise
obtaining a rigid mold having a plurality of rigid channels, at
least some of the plurality of rigid channels intersecting at
strategic locations. The method can also comprise laying up a
fiber material, in the presence of a resin, within the channels,
and then consolidating the lay-up in the presence of heat and
pressure to form a plurality of composite cross supports hav-
ing a pre-determined lateral cross-sectional area controlled
by a cross-sectional area of the channels, and that intersect to
form a plurality of nodes. The channels are intended to con-
tain the consolidated lay-up and facilitate the formation of the
cross supports. Additionally, at least some of the cross sup-
ports can be curved from node to node to provide non-linear
path loading along the cross supports.

[0033] Thepresent invention further describes a method for
preparing a green (or uncured) composite three-dimensional
lattice lay up for use in forming a seamless three-dimensional
geometric support structure. The method can comprise
obtaining a rigid mold having one or more channels associ-
ated therewith, obtaining a fiber material, depositing the fiber
material, in the presence of a resin, onto the rigid mold within
the channels, causing at least some of the fiber materials to
extend in a three-dimensional orientation about a centerline,
and then causing one or more of the fiber materials to intersect
to and to layer to form a lattice structure, and a plurality of
multi-layered nodes. This method may also include causing
additional fiber materials to extend laterally, circumferen-
tially or axially with respect to the centerline, which addi-
tional fiber materials may be caused to intersect and be lay-
ered with any other present fiber materials.

[0034] The present invention further describes a system for
forming complex three-dimensional composite lattice sup-
port structures, the system comprising a rigid mold having a
plurality of rigid channels, at least some of the plurality of
rigid channels intersecting at strategic locations; a lay-up of
fiber material, in the presence of a resin, within the channels,
the fiber material comprising fiber filaments that are layered
with one another and that intersect at the strategic locations;
and a curing system for consolidating the lay-up to form a
plurality of cross supports and multi-layered nodes.

[0035] The present invention complex composite lattice
support structure provides several significant advantages over
prior related lattice support structures, depending upon its
configuration and makeup, some of which are recited here
and throughout the following more detailed description. For
instance, the lattice support structure of the present invention
provides a three-dimensional structure with enhanced load
bearing capacity per unit mass. It provides a structural unit
whose members do not geometrically protrude from the gen-
eral body of'the unit. It provides a structural unit for which the
production tooling and methods of fabricating are efficient
and relatively inexpensive, thus lending the support structure
to mass production. It provides a structural unit that is geo-
metrically flexible to conform to designs such as cylinders,
ellipses, airfoils, and other circumferentially closed geom-
etries. It provides a structural member capable of withstand-
ing torsional loading where the unit can be specifically
designed for torsional loads through the number and density



US 2013/0233492 Al

of cross supports. It provides a structural member capable of
withstanding cyclical loading. Among other applications, It
provides a structural member suitable for mechanical and
aerospace applications, such as structural aircraft compo-
nents or drive shafts where high strength and low weight are
needed.

[0036] Each ofthe above-recited advantages will be appar-
ent in light of the detailed description set forth below, with
reference to the accompanying drawings. These advantages
are not meant to be limiting in any way. Indeed, one skilled in
the art will appreciate that other advantages may be realized,
other than those specifically recited herein, upon practicing
the present invention. In addition, some or all of these advan-
tages, as well as others not recited, may be applicable or not
depending upon the particular lattice support structure and
intended application.

[0037] With specific reference to FIGS. 1A, 1 B, and 1C,
one embodiment of a lattice support structure is shown. FIG.
1A and FIG. 1C are identical, showing different views of the
same structure. FIG. 1B is identical to FIG. 1A, except that it
does notinclude optional support collars 20 on each end of the
lattice support structure. These lattice support structures each
comprise a plurality of fiber-based cross supports intersecting
one another to form several multi-layered nodes 22. It is noted
that there are eight longitudinal cross supports 24 and eight
helical cross supports 264, 265 (four twisting clockwise 26a
from top to bottom and four twisting counterclockwise 265
from top to bottom). Nodes are formed in this embodiment
where three cross supports (one longitudinal cross support,
one clockwise helical cross support, and one counterclock-
wise helical cross support) intersect. The helical cross sup-
ports form curved node-to-node cross support segments. This
structure also demonstrates 4 helical cross supports taken at a
given pitch, 1 turn per 7 inches, with 4 counter wrapped
helical cross supports of equal pitch combined with longitu-
dinal cross supports, coupled at a plurality of multi-layered
nodes where the ends have been consolidated by a collar. Itis
noted that this structure profile, including number and direc-
tion of turns, number and position of various cross supports,
etc., is merely exemplary, and can be modified slightly or
significantly in accordance with embodiments of the present
disclosure.

[0038] With specific reference to FIGS. 2A, 2B, and 2C,
another embodiment of a lattice support structure is shown.
FIG. 2A and FIG. 2C are identical, showing different views of
the same structure. FIG. 2B is identical to FIG. 2A, except
that it does not include optional support collars 20 on each end
of the lattice support structure. These lattice support struc-
tures each comprise a plurality of fiber-based cross supports
intersecting one another to form several multi-layered nodes
22. It is noted that there are eight longitudinal cross supports
24 and eight helical cross supports 264, 265 (four twisting
clockwise 26a from top to bottom and four twisting counter-
clockwise 265 from top to bottom). Nodes are formed in this
embodiment where three cross supports (one longitudinal
cross support, one clockwise helical cross support, and one
counterclockwise helical cross support) intersect. The helical
cross supports form curved node-to-node cross support seg-
ments. It is noted that the primary difference between the
structures shown in FIGS. 1A-1C and the structures shown in
FIGS. 2A-2C is the increased frequency of twists for the
helical lattice support structures in FIGS. 2A-2C. This struc-
ture also demonstrates 4 helical cross supports taken at a
given pitch, 5 turns per 7 inches, with 4 counter wrapped
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helical cross supports of equal pitch combined with longitu-
dinal cross supports, coupled at a plurality of multi-layered
nodes where the ends have been consolidated by a collar.
[0039] With specific reference to FIGS. 3A, 3B, and 3C,
another embodiment of a lattice support structure is shown.
FIG. 3A and FIG. 3C are identical, showing different views of
the same structure. FIG. 3B is identical to FIG. 3A, except
that it does not include optional support collars 20 on each end
of the lattice support structure. These lattice support struc-
tures each comprise a plurality of fiber-based cross supports
intersecting one another to form several multi-layered nodes
22a, 22b. Again, it is noted that there are eight longitudinal
cross supports 24. However, in this embodiment, there are
sixteen (16) helical cross supports 264, 265 (eight twisting
clockwise 26a from top to bottom and eight twisting coun-
terclockwise 265 from top to bottom). This embodiment dem-
onstrates that the density of cross supports (in this case helical
cross supports) may be selectively varied between different
support structures, depending upon the loading or other per-
formance requirements the lattice support structure is
intended to provide. For instance, when compared with the
support structure embodiment of FIGS. 1A, 1B and 1C, hav-
ing a total of eight cross supports, the support structure of this
embodiment illustrates a greater number of helical cross sup-
ports.

