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(57) ABSTRACT

A functionally graded structure for a protective device
includes a plurality of lattice structures including at least a
first lattice structure having a first geometry and a second
lattice structure having a second geometry. The first lattice
structure with the first geometry has a first compression
response property and the second lattice structure with the
second geometry has a second compression response prop-

erty that 1s different from the first compression response
property.
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FUNCTIONALLY GRADED STRUCTURES
FOR IMPACT ABSORPTION

STATEMENT OF GOVERNMENT INTEREST

[0001] The mvention described herein may be manufac-
tured and used by or for the U.S. Government for govern-
mental purposes without the payment of any royalties
thereon or therefor.

FIELD

[0002] The aspects of the present disclosure relate gener-
ally to the field of helmets, and 1n particular to a functionally
graded structure for impact energy absorption 1n a protection
device such as a helmet.

BACKGROUND

[0003] In the last few years, additive manufacturing (AM)
has made 1t possible to fabricate lattice structures with
geometries that were previously either impractical or impos-
sible to fabricate by other methods. This AM technology has
unlocked the potential to fabricate structures with optimized
geometries for impact absorption, such as low velocity
impact energy absorption. Elastomeric polymers are becom-
ing widely available for use 1 additive manufacturing
processes on various type of equipment including extruders.
With the prevalence of ijuries due to low velocity impacts,
especially to the head, 1t has become increasingly important
to develop better performing 1impact absorption systems.

[0004] Current padding in a helmet, such protective hel-
met for sport or military use, 1s generally 1n the form of an
open cell, layered approach. While the shape of a head of a
person will vary from person to person, custom fitting 1s
generally not available. There 1s generally a limited range of
s1zes available, with a one size {fits all approach.

[0005] Additionally, protective helmets are generally not
optimized for the specific application. Rather, helmets are
generally configured to provide general impact protection.
The impact absorption layer 1n a helmet 1s typically attached
to a comiort layer by some mechanical means.

[0006] Furthermore, blunt impact requirements for hel-
mets are increasingly diflicult to meet. Helmet pads must not
only absorb energy, but must also be able to control decel-
eration during impacts. The pads must be comiortable and
the weight maintained.

[0007] Accordingly, 1t would be desirable to provide an
impact absorption system for a protective device such as a
helmet that addresses at least some of the problems 1denti-

fied above.

BRIEF DESCRIPTION OF THE DISCLOSED
EMBODIMENTS

[0008] As described herein, the exemplary embodiments
overcome one or more of the above or other disadvantages
known 1n the art

[0009] According to a first aspect, the exemplary embodi-
ments are directed to a functionally graded structure. In one
embodiment, a functionally graded structure for a protective
device includes a plurality of lattice structures including at
least a first lattice structure having a first geometry and a
second lattice structure having a second geometry, wherein
the first lattice structure with the first geometry has a first
compression response property and the second lattice struc-
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ture with the second geometry has a second compression
response property that 1s different from the first compression
response property.

[0010] In a first possible implementation form of the
functionally graded structure according to the first aspect,
the plurality of lattice structures are arranged 1n a stack.
[0011] In a possible implementation form of the function-
ally graded structure an edge of one of the plurality of lattice
structures in the stack 1s joined to an edge of an adjacent
lattice structure 1in the stack.

[0012] In a possible implementation form of the function-
ally graded structure the first lattice structure defines a
circular shape with a central opening and the second lattice
structure 1s arranged inside the opening.

[0013] In a possible implementation form of the function-
ally graded structure the second lattice structure defines a
circular shape with a central opening and at least one another
lattice structure of the plurality of lattice structures 1is
arranged 1nside the central opening defined by the circular
shape of the second lattice structure.

[0014] In a possible implementation form of the function-
ally graded structure an order of lattice structures in the
plurality of lattice structures 1n the stack 1s from a least stifl
lattice structure to a most stifl lattice structure.

[0015] In a possible implementation form of the function-
ally graded structure the first lattice structure has a first
thickness and the second lattice structure has a second
thickness that 1s different from the first thickness.