[0040] Also, in this embodiment, two different types of
multi-layered nodes are formed. First, multi-layered nodes
22a are formed where three cross supports (one longitudinal
cross support, one clockwise helical cross support, and one
counterclockwise helical cross support) intersect. Multi-lay-
ered nodes 225 are also formed where two helical cross sup-
ports (one clockwise helical and one counterclockwise heli-
cal) intersect without a longitudinal cross support. This
structure also demonstrates 8 helical cross supports taken at a
given pitch, 1 turn per 7 inches, with 8 counter wrapped
helical cross supports of equal pitch combined with longitu-
dinal cross supports, coupled at a plurality of multi-layered
nodes where the ends have been consolidated by a collar. It is
also noted that additional multi-layered nodes are present that
do not include longitudinal cross supports.

[0041] With specific reference to FIGS. 4A, 4B, and 4C,
another embodiment of a lattice support structure is shown.
FIG. 4A and FIG. 4C are identical, showing different views of
the same structure. FIG. 4B is identical to FIG. 4A, except
that it does not include optional support collars 20 on each end
of the lattice support structure. These lattice support struc-
tures each comprise a plurality of fiber-based cross supports
intersecting one another to form several multi-layered nodes
22. In this embodiment, there are no longitudinal cross sup-
ports. Also in this embodiment, there are twelve (12) helical
cross supports 26a, 265 (four twisting clockwise 26a from top
to bottom and eight twisting counterclockwise 265 from top
to bottom). This embodiment thus also demonstrates the abil-
ity to design for unidirectional torsion and other loads
through varying the number of members in the clockwise
direction from those in the counterclockwise direction, or
vice versa. This embodiment also demonstrates the ability to
space cross supports as needed, and that not all cross supports
have to be spaced an equidistance from one another. Nodes 22
are formed where two helical cross supports (one clockwise
helical cross support and one counterclockwise helical cross
support) intersect without a longitudinal cross support.
[0042] With specific reference to FIG. 5, another embodi-
ment of a lattice support structure is shown. In this embodi-
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ment, not only are longitudinal cross supports 24 and helical
cross supports 26 provided, but circumferential or lateral
cross supports 28 are also provided. Again, these lattice sup-
port structures each comprise a plurality of fiber-based cross
supports intersecting one another to form several multi-lay-
ered nodes 224, 225, 22c¢. In this embodiment, there are eight
helical cross supports and eight longitudinal cross supports,
as described previously in FIGS. 1A-1C. However, there are
also two additional circumferential cross supports. Thus, in
this embodiment, there are three different multi-layered node
configurations. First, multi-layered nodes 22a are formed
where four cross supports (one longitudinal cross support,
one circumferential cross support, one clockwise helical
cross support from top to bottom, and one counterclockwise
helical cross support from top to bottom) intersect. Multi-
layered nodes 225 are also formed where three cross supports
(one longitudinal cross support, one clockwise helical cross
support from top to bottom, and one counterclockwise helical
cross support from top to bottom) intersect. Next, multi-
layered nodes 22c¢ are formed where two cross supports (one
longitudinal cross support and one circumferential cross sup-
port) intersect.

[0043] It is noted that FIGS. 1A to FIG. 5 are provided for
exemplary purposes only, as many other structures can also be
formed in accordance with embodiments of the present dis-
closure. For example, from structure to structure, twist pitch
can be modified for helical cross supports, longitudinal cross
supports added symmetrically or asymmetrically, circumfer-
ential cross supports can be added uniformly or asymmetri-
cally, node locations and/or number of cross supports can be
varied, as can the overall geometry of the resulting part
including diameter, length and the body-axis path to include
constant, linear and non-linear resulting shapes as well as the
radial path to create circular, triangular, square and other
polyhedral cross-sectional shapes with or without standard
rounding and filleting of the corners, etc. In other words, the
present invention lattice supports structures are highly cus-
tomizable, and may be constructed or formed in accordance
with a number of design parameters or variables. They can be
tailored to a specific need. For example, if the weight of a
lattice support structure needs to be kept to a minimum, then
the lattice support structure may be designed and formed
accordingly to provide only those cross supports that are
needed, with these being oriented, spaced and configured as
optimally as possible. Obviously, the converse is true with
support structures capable of being designed accordingly,
such as where weight requirements are secondary to any load
bearing requirements. In essence, several design variables
exist that include, but are not limited to pitch angle, number of
helical cross supports, number of longitudinal and lateral
cross supports, multiple pitch angles, spacing of cross sup-
ports, partial length cross supports, selective cross support
cross-sectional areas, amount of tow wrap, type of tow, etc.

[0044] In accordance with this, FIGS. 6A-6F provide
exemplary relative arrangements for helical, longitudinal,
and circumferential cross supports that can be used in form-
ing lattice support structures. Various node placements are
also shown in these FIGS. FIG. 6A depicts a longitudinal
cross support 24 and helical cross supports 26, forming a
multi-layered node 22 at the intersection of all three cross
supports. This is similar to that shown in FIGS. 1A-3C and 5.
FIG. 6B depicts a longitudinal cross support 24, helical cross
supports 26, and a circumferential cross support 28 forming a
multi-layered node 22 at the intersection of all four cross
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supports. FIG. 6C depicts a longitudinal cross support 24,
helical cross supports 26, and a circumferential cross support
28 forming three different types of multi-layered nodes 224,
22b, 22¢. FIG. 6D depicts a longitudinal cross support 24 and
helical cross supports 26 forming two different types of multi-
layered nodes 22a, 225b. FIG. 6E depicts a longitudinal cross
support 24, helical cross supports 26, and a circumferential
cross support 28 forming three different types of multi-lay-
ered nodes 22a, 225, 22¢. It is noted that this arrangement
provides two multi-layered nodes that are similar to FIG. 6C
(22a, 22b) and one that is different (22¢). Specifically, multi-
layered node 22c¢ in FIG. 6C comprises a circumferential
cross support and a helical cross support, whereas multi-
layered node 22¢ in FIG. 6E comprises a longitudinal cross
support and a helical cross support, thus illustrating the flex-
ibility of design of the lattice support structures of the present
disclosure. FIG. 6F depicts a longitudinal cross support 24,
helical cross supports 26, and a circumferential cross support
28 forming four different types of multi-layered nodes 224,
22b, 22¢, 22d.

[0045] Turning to FIG. 7, more detail is provided with
respect to forming multi-layered nodes in accordance with
embodiments of the present disclosure. Specifically, for illus-
trative purposes only, the multi-layered node 22 shown in
FIG. 6A is shown in more detail prior to heat and pressure
fusion or consolidation. As can be seen in this embodiment, a
longitudinal cross support 24 and two helical cross supports
26 are shown. Specifically, each cross support comprises
multiple layers, and at the multi-layered node, each layer is
separated from a previously applied layer by at least one other
cross support layer. In this manner, a multi-layered node is
formed that can be cured in accordance with embodiment of
the present disclosure. Each layer of each cross support com-
prises a plurality of fiber filaments.

[0046] Generally speaking, in one embodiment, the curing
process comprises applying 90-150 psi nitrogen gas at 250-
350° F. for a soak period of about 10 to 240 minutes depend-
ing on the size of the part and its coinciding tooling. In this
embodiment, the cross supports with layered and interleaved
nodes can be applied to a solid mandrel and wrapped with a
membrane or bag. Once in place, the pressure from the ambi-
ent curing gas provides an even press through the bag on the
entire part, thus curing and consolidating the multi-layered
nodes. The method for forming the lattice support structures,
including the curing or consolidation steps, is described in
greater detail below.

[0047] FIGS. 8 and 9 depict schematic representations of
possible multi-layered node structures. Specifically, FIG. 8
depicts layering using tow material of low fiber count and
what a nodal cross-section might appear to be like before
consolidation; and FIG. 9 depicts what the layering would
appear like after consolidation. It is noted that the fiber of high
fiber-count tow or tape products may appear like FIG. 9 prior
to consolidation as well, and after consolidation, the node
would appear even more flattened in shape. In these FIGS., it
is assumed that six layers of tow or tape are wrapped to
demonstrate the leaving of layers in the nodes. In each of
these two figures, the cross support fiber material 30 shown on
end (along the Z-axis) in cross-section can be assumed to be
members which continue into and out of the respective FI1G.
The cross support fiber material 32 crossing them (along the
X- and Y-axis) represent a single cross-support members, and
collectively, these cross supports form nodes of the shape
similar to 2256, 22c¢ and 224 in FIGS. 6E and 6F. In these
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illustrations, the helical cross support is approaching from the
left side. Were there to be an additional helical member
wrapped in the opposite direction, it would look to be the
mirror image of the one shown and approach from the right
side of the figures.

[0048] FIG. 10 sets forth a cutaway cross-section of a
multi-layered node after curing and consolidation of the lay-
ered material. Note the cross-sectional area of the member is
set into a half-pipe geometry 34 (as consolidated and forced
into half-pipe shaped grooves formed in a solid mandrel),
though other geometries are certainly a design option,
depending on the shape of the solid mandrel grooves. This
consolidated node structure shows a distinction in structure
compared to the prior art junctions where weaving and/or
braiding are used. Most notably, a build-up of material in the
node resulting from coupling the material from various mem-
bers in various directions allows for the forming of a consoli-
dated node that is compacted and cured, adding strength to the
overall structure. Rather than stacking each layer directly on
top of the next, the leaving as in FIGS. 8 and 9 allows for
individual wraps 36 of tow or tape to end up side-by-side and
stacked as a function of the geometry they are forced into
before curing. Likewise, FIG. 11 sets forth an exemplary
consolidated node sectioned orthogonally to the longitudinal
axis depicting the change in member width approaching the
node and massing of layered material near and on the node as
just described.

[0049] In further detail with respect to the embodiments
shown in FIGS. 1-11, the present disclosure relates to helical
cross supports wrapped around a centerline where the helical
cross supports have curved segments rigidly connected end to
end and layered with or without axial, radial, or laterally
configured cross supports (e.g., longitudinal and/or circum-
ferential cross supports) which can be straight or curved end
to end. The curves of the helical cross support segments can
comply directly with the desired geometric shape of the over-
all unit. In other words, the lattice support structure comprises
no structural segments protruding beyond the outer circum-
ference. In one embodiment, the structure can include at least
two helical cross supports. As described above, at least one of
the helical cross supports wraps around the centerline in one
direction (clockwise from top to bottom, for example) while
at least one other wraps around in the opposite direction
(counterclockwise from top to bottom, for example). Though
a “top to bottom™ orientation is described, this is done for
convenience only, as these structures may be oriented other
than in a vertical configuration (horizontal, angular, etc.).
Helical cross supports wrapped in the same direction can have
the same angular orientation and pitch, or can have different
angular orientations and pitch. Also, the spacing of the mul-
tiple helical cross supports may not necessarily be spaced
apart at equal distances, though they are often spaced at equal
distances. The reverse helical cross supports can be similarly
arranged but with an opposing angular direction. These heli-
cal cross supports can cross at multi-layered nodes, coupling
counter oriented helical cross supports through layering of
the filaments. This coupling provides a ready distribution of
the load onto the various structural supports. When viewed
from the centerline, the curving segments of the components
can appear to match the desired geometry of the structural
unit with no significant protrusions, i.e. a cylindrical unit
appears substantially as a circle from the centerline. In this
embodiment, all components can share a common centerline.
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[0050] Additional structural supports can also be included
in the lattice support structure. Components which are
straight from junction to junction may be included to intersect
multi-layered nodes parallel to the centerline to form unidi-
rectional members (e.g. longitudinal cross supports). Com-
ponents, which can be curved or straight, can also be added
circumferentially to intersect with the multi-layered nodes
along the length of the lattice support structure. These cir-
cumferential cross supports can be added to increase internal
strength of the structure. These additional members may be
added to intersect at the multi-layered nodes, but do not
necessarily need to intersect the nodes formed by the helical
cross supports crossing one another, e.g. they may cross at
areas between helical-helical nodes. In other words, the lon-
gitudinal cross supports and/or the circumferential cross sup-
ports may form common multi-layered nodes with helical-
helical formed multi-layered nodes, or can form their own
multi-layered nodes between the helical-helical formed
multi-layered nodes. In either case, the multi-layered nodes
can still be formed using filament layering. The count of
helical members compared to other members is flexible in
certain embodiment to allow for multi-layered nodes to occur
only as lattice support structures intersect in a given location,
or to allow for multiple node locations composed of two or
more, but not all of the members in the structure. The capa-
bility of such a design allows versatility in the number of
helical cross supports, the coil density, as well as the number
of multi-layered nodes or intersections with axial, radial, or
lateral components. As a general principle, the more strength
desired for an application, the higher the coil density;
whereas, the less strength desired, the fewer coils and wider
the wrap length per coil may be present.