[0016] In a possible implementation form of the function-
ally graded structure a thickness of a segment 1n {irst lattice
structure varies from one end of the first lattice structure to
another end of the first lattice structure.

[0017] In a possible implementation form of the function-
ally graded structure a grading of lattice structures in the
plurality of lattice structures from one lattice structure to
another lattice structure i1s non-umform.

[0018] In a possible implementation form of the function-
ally graded structure at least one segment 1n the plurality of
lattice structures comprises a non-permeable donut shaped
body structure that defines a cavity, and wherein at least one
lattice structure 1s arranged 1n at least a portion of the cavity.
[0019] In a possible implementation form of the function-
ally graded structure the at least one lattice structure
arranged 1n the portion of the cavity of the donut shaped
body structure 1s a functionally graded structure and com-
prises a lirst lattice structure having a first geometry, and at
least one other lattice structure, the at least one other lattice
having an other geometry different from the first geometry,
wherein the first geometry has a first compression response
property and the other geometry has a compression response
property that 1s diflerent from the first compression response
property.

[0020] In a possible implementation form of the function-
ally graded structure the first geometry of the first lattice
structure 1s a hemisphere shaped structure and the second
lattice structure 1s disposed i a central portion of the
hemisphere shaped structure.

[0021] In a possible implementation form of the function-
ally graded structure, the functionally graded structure fur-
ther comprise another lattice structure of the plurality of
lattice structures disposed on top of the hemisphere shaped
structure of the first lattice structure.

[0022] In a possible implementation form of the function-
ally graded structure the protective device comprises a




US 2024/0285016 Al

helmet with an outer shell and an inner liner, and the
plurality of lattice structures are disposed between the outer
shell of the helmet and the inner liner of the helmet.

[0023] According to a second aspect, the exemplary
embodiments are directed to a protection helmet. In one
embodiment, the protection helmet includes an outer shell,
an 1ner liner, and a functionally graded structure disposed
between the outer shell and the iner liner, the functionally
graded structure comprising a plurality of lattice structures
with different compression response properties, a geometry
of one lattice structure of the plurality of lattice structures
being different from a geometry of another lattice structure
of the plurality of lattice structures.

[0024] In a first possible implementation form of the
protection helmet according to the second aspect the plu-
rality of lattice structures are arranged 1n a stack between the
outer shell and the inner limer and an order of lattice
structures 1n the stack 1s from a least stifl lattice structure to
a most stifl’ lattice structure.

[0025] In a possible implementation form of the protection
helmet according to the second aspect, one of the plurality
of lattice structures defines a circular shape with a central
opening and another one of the plurality of lattice structures
1s arranged inside the central opening.

[0026] Ina possible implementation form of the protection
helmet according to the second aspect, a thickness of a
segment in the functionally graded structure varies from one
end of the functionally graded structure to another end of the
functionally graded structure.

[0027] Ina possible implementation form of the protection
helmet according to the second aspect, a grading of lattice
structures 1n the plurality of lattice structures 1s non-uni-
form.

[0028] Ina possible implementation form of the protection
helmet according to the second aspect, at least one segment
in the plurality of lattice structures comprises a non-perme-
able donut shaped body structure that defines a cavity, and
wherein at least one lattice structure 1s arranged 1n at least a
portion of the cavity.

[0029] These and other aspects and advantages of the
exemplary embodiments will become apparent from the
following detailed description considered in conjunction
with the accompanying drawings. It 1s to be understood,
however, that the drawings are designed solely for purposes
of 1llustration and not as a definition of the limits of the
invention, for which reference should be made to the
appended claims. Additional aspects and advantages of the
invention will be set forth 1in the description that follows, and
in part will be obvious from the description, or may be
learned by practice of the mvention. Moreover, the aspects
and advantages of the invention may be realized and
obtained by means of the mstrumentalities and combinations
particularly pointed out 1n the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The accompanying drawings illustrate presently
preferred embodiments of the present disclosure, and
together with the general description given above and the
detailed description given below, serve to explain the prin-
ciples of the present disclosure. As shown throughout the
drawings, like reference numerals designate like or corre-
sponding parts.
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[0031] FIG. 1 illustrates a front view of an exemplary
functionally graded structure incorporating aspects of the
disclosed embodiments.