[0051] Structural supports may be covered with a material
to create the appearance of a solid structure, protect the mem-
ber or its contents, or provide for fluid dynamic properties.
The current disclosure is therefore not necessarily a tradi-
tional pipe, rope, coil, spring, or solid shaft, neither is it a
reinforcement for a skin cover. Even though the structures
disclosed herein are relatively lightweight, because of its
relative strength to weight ratio, these lattice support struc-
tures are strong enough to act as stand-alone structural units.
Further, these structures can be built without brackets to join
individual lattice support structures.

[0052] In accordance with one embodiment, the present
disclosure can provide a lattice structure where individual
supports structures are wrapped with uni-directional tow,
where each helical cross support, for example, is a continual
strand. Further, it is notable that an entire structure can be
wrapped with a single strand, though this is not required.
Also, the lattice support structures are not weaved or braided,
but rather, can be wrapped layer by layer where a leaving
structure is created in the nodes. Thus, where the helical cross
supports intersect one another and/or one or more longitudi-
nal and/or circumferential cross supports, these intersections
create multi-layered nodes of compounded material which
couple the members together. In one embodiment, the com-
posite strand does not change major direction at these multi-
layered nodes to form any polyhedral shape when viewed
from the axial direction. FIG. 11 as a cross section of a
longitudinal member depicts the extent of the bending of the
helical members intended in this disclosure. This is also evi-
dent in FIGS. 1-5 through the creation of cylindrical parts
using this technology. Thus, the strand maintains their path in
its own axial, circumferential, or helical direction based on
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the geometry of the part. Once wrapped in this manner, the
multi-layered nodes and the entire part can be cured and/or
fused as described herein or by other methods, and the multi-
layered nodes can be consolidated

[0053] As discussed in greater detail below, it is also noted
that these lattice support structures can be formed using a
rigid mandrel, having grooves embedded therein for receiv-
ing filament when forming the lattice supports structure.
Being produced on a mandrel allows the cross-sectional area
of'the cross supports making up the structural support unit to
be specifically controlled. For example, individual cross sup-
ports may comprise a cross-sectional area that is round (see
FIG. 12A), rectangular (see FIG. 12B), T-shaped or flanged
(see FIG. 12C), I-beam shaped or double flanged (see FIG.
12D), or virtually any other shape or configuration.

[0054] FIGS. 13A-13F further illustrate that these cross-
sectional shapes or configurations may further comprise
rounded corners, as well as linear and/or nonlinear sides, or a
combination of such. For instance, FIG. 13A illustrates a
cross support having a generally rectangular shape, with a flat
inner surface (surface facing toward the centerline of the
structural support), rounded upper corners, and a generally
convex outer surface (surface facing away from the center-
line). FIG. 13B illustrates a cross support having a generally
half-circle cross-sectional shape, with an outer surface being
generally convex. FIG. 13C illustrates a cross support having
a generally triangular cross-sectional shape, with each corner
being rounded. FIG. 13D illustrates a cross support having a
triangular shape, with no rounded corners. FIG. 13E illus-
trates a cross support having a generally triangular cross-
sectional shape, with an upper rounded corner, and a gener-
ally flat outer surface. FIG. 13F illustrates a cross support
having a generally triangular cross-sectional shape, with an
upper rounded corner, and a generally convex outer surface.
The several cross-sectional areas or configurations illustrated
in the FIGS and discussed herein are merely exemplary of the
several configurations made possible by controlling the tool-
ing used to produce the cross supports. By controlling the
tooling, and particularly the channels or grooves of the man-
drel, the cross-sectional area of individual cross supports (and
multi-layered nodes) can be specifically controlled and opti-
mized for a given design. It is noted also that not all cross
supports within a given lattice support structure are required
to comprise the same cross-sectional area or configuration.
Indeed, a lattice support structure may comprise a plurality of
cross supports with different cross-sectional areas.

[0055] With reference to FIGS. 14A-14C, illustrated is a
composite lattice support structure 110 formed in accordance
with another embodiment of the present invention. FIGS.
14A and 14B illustrate a plurality of helical cross supports,
including helical cross supports 1264, 1265 and 126c¢ that
intersect to from various multi-layered nodes. In addition, the
support structure 110 comprises a plurality of longitudinal
cross supports, such as longitudinal cross support 124, each
having a T-shaped cross section. As shown, the outer surface
of'the T-shaped (the surface facing away from the centerline)
comprises a generally flat or linear surface configuration. The
inner surfaces (those facing toward the centerline) also com-
prise a generally flat or linear configuration. However, in this
particular embodiment, rounded corners having a given
radius r are included where the flange portion 125 intersects
with the web portion 127.

[0056] With reference to FIG. 15, illustrated is a partial
cross-sectional view of a system for fabricating complex
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three-dimensional lattice support structures in accordance
with one exemplary embodiment of the present invention.
The system 210 comprises a rigid mold in the form of a
three-dimensional (e.g., in this case generally cylindrical)
rigid, collapsible mandrel 214 having a working surface 218
and a plurality of channels in the form of grooves (see grooves
222a, 222b, and 222c¢) formed in the working surface 218.
The grooves define various surface boundaries depending
upon the particular cross-sectional shape desired. In the
embodiment shown, the grooves comprise a triangular cross-
section (when viewed in the axial or longitudinal direction of
the grooves), with surfaces 226 and 230 providing the bound-
ary of the grooves. The grooves may be formed in the mandrel
214 in any configuration or design that provides a lattice or
lattice-type configuration. Although shown in cross-section,
it is contemplated that the mandrel 214 will comprise an
elongate, three-dimensional form or shape, with some
grooves being helically oriented, longitudinally oriented, lat-
erally oriented, different in length, different in cross-sectional
area, etc. Whatever the desired or required configuration of
the final lattice support structure, the mandrel 214 functions
as the template or mold to provide this. Not only does the
mandrel, and particularly the grooves of the mandrel, define
the number, type, density, orientation etc. of the various cross
supports, but it also defines the same types of parameters
regarding the multi-layered nodes making up the lattice sup-
port structure. Furthermore, the mandrel permits the cross-
sectional area of the cross supports and nodes making up the
structural support unit to be specifically controlled, the types
specific cross-sectional areas being limited only by the limi-
tations inherent in the formation of the grooves in the man-
drel.

[0057] The grooves may comprise any size, type or number
and are intended to extend about the outer surface of the rigid
mold (e.g., about the circumference of the cylindrical man-
drel as shown) in a given direction and orientation, at least
some of which are caused to intersect at various strategic
locations to provide the mold with, and define the lattice
configuration of, the particular composite lattice support
structure to be formed. It is noted that the mandrel provides a
key component in the formation of a seamless, three-dimen-
sional lay-up of fiber materials, in the presence of resin,
resulting in a seamless finished three-dimensional lattice sup-
port structure. In other words, there are no joined or fused part
edges present either prior to consolidation during the forma-
tion of the uncured, green lay-up, or after consolidation of the
fiber material and resin components resulting in a finished or
substantially finished support structure. The part is formed
and cured as a seamless structure.

[0058] Although shown and described as being cylindrical,
the mandrel may comprise a number of different cross-sec-
tional areas other than circular as viewed in the axial direc-
tion. For example, the mandrel may comprise a triangular,
square, oval, airfoil, octagonal, hexagonal, rectangular, or
arbitrary (comprising a linear or non-linear geometry, or a
combination of these) cross-sectional geometry.

[0059] The lay-up includes fiber materials that are depos-
ited in the grooves 222 of the mandrel in the presence of resin.
FIG. 15 illustrates one embodiment where a preimpregnated
(prepreg) tow or towpreg filament is situated for deposit into
the various grooves of the mandrel (see towpregs 204a, 2045,
and 204c to be deposited in grooves 222a, 2225, and 222¢,
respectively). The towpreg may be deposited in accordance
with a winding technique in which the towpreg is wound onto
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the mandrel within the grooves at a pre-determined tension
and as the mandrel rotates about a rotational axis. The tow-
preg may comprise various types and sizes, and may comprise
various numbers of fibers, such as a 10K tow, a 12K tow, a
50K tow, a 80K tow, etc. Fiber materials other than towpreg
filaments are also contemplated for use, such as prepreg tape
and others as will be apparent to one skilled in the art. In
addition, fiber material that is not preimpregnated, but rather
post-wetted, may also be used. For instance, a dry fiber-based
tow may be subjected to a resin component in situ during a
winding process as it is being deposited within the channels of
the rigid mold.

[0060] The system further comprises a vacuum enclosure
250 adapted for placement over the mandrel and fiber mate-
rial lay-up that facilitates the drawing of a vacuum about the
mandrel for assisting in the consolidation of the fiber mate-
rials and resin components. The vacuum enclosure 250 is
designed to provide the pressure necessary to cure and con-
solidate the fiber materials in the presence of the resin, and
most likely in the presence of elevated temperature. More
specifically, the vacuum enclosure 250 may be adapted to
apply the pressure necessary to compact the fiber material
into the grooves 222 of the mandrel 214 to enhance consoli-
dation and form the cross supports and nodes as discussed
herein, as well as provide these with their specified cross-
sectional geometry. The vacuum enclosure 250 is intended to
seal about the mandrel 214, and particularly about the outer
working surface 218 of the mandrel 214, and any additional
surfaces to effectuate a proper negative pressure environment.
The vacuum enclosure 250 can comprise a flexible, imper-
meable vinyl membrane or other similar traditional vacuum
bag. Alternatively, the vacuum enclosure 250 can comprise a
resilient polymer (e.g., two part prepolymer or polyurethane)
vacuum bag specifically formulated to provide elasticity and
elongation, such as a vacuum bag product formed in accor-
dance with the technology developed and owned by Ameri-
can Consulting Technology and Research Co. of Provo, Utah,
and marketed under the VacuSpray trademark. The polymer
vacuum bag may comprise a prepolymer that can be applied
in liquid form (e.g., a spray or brush-on prepolymer) over the
mandrel and fiber materials, which is then caused to polymer-
ize to provide a sealed vacuum enclosure. In another aspect,
the prepolymer composition may be applied over another
suitable and applicable surface, polymerized or cured to form
a pre-formed polymer vacuum bag, and then subsequently
applied over the mandrel and fiber material lay-up.

[0061] The system 210 further comprises an optional
release layer 240 that may be disposed between the vacuum
enclosure and the mandrel and fiber material lay-up to facili-
tate easy removal of the vacuum enclosure from the mandrel
surface and/or the formed composite lattice support structure.
The release layer 240 may comprise any material known in
the art, such as a fluoropolymer (PTFE (polytetrafluoroeth-
ylene) and PFA (perfluoroalkoxy polymer resin)) or FEP
(Fluorinated ethylene propylene), or others. Depending upon
various factors, such as the type of vacuum enclosure used, a
release layer may or may not be needed.

[0062] The system 210 further comprises a curing system
260 operable to consolidate and cure the fiber materials and
resin to form the cross supports and nodes (and any collars) of
the lattice support structure. The curing system 260 is
designed to subject the fiber material lay-up to elevated pres-
sure and temperature for a given duration of time. The curing
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system 260 may comprise an autoclave or other suitable
device capable of applying the necessary heat and pressure to
the lay-up.