[0032] FIGS. 2A and 2B illustrate front views of exem-

plary functionally graded structures incorporating aspects of
the disclosed embodiments.

[0033] FIG. 3 illustrates a front view of another exemplary
functionally graded structure incorporating aspects of the
disclosed embodiments.

[0034] FIG. 4 illustrates a front view of another exemplary
functionally graded structure incorporating aspects of the
disclosed embodiments.

[0035] FIG. S illustrates another example of a functionally
graded structure incorporating aspects of the disclosed
embodiments.

[0036] FIGS. 6-9 illustrate further examples of function-

ally graded structures incorporating aspects of the disclosed
embodiments.

[0037] FIG. 10 1s a cross-sectional view of an exemplary
helmet 1incorporating aspects of the disclosed embodiments.

DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENTS OF THE
DISCLOSURE

[0038] Referring to FIG. 1, one embodiment of function-
ally graded structure 100 incorporating aspects of the dis-
closed embodiments 1s illustrated. The aspects of the dis-
closed embodiments are directed to a functionally graded
polymer structure that 1s optimized to absorb energy 1n a low
impact velocity event. The functionally graded structure 100
of the disclosed embodiments finds application in helmets or
wearable protection for activities such as sports, law
enforcement and military operations. As will be described
further herein, the functionally graded structure 100 of the
disclosed embodiments 1s generally designed such that one
or more of the geometry and thickness of the diflerent lattice
structures that make up the functionally graded structure
vary. The repeating lattice structures of the functionally
graded structure 100 are created in such a way that the
physical properties vary throughout the thickness of the
structure 100.

[0039] FIG. 1 illustrates one example of a functionally
graded structure 100 incorporating aspects of the disclosed
embodiments. As will be described further herein, the func-
tionally graded structure can be implemented 1n a protective
device, such as a helmet, for example. In this example, the
functionally graded structure 100 comprises a first lattice
structure 10 and at least one other or second lattice structure
20. The first lattice structure 10 has a first geometry 12 made
up of a plurality of structures 14, also referred to as segments
or struts, while the second lattice structure 20 has a second
geometry 22 made up of a plurality of structures 24, also
referred to herein as segments or struts. In one embodiment,
the first geometry 12 provides or has a first compression
response property and the second geometry 22 provides or
has a second compression response property. The first com-
pression response property can be diflerent from the second
compression response property. Although only two lattice
structures 10 and 20 are illustrated in the example of FIG. 1,
the aspects of the disclosed embodiments are not so limited.
In alternate embodiments, the functionally graded structure
100 can include any number of lattice structures, other than
including two.




US 2024/0285016 Al

[0040] In the example of FIG. 1, the two lattice structures
10, 20 are 1n a stacked arrangement, with the second lattice
structure 20 disposed on top of the first lattice structure 10.
Although only two lattice structures 10, 20 are shown 1n a
stacked arrangement, the aspects of the disclosed embodi-
ments are not so limited. In alternate embodiments, the
tunctionally graded structure 100 can include any number of
stacked lattice structures, other than including two.

[0041] Inoneembodiment, the edge structures 16, 26, also
referred to herein as segments or struts, of the respective
lattice structures 10, 20 intersect. Nodes, such as node 30,
are created along the points of intersection of the edge
structures 16, 26 to create a fluid geometry.

[0042] The first geometry 12 and the second geometry 22
will be configured to have a respective compression
response property, or other physical characteristic, so that as
compression occurs, the response of the functionally graded
structure 100 to the compression, changes throughout the
thickness T1 of the structure 100. In one embodiment, a first
geometry 12 that 1s different from the second geometry 22
can be used to provide different compression response
properties for the first lattice structure 10 and the second
lattice structure 20. In another embodiment, a stiflness of the
first lattice structure 10 and the stiflness of the second lattice
structure 20 can provide a certain compression response
property.