[0063] FIG. 16 illustrates a flowchart of a method for form-
ing a composite lattice support structure in accordance with
one exemplary embodiment. The method comprises gener-
ally forming first and second cross supports, each of these
comprising a fiber-based composite material. The first and
second cross supports are caused to intersect one another in
one or more locations to define one or more multi-layered
nodes. The multi-layered nodes are each comprised of one or
more selective fiber filaments (individual filaments or layers
of filaments) from the first cross support that intersect and
layer with one or more selective fiber filaments of the second
cross support. In one aspect, this may mean that the multi-
layered nodes comprise at least two layers of the first cross
support separated by at least one layer of the second cross
support. In another aspect, this may mean that the multi-
layered nodes comprise at least two layers of the second cross
support separated by at least one layer of the first cross sup-
port.

[0064] The method further comprises forming one or more
additional cross supports, also comprising a fiber-based com-
posite material, that intersect one or both of the first and
second cross supports to provide or define additional multi-
layered nodes within the lattice support structure. Indeed, it is
likely that a present invention lattice support structure will
comprise a plurality of cross supports, each contributing to
the overall strength and performance of the support structure.
The plurality of cross supports, comprising a fiber-based
composite material, may each be configured to interrelate
with at least one other cross support in the same manner,
namely with selective fiber filaments from each being layered
with those of another cross support at the intersecting loca-
tions where a node is formed.

[0065] The several cross supports are configured to form
and define a composite lattice support structure having a
three-dimensional geometry about a centerline. As a result of
the fabrication method, the lattice support structure is capable
of being a seamless structure rather than the result of two or
more segments or components formed separately and then
somehow fused or otherwise brought and held together.
[0066] The first and second cross supports and any addi-
tional cross supports may be formed into a number of con-
figurations or in accordance with a number of designs to
provide different lattice support structures having different
performance characteristics. The method for manufacturing
described herein allows for a significant amount of versatility
in terms of design considerations and options for complex
three-dimensional lattice support structures, which is evi-
denced by the many different configurations described or
contemplated herein, some of which are illustrated in the
accompanying drawings. For example, the method may com-
prise forming one or more cross supports to comprise a
curved segment between nodes to provide non-linear path
loading along the cross support. Depending upon the cross-
sectional area of the lattice support structure, curved seg-
ments may be present in a plurality of forward or reverse
helically oriented cross supports. These helicals may be
evenly or unevenly spaced apart from one another (asymmet-
ric spacing), some may have a different pitch than others,
some may have a variable pitch or helix angle, and/or they
may be present in differing densities about the structure. The
support structure may also be formed with a different number
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or uneven ratio of forward and reverse helicals, thus giving
the support structure increased strength in a given direction.
[0067] Inanotherexample, the support structure may com-
prise any number of lateral, linear or circumferentially ori-
ented cross supports in combination with the helical or
reverse helical cross supports, with these also being present in
various size, in various locations, in various concentrations,
in various densities, etc. Although the majority of time this
will most likely be the case, it is also noted that the cross
supports and the nodes they define do not necessarily need to
comprise any particular type of pattern or symmetry. Indeed,
lattice configurations where nodes are completely randomly
located or that are present in higher or reduced concentrations
or densities about the support structure are also entirely pos-
sible and contemplated.

[0068] In many cases, it will be necessary or desirable to
form the lattice support structure to comprise areas of selec-
tive reinforcement or areas of higher strength. In such cases,
forming the lattice support structure to comprise cross sup-
ports that are grouped or concentrated in these areas, or that
are of differing type and/or orientation (or a combination of
these) will enhance the inherent performance characteristics
of the lattice support structure in these areas, thus being
capable of better meeting often stringent engineering speci-
fications.

[0069] Some of the advantageous properties of the present
invention composite lattice support structure is that it com-
prises a constant load path throughout. A related advantage is
that, in the event of breakage or failure of one or more cross
supports or nodes, the lattice support structure is configured
such that the load path is transferred to one or more unbroken
cross supports to compensate for the reduction in perfor-
mance or failure.

[0070] The method further comprises forming the cross
supports such that the resulting lattice support structure com-
prises a non-uniform cross section as taken along the longi-
tudinal axis or centerline. Lattice support structures with a
uniform cross section are obviously contemplated, but some
applications may require those having non-uniform cross-
sections.

[0071] The method further comprises controlling the cross-
sectional geometry of some or all of the individual cross
supports within a lattice support structure, which cross-sec-
tional geometry of the cross supports is dictated by the cor-
responding cross-sectional geometry of the channels of the
rigid mold in which the fiber material is initially deposited.
Controlling the cross-sectional geometry of the cross sup-
ports means controlling the elements and parameters used to
fabricate these. For example, to achieve a t-shaped or flanged
geometry, the channels of the rigid mold will be configured
with a suitable t-shaped or flanged configuration. These will
have a suitable and accurate amount of fiber material depos-
ited in them in order to achieve the desired geometry after
consolidation.

[0072] The method further comprises forming a circumfer-
ential collar around or about one or both ends of the lattice
support structure, wherein the collar comprises fiber material
that is integrally formed and consolidated with the fiber mate-
rial of one or more cross supports.

[0073] The present invention provides a unique method for
fabricating or manufacturing the composite three-dimen-
sional lattice support structures discussed above. In one
exemplary embodiment, the method comprises wrapping pre-
impregnated fiber filaments or tow (e.g., 12K tow) around a
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rigid, break-away mandrel having a series of grooves or chan-
nels formed into the surface of the mandrel generally con-
forming to the desired configurations or patterns of the vari-
ous cross members, end collars, multi-layered nodes, etc. to
be formed, and providing a solid geometric base for the for-
mation of the support structure during production. Though a
secondary wrap, e.g., KEVLAR, may be applied once the
structure has been cured or combined with the primary fibers
before cure, enhanced consolidation of members can be
achieved through covering the uncured structure with a bag-
ging system, creating negative pressure over at least the multi-
layered nodes, and running it through an autoclave or similar
curing cycle where the fiber prepreg tow is compacted into the
grooves, consolidated, and formed generally to the cross-
sectional geometry of that of the grooves. This adds strength
through allowing segments of components to be formed from
a continuous filament, while also allowing the various strands
in a single member to be consolidated during curing. Other
embodiments and additional detail regarding the fabrication
of'the present invention lattice support structures are provided
below.