[0043] For example, in one embodiment, rather than being
the same, a stiflness of the first geometry 12 and a stiflness
of the second geometry 22 can be different. Thus, as
compression occurs, the compression response changes
throughout the thickness 11 of the structure 100. In one
embodiment, an arrangement of the different lattice struc-
tures 10, 20 1n the functionally graded structure 100, can be
based on a respective stiflness of each structure in the stack.

[0044] Referring to FIGS. 2A and 2B, examples of how
the functionally graded structure 100 of FIG. 1 can used to
form different volute lattice structures 210, 220, respec-
tively, 1s 1llustrated. In this example, multi-tier lattice geom-
etry structures are created such that they perform in a
manner similar to what 1s known as a “volute spring.” As 1s
shown 1n the example of FIG. 2A, aspects of the functionally
graded structure 100 of FIG. 1 can be configured to wind
around 1tself to from the volute structure 210. In this manner,
cach wind 212 or portion of the volute lattice structure 210
fits 1nside the other, thus increasing the total potential stroke
or strain. In this example, one or more of the first lattice
structure 10 and the second lattice structure 20 can make up
the volute lattice structure 210. In alternate embodiments,
lattice structures other than including the first lattice struc-
ture 10 and the second lattice structure 20 can be used to
form the volute structure 210. In one embodiment, the least
still geometries of the different lattice structures, such as
lattice structures 10 and 20, could be positioned at one or
more of the ends 214, 216 of the volute lattice structure 210
so that they provide a comiort layer.

[0045] In FIG. 2B, the volute lattice structure 220 1s 1n the
form of a spring. As shown in the example of FIG. 2B, the
ends 224, 226 of the volute lattice structure 220 are narrower
than a central portion 228. Each wind 222 or portion of the
volute lattice structure 220 1s configured to fit one on top of
the other or nest within the other, thus increasing the total
potential stroke or strain. Similarly to the example of FIG.
2A, one or more of the first lattice structure 10 and the
second lattice structure 20 can make up the volute lattice
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structure 220. In alternate embodiments, lattice structures
other than including the first lattice structure 10 and the
second lattice structure 20 can be used to form the volute
lattice structure 220. In one embodiment, the least still
geometries of the different lattice structures, such as lattice
structures 10 and 20, could be positioned at one or more of
the ends 224, 226 of the volute lattice structure 220 so that
they provide a comiort layer. In the example of FIG. 2B, one
portion 230 of the volute lattice structure 220 can include
spaces or gaps between respective winds 222,

[0046] FIG. 3 1illustrates another example of a functionally
graded structure or device 300 incorporating aspects of the
disclosed embodiments. In this example, the functionally
graded device 300 1s composed of one or more lattice
structures 310, 320 where the thickness of different seg-
ments or struts 312, 321 of the respective structures 310, 320
vary throughout the device 300. For example, one portion
322 of segment 321 can be thicker than an other portion 323
of the segment 321. Similarly, segment 312 can be thicker
than segment 321. In one embodiment, the segment thick-
ness can decrease in a non-linear manner 1n a direction as

indicated by arrow D1 in FIG. 3.

[0047] In the example of FIG. 3, a single lattice geometry
of a lattice structure i1s repeated multiple times where
thickness of each repeat or the thickness of the segments as
a function changes. The change 1n segment thickness
changes the physical characteristics of the geometry of the
lattice structure so that as compression occurs, the compres-

s1on response changes throughout the thickness of the device
300.

[0048] FIG. 4 illustrates an example of a functionally
graded structure 400 incorporating aspects of the disclosed
embodiments with non-uniform grading. In this example,
the lattice structure or structure 400 1s configured to work
like four springs 402, 404, 406, 408 arranged in series,
where there are two weak springs 406, 408 and two strong
springs 402, 404. The weak springs 406, 408 will easily
compress providing comfort until they both bottom out onto
the strong springs 402, 404. Once the strong springs 402,
404 are activated, the forces required to compress the
structure 400 become much higher. Since each structure 402,
404, 406, 408 1n the structure 400 acts like a spring, there are
many parallel springs involved, making the structure 400
and the spring system complex.