[0074] With reference to FIG. 17, one exemplary method
comprises obtaining a rigid mold having a plurality of chan-
nels formed therein that intersect at strategic locations (412);
laying up a fiber material, in the presence of resin, within the
channels of the rigid mold (416); consolidating the lay-up to
form a plurality of composite cross supports and nodes having
a pre-determined lateral cross-sectional geometry, and to
form a three-dimensional lattice support structure (460);
removing the formed lattice support structure from the rigid
mold (506); and optionally, further finishing the formed lat-
tice support structure (510). The method may further com-
prise forming the cross supports to comprise a non-linear or
curved configuration between nodes (502).

[0075] Turning to FIG. 18, laying up the fiber material
within the channels of a rigid mold (416) contributes to the
versatility and ease of manufacture of the lattice support
structure. This starts with depositing a fiber material, in the
presence of resin, within the channels with the fiber materials
extending through the intersections formed in the rigid mold
(420). Although other methods may be employed (440), this
will typically involve a filament winding process (424) using
a prepreg tow or towpreg (428) or a post-wetted tow (432)
dispensed from a spool at a given tension and speed. Fila-
ments that are deposited within the channels under a rela-
tively high tension generally results in a final product with
higher rigidity and strength, while filaments deposited using
a lower tension generally results in more flexibility. In addi-
tion, in one aspect, the fiber material may be laid up to extend
in a unidirectional orientation within the channels and
through the nodes (436) so that any directional changes at the
nodes is eliminated. Unidirectional orientation of the fiber
material or fiber filaments contributes to more efficient lay-
ering of the fibers, and to the eventual overall strength of the
unit once formed. In another aspect, directional changes of
the fiber material at the nodes may be made if desired. How-
ever, it is noted that even with directional changes at the
nodes, the unidirectional orientation of the fiber materials or
filaments within any given channel may be maintained.

[0076] Depositing fiber material within the channels in the
presence of a resin leads to the formation of a plurality of
green, uncured members that will ultimately become the vari-
ous types of rigid cross supports (444) and resulting nodes
(448) that make up the lattice support structure. Although
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these are in a green, uncured or unconsolidated state upon the
completion of the filament winding phase, the result is a
green, uncured, three-dimensional lattice preform configura-
tion already having a seamless formation (452) prior to under-
going any curing or consolidation processes.

[0077] With reference to FIG. 19, in one exemplary
embodiment, consolidating the uncured fiber material lay-up
just described to form the cross supports and nodes (460)
comprises covering the rigid mold and fiber material lay-up
with a vacuum enclosure (468). Optionally, a release layer
may be situated or applied (464) between the rigid mold and
fiber material lay-up and the vacuum enclosure in order to
facilitate easier release of the vacuum enclosure from the
formed lattice structure. Depending upon the type of vacuum
enclosure used, a separate release layer may or may not be
necessary.

[0078] In the event a vinyl or other flexible membrane
based vacuum bag is used (472), the method will involve
placing this over the rigid mold and fiber material lay-up and
subsequently forming one or more vacuum ports therein that
can be coupled to a vacuum source. The vacuum bag will also
most likely need to be sealed to the surface of the rigid mold
about the fiber material lay-up using tacky tape or other
sealing means. Alternatively, a resilient polymer vacuum bag
may be used (476). With this type of vacuum bag, applying it
may be carried out in a number of different ways. For
example, in a first aspect, a prepolymer composition (484)
may be applied in liquid form (488) using a spray gun,
brushes, etc. In one exemplary embodiment, the prepolymer
liquid rapidly polymerizes under ambient conditions (no
elevated heat or pressure) to form the vacuum bag. In another
aspect, the polymer vacuum bag may be preformed and
applied in a similar manner as a more traditional type of
vacuum bag.

[0079] Consolidating further comprises placing the lay-up
with the vacuum enclosure in a curing system (492) and
curing the lay-up in the presence of a vacuum, heat and
pressure to cause the vacuum enclosure to compact the fiber
material into the channels (496). Drawing a vacuum may
comprise fluidly coupling one or more vacuum ports to the
lay-up and also to a vacuum source. As a vacuum is drawn, the
resulting negative pressure acts to cause the vacuum enclo-
sure to apply a significant increased pressure to the fiber
materials situated within the channels. As this pressure is
applied, the fiber materials begin to compact into or within the
channels. Simultaneously, the channel surfaces apply a coun-
teracting force on the fiber materials, constraining their
movement or displacement. As heat and pressure is applied
for a given duration, the fiber materials consolidate with the
resin, and are caused to substantially assume the geometry of
the channels, bounded also by the vacuum enclosure. Con-
solidation may continue as long as needed to eliminate or
minimize any remaining voids.

[0080] Being able to manipulate the cross-sectional geom-
etry of the cross sectional shape of the individual cross sup-
ports is a significant advantage of the present invention lattice
support structure manufacturing method. This provides the
ability to control or manipulate the moment of inertia of the
cross support members. For example, the difference in iner-
tial moments of a flat unit of about 0.005" thickness and a
T-shaped unit of the same amount of material can reach up to
and beyond a factor of 200. With the use of a r, pressure
application, and resin/temperature curing, measurement has
shown that geometric tolerances can be kept at less than 0.5%.
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[0081] It has been recognized that the closer the fibers are
held together, the more they act in unison as a single piece
rather than a group of fibers. In composites, resin can facili-
tate holding the fibers in close proximity to each other both in
the segments of the cross supports themselves, and at the
multi-layered nodes when more than one directional path is
being taken by groups of unidirectional layered fibers. In
filament winding systems of the present disclosure, compos-
ite tow or roving or tape (or other shaped filaments) can be
wound and shaped into the channels of a rigid mandrel, and
then the composite fibers forced together using pressure.
Under this pressure, heat can be used to fuse the multi-layered
nodes, generating a tightly consolidated multi-layered node.
Thus, the multi-layered node is constrained within the chan-
nels or otherwise held in place tightly using pressure from
both the vacuum enclosure and the surfaces of the channels.
Under such pressure from all sides, the multi-layered node
(including the filament or tow material and the resin) can be
heat fused or cured, making the multi-layered node more
highly compacted and consolidated than other systems in the
prior art. As aresult, high levels of consolidation (90-100% or
even 98-100%) can be achieved. In other words, porosity of
the consolidated material providing voids and weak spots in
the structure are significantly reduced or even virtually elimi-
nated. In short, consolidation control using a rigid mandrel,
pressure over the wound filament or fibers, and resin/heat
curing provides high levels of consolidation that strengthen
the lattice structure as a whole.