[0049] FIG. 5 1llustrates another example of a functionally
graded structure incorporating aspects of the disclosed
embodiments. In this example, the structure 500 1s com-
prised of one or more geometric or lattice type structures 504
that are encapsulated 1n a shell 502. The shell 502 generally
defines a non-permeable closed body. The one or more
lattice structures 504 can include any suitable type of lattice
structure. In one embodiment, the one or more lattice
structures 504 can be functionally graded lattice structures 1n
accordance with the aspects of the disclosed embodiments
described herein.

[0050] In the example of FIG. 5, the shell 502 1s a
cylindrical shell that 1s shaped in the form of a donut. The
outer shell 502 of the donut shape can have any desired or
suitable thickness. In one embodiment, the outer shell 502
has a geometric shape that provides varying physical char-
acteristics throughout the deformation process.

[0051] The donut shape of the shell 502 shown 1n FIG. 5
1s partially filled with the one or more lattice structures 504.
In the example of FIG. 3, the shell 502 1s only one-half filled
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with the one or more lattice structures. This allows the donut
shape of the shell 502 to deform until deformation begins at
the lattice structures 504, which can increase thickness.
[0052] FIGS. 6 to 9 illustrate further examples of func-
tionally graded lattice structures including aspects of the
disclosed embodiments. Aspects of the disclosed embodi-
ments can be configured to provide OfI axis energy absorp-
tion and rotational energy absorption. For example, FIGS. 6
and 7 1llustrate exemplary functionally grades structures
incorporating aspects of the disclosed embodiments that are
designed and tuned to absorb energy from ofl axis impact
attenuating rotational forces. The lattice structures of FIGS.
6 and 7 are configured and designed to absorb energy from
all directions equally or unequally such that tuning for
rotational energy absorption 1s possible.

[0053] FIG. 7 illustrates a conformal lattice structure 700
in a hemisphere shape. In the example of FIG. 7, the center
or inner region 702 comprises a lattice structure that has a
different structure than the outer region 704.

[0054] FIGS. 8-9 illustrate a conformal lattice such as the
lattice structure 800 shown 1n FIG. 8 composed of not only
the hemispherical structure 810 but also a secondary struc-
ture 820 built on top such three types of lattice each with
unique space filling geometries and unique segment thick-
nesses. Structures such as this can have the properties tuned
functionally 1n multiple directions through multiple param-
cters.

[0055] Referring to FIG. 10, the aspects of the disclosed
embodiments provide a functionally graded structure for a
protective application such as a helmet 1000. The example
of FIG. 10 illustrates a cross-sectional view of a typical
helmet 1000, such as a military type helmet. In this example,
there are portions of exemplary functionally graded struc-
tures 1llustrated, such as the functionally graded structure
100 of FIG. 1. However, the aspects of the disclosed
embodiments are not so limited. In alternate embodiments,
a functionally graded structure or pad 1002 disposed in
connection with the helmet 1000, or an 1nner shell of the
helmet 1000, can comprise any one or more ol the func-
tionally graded structures described herein, or any combi-
nation thereol. Examples of the types of functionally graded
structures that may be implemented in the helmet 1000,
either alone or 1n combination, are 1llustrated 1n FIGS. 1-9.

[0056] Although only portions or segments of a function-
ally graded structure 1002 are shown 1n FIG. 10, the aspects
of the disclosed embodiments are not so limited. In alternate
embodiments, the functionally graded structure 1002 can be
embodied 1n conjunction with the helmet 1000 as a continu-
ous segment that runs along the interior of the helmet. In one
embodiment, the helmet 1000 may include different types of
functionally graded structures 1002 disposed at different
locations 1n conjunction with the helmet.

[0057] The functionally graded structure of the disclosed
embodiments allows for the impact absorption layer and the
comiort layer to be formed into a single pad 1002, multiple
pads 1002, or multiple pads 1002 of different types, opti-
mized for a specific application or activity. The functionally
graded structure of the disclosed embodiments can be made
to order and custom {it into a helmet 1000.

[0058] Although the uses of the functionally graded struc-
tures are generally described herein with respect to helmets,
the aspects of the disclosed embodiments are not so limited.
Other applications can include, but are not limited to,
kneepads, elbow pads, extremity pads, torso padding and
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impact absorption in automotive applications such as racing
seats. Further applications can include phone and equipment
cases, packaging and shipping matenals.

[0059] Thus, while there have been shown, described and

pointed out, fundamental novel features of the invention as
applied to the exemplary embodiments thereof, 1t will be
understood that various omissions and substitutions and
changes 1n the form and details of devices and methods
illustrated, and in their operation, may be made by those
skilled in the art without departing from the spirit of the
invention. Moreover, 1t 1s expressly intended that all com-
binations of those elements and/or method steps, which
perform substantially the same function 1n substantially the
same way to achieve the same results, are within the scope
of the mvention. Moreover, 1t should be recognized that
structures and/or elements and/or method steps shown and/
or described in connection with any disclosed form or
embodiment of the mvention may be incorporated in any
other disclosed or described or suggested form or embodi-
ment as a general matter of design choice. It 1s the intention,
therefore, to be limited only as indicated by the scope of the
claims appended hereto.

What 1s claimed 1s:

1. A functionally graded structure for a protective device,

comprising:

a plurality of lattice structures with diflerent compression
response properties, a first geometry and compression
response property of a first lattice structure of the
plurality of lattice structures being different from a
second geometry and compression response property of
a second lattice structure of the plurality of lattice
structures, the first lattice structure having a first thick-
ness and the second lattice structure having a second
thickness that 1s different from the first thickness,
wherein the first lattice structure directly interconnects
with the second lattice structure through a plurality of
individual nodes and wherein the first lattice structure
includes a plurality of first segments connected to the
plurality of nodes and wherein the first segments define
a first set of pores having a first quadrilateral shape and
wherein the second lattice structure includes a plurality
of second segments connected to the plurality of nodes
and wherein the second segments define a second set of
pores having a second quadrilateral shape and wherein
the first segments extend from the nodes at an acute
angle to that of the second segments whereby the first
quadrilateral shape 1s oriented at the acute angle to the
second quadrilateral shape,

wherein the plurality of lattice structures are arranged 1n
a stack and an order of lattice structures 1n the stack 1s
from a least stift lattice structure to a most stift lattice

structure,

wherein the first lattice structure defines a hemispherical
shape having the second lattice structure on top.

. (canceled)

. (canceled)
. (canceled)
. (canceled)

@ U B W N

. (canceled)

7. The functionally graded structure according to claim 1
wherein the first lattice structure has a first thickness and the
second lattice structure has a second thickness that 1s dif-
ferent from the first thickness.
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8. The functionally graded structure according to claim 1
wherein a thickness of a segment in {first lattice structure
varies from one end of the first lattice structure to another
end of the first lattice structure.

9. The functionally graded structure according to claim 1
wherein a grading of lattice structures from one lattice
structure to another lattice structure 1n the plurality of lattice

structures 1s non-uniform.
10. (canceled)

11. (canceled)

12. (canceled)

13. The functionally graded structure according to claim
1 further comprising a further lattice structure of the plu-
rality of lattice structures disposed on top of the hemisphere
shaped structure of the first lattice structure.

14. The functionally graded structure according to claim
1 wherein the protective device comprises a helmet with an
outer shell and an mner liner, and the plurality of lattice
structures are disposed between the outer shell of the helmet

and the inner liner of the helmet.
15. (canceled)

16. (canceled)
17. (canceled)
18. (canceled)
19. (canceled)
20. (canceled)
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