[0082] Referring again to FIG. 17, the method may further
comprise removing the vacuum enclosure and separating the
composite lattice support structure from the rigid mold (506).
This may include collapsing the rigid mold to relieve the
internal pressure acting on the finished lattice support struc-
ture. In terms of further finishing the formed lattice support
structure (510), this may include trimming edges or ends,
deburring and/or sanding where necessary etc. This may also
include coating the surfaces of the support structure with a
finishing coat. For example, in one aspect, this may comprise
spraying the surfaces with the same VacuSpray material
described above, or another similar type of protective coating.

[0083] The foregoing detailed description describes the
invention with reference to specific exemplary embodiments.
However, it will be appreciated that various modifications and
changes can be made without departing from the scope of the
present invention as set forth in the appended claims. The
detailed description and accompanying drawings are to be
regarded as merely illustrative, rather than as restrictive, and
all such modifications or changes, if any, are intended to fall
within the scope of the present invention as described and set
forth herein.

[0084] More specifically, while illustrative exemplary
embodiments of the invention have been described herein, the
present invention is not limited to these embodiments, but
includes any and all embodiments having modifications,
omissions, combinations (e.g., of aspects across various
embodiments), adaptations and/or alterations as would be
appreciated by those skilled in the art based on the foregoing
detailed description. The limitations in the claims are to be
interpreted broadly based on the language employed in the
claims and not limited to examples described in the foregoing
detailed description or during the prosecution of the applica-
tion, which examples are to be construed as non-exclusive.
For example, in the present disclosure, the term “preferably”
is non- exclusive where it is intended to mean “preferably, but
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not limited to.” Any steps recited in any method or process
claims may be executed in any order and are not limited to the
order presented in the claims. Means-plus-function or step-
plus-function limitations will only be employed where for a
specific claim limitation all of the following conditions are
present in that limitation: a) “means for” or “step for” is
expressly recited; and b) a corresponding function is
expressly recited.

[0085] The structure, material or acts that support the
means-plus function limitation are expressly recited in the
description herein. Accordingly, the scope of the invention
should be determined solely by the appended claims and their
legal equivalents, rather than by the descriptions and
examples given above.

What is claimed and desired to be secured by Letters Patent
is:

1. A lattice support structure, comprising a plurality of
fiber-based cross supports, the fiber-based cross supports
having individual fibers layered in an off-set configuration
and intersecting one another to form a multi-layered node,
said multi-layered node being consolidated within a groove of
a mold in the presence of resin, heat, and pressure.

2. The lattice support structure of claim 1, wherein each of
said cross supports have a thickness, and wherein said multi-
layered node is thinner than the sum of the thickness of each
cross support at the multi-layered node.

3. The lattice support structure of claim 1, wherein the
multi-layered node comprises multiple layers of all of the
cross supports intersecting to form the node.

4. The lattice support structure of claim 1, further compris-
ing a plurality of multi-layered nodes, each multi-layered
node formed from a plurality of fiber-based cross supports
intersecting one another, at least one of said cross supports
being layered at each of the plurality of multi-layered nodes.

5. The lattice support structure of claim 4, said lattice
support structure having a generally cylindrical shape, and
comprising at least one helical cross support.

6. The lattice support structure of claim 5, further compris-
ing a longitudinal cross support that intersects the helical
cross support to form the multi-layered node.

7. The lattice support structure of claim 5, further compris-
ing a circumferential cross support that intersects the helical
cross support to form the multi-layered node.

8. The lattice support structure of claim 1, wherein at least
three cross supports intersect at the multi-layered node and
wherein at least three cross supports each include at least two
layers at the multi-layered node.

9. The lattice support structure of claim 1, wherein the
multi-layered node has increased surface area along a top
surface of the lattice support structure compared to a bottom
surface of the lattice support structure.

10. The lattice support structure of claim 1, wherein the
fiber material includes carbon fiber, fiber glass, boron fibers,
basalt fibers, or aramid fibers and wherein the fiber material is
composited with a resin.
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11. A lattice support structure, comprising:

a) a first cross support comprising fiber material;

b) a second cross support comprising a fiber material, said
second cross support intersecting the first cross support;
and

¢) multi-layered nodes located where the first cross support
intersects the second cross support, said multi-layered
nodes comprising at least two layers of the first cross
support separated by a least one layer of the second cross
support layered in an off-set configuration,

wherein at least one of said first cross support or said
second cross support is curved from node to node.

12. The lattice support structure of claim 11, wherein the
multi-layered nodes comprise at least two layers of the second
cross support separated by a least one layer of the first cross
support.

13. The lattice support structure of claim 11, wherein both
the first cross support and the second cross support are curved
from node to node.

14. The lattice support structure of claim 11, further com-
prising a third cross support comprising a fiber material.

15. The lattice support structure of claim 14, wherein the
first cross support, the second cross support, and the third
cross support each intersect at a common multi-layered node
and wherein the common multi-layered node includes mul-
tiple layers of the first cross support, the second cross support,
and the third cross support, each layer of each cross support
being separated by a layer of another cross support.

16. The lattice support structure of claim 11, said lattice
support structure having a generally cylindrical shape, and
comprising a plurality ofhelical cross supports and a plurality
of longitudinal cross supports.

17. The lattice support structure of claim 16, wherein the
longitudinal lattice support structures are not symmetrically
spaced around a circumference of the cylinder.

18. The lattice support structure of claim 16, wherein at
least two helical lattice support structures do not have the
same number of twists around the cylinder as one another.

19. The lattice support structure of claim 16, wherein the
multi-layered node has increased surface area along the out-
ermost perimeter of the cylinder compared to the innermost
surface of the cylinder.

20. A system for forming complex three-dimensional com-
posite lattice support structures, said system comprising:

a mold having a plurality of channels, at least some of said

plurality of channels intersecting at strategic locations;

a lay-up of fiber material, in the presence of a resin, within
said channels, said fiber material comprising fiber fila-
ments that are layered with one another and that intersect
at said strategic locations; and

a curing system for consolidating said lay-up to form a
plurality of cross supports and multi-layered nodes,
wherein the multi-layered nodes are flattened in shape.
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