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COMPOSITE FOAM

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit under 35 U.S.C. Section 119(e) of co-pending
U.S. Provisional Patent Application Serial No. 62/316,241, entitled “COMPOSITE
FOAM” filed March 31, 2016, the contents of which are incorporated herein by

reference.

TECHNICAL FIELD

The invention relates to impact absorbing composite materials and methods of

forming such composite materials.

BACKGROUND OF THE INVENTION

The impact absorbance of a material relates to its ability to absorb an impact
energy or force that is applied to it over a short time period. Such a force or shock
typically has a greater effect than a lesser force applied over a proportionally longer
period of time. In addition to the relative velocity of the colliding materials, the impact
absorbance of a material also varies with the temperature and other environmental
conditions. For example, some materials may become stiffer and more brittle at lower
temperatures, resulting in lower impact absorbance when compared to the same material
at higher temperatures.

Most polymeric materials in the art strain-harden upon impact, causing the
skeleton struts and beams to stiffen up. This is followed by simultaneous collapse of
pores that are typically of the same size. The overall result is that a large stress builds up
instantaneously, followed by foam bottoming and a sudden drop in the stress with

minimal energy absorption and momentum trapping. Moreover, the use of phase
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transformation as a major energy dissipation mechanism (due to a very high glass-
transition temperature) has been shown to be efficient only under ambient conditions.
Thus, there is a need for a material that has improved impact absorbance.
Preferably, such a material has relatively similar impact absorbance characteristics under
a wide range of cold and hot temperature conditions. Furthermore, it is desirable for such

a material to be able to absorb repeated impacts or multiple hits.

SUMMARY OF THE INVENTION

As disclosed herein, composite materials having superior material properties
useful as impact absorbing devices can be fabricated by embedding a lattice structure
(e.g., polymer lattice structure) within a foam, so that the foam reinforces the lattice
structure under impact.

To better illustrate the composite materials and methods disclosed herein,

a non-limiting list of examples is provided here:

In Example 1, the lattice structure comprises struts having a length and/or width
in a range from 1 micrometer to 100 centimeters and the foam comprises pores having a
width in a range of 1-1000 micrometers.

In Example 2, the subject matter of Example 1 optionally includes the foam
comprising dimensions and/or materials that reinforce the lattice structure against elastic
buckling under dynamic compression; and the struts comprising material, dimensions,
geometry, and spacing such that the lattice structure elastically dissipates energy of an
impact while force from the impact is still building up in the composite material.

In Example 3, the subject matter of one or both of Examples 1 and 2 optionally
includes the lattice struts comprising material, dimensions, geometry, and spacing, and/or
the foam comprising material, pore size, and pore spacing such that an impact that
generates an elastic response in the composite material generates a stress of no more than

5 MPa in the composite material.
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In Example 4, the subject matter of one or any combination of Examples 1-3
includes the struts comprising material, dimensions, geometry, and spacing, and/or the
foam comprising material, pore size, and pore spacing such that a peak force of no more
than 2.16 kN and/or a stress of 0.1 MPa to 5 MPa is generated in the composite material
in response to a 5.5 kg weight having an energy of 15 Joules impacting a 45 mm by 45
mm area on the composite material.

In Example 5, the subject matter of one or any combination of Examples 1-4
includes the struts comprising material, dimensions geometry, and spacing, and/or the
foam comprising material, pore size, and pore spacing, such that two or more equivalent
and repeated impacts on the composite material generate maximum forces in the
composite material that have a variability of less than 0.7 kN from each other.

In Example 6, the subject matter of one or any combination of Examples 1-5
includes the struts comprising a polymer having a glass transition temperature such that
impacts on the composite material under temperatures ranging from -17 °C to 50 °C
generate maximum forces in composite material within 3 kN of each other.

In Example 7, the subject matter of one or any combination of Examples 1-6
includes the struts comprising material, dimensions, geometry, and spacing, and/or the
foam comprising material, pore size, and pore spacing, such that the composite material
absorbs more impact energy per unit area and thickness than a PORON™?20 foam.

In Example 8, the subject matter of one or any combination of Examples 1-7
includes the foam comprising a blend between a polymeric di-isocyanate and a polyol or an
amine.

In Example 9, the subject matter of one or any combination of Examples 1-8
includes the foam comprising a polyurethane foam, polyuria foam, ceramic foam,
expanded polystyrene (EPS) foam, expanded polypropylene (EPP) foam, or D30™.

In Example 10, the subject matter of one or any combination of Examples 1-8

includes the foam having a density in a range between 50 kg/m* and 800 kg/m>.
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In Example 11, the subject matter of one or any combination of Examples 1-10
includes the composite material being an elastic or viscoelastic material.

In Example 12, the subject matter of one or any combination of Examples 1-11
includes the composite material comprising a bilayer including a layer of the foam
infused with the polymer lattice structure and a layer of the foam that is not infused with
the lattice structure.

In Example 13, the subject matter of one or any combination of Examples 1-12
includes a protective covering or armor (e.g., helmet, shin guard, or vest) comprising the
composite material. Applications include, but are not limited to, using the polyurea foam
or the composite comprising the polyurea foam for head and body protection as well as
protection in consumer products, such as, but not limited to, cell phones, mobile devices,
etc.

In Example 14, a method of fabricating the subject matter of one or any
combination of Examples 1-13 includes preparing the lattice structure comprising a
polymer; and foaming a mixture through the lattice structure so as to form the foam and
the lattice structure embedded in the foam.

In Example 15, the method of Example 14 optionally further includes placing the
lattice structure in the mixture prior to the foaming.

In Example 16, the method of Example 14 optionally further comprises
positioning the lattice structure in a mold; and pouring the mixture into the mold, wherein
the foaming results in the mixture rising up in the mold and infusing with the lattice
structure.

In Example 17, the method of Example 14 optionally further comprises
continuously feeding the lattice structure through a top roller; and continuously feeding
the mixture on a surface carried by a bottom roller, the mixture positioned below the
lattice structure; and wherein the mixture foam rises up and infuses with the lattice

structure, thereby creating a sheet of the composite material.
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In Example 18, the subject matter of one or any combination of Examples 14- 17
includes carrying out the foaming at one or more temperatures ranging from 50°C to
400°C.

In Example 19, the subject matter of one or any combination of Examples 14- 18
includes curing the composite material at a temperature ranging from 70°C to 300°C.

In Example 20, the subject matter of one or any combination of Examples 14-19
comprises applying a negative pressure to the mixture during the foaming.

In Example 21, the present disclosure further describes a polyurea foam (e.g.,
useful as an impact absorbing material by itself or in combination with the composite
described herein in any of the Examples 1-21), wherein the polyurea foam comprises
an oligomeric diamine polyol combined with diisocyanate.

In Example 22, the diamine polyol of Example 21 is versalink P1000 and the
diisocyanate of Example 21 is Isonate 143L.

In Example 23, the subject matter of one or any combination of Examples 21-22
includes a ratio of diamine polyol to diisocyanate ranging from 1:1 to 10:1.

In Example 24, the subject matter of one or any combination of Examples 21-23
includes a ratio (of diamine polyol (e.g., versalink P1000 ) to diisocyanate (e.g., Isonate
143L) is 4:1.

In Example 25, the subject matter of one or any combination of Examples 21-24
includes the polyurea foam having a density in a range of 30 kg/m3 to 500 kg/m>.

In Example 26, the subject matter of one or any combination of Examples 21-24
includes the polyurea foam comprising cells, wherein the cells include perforations or
apertures, and the cells have a cell size and the apertures or perforations have an aperture
size independently controlled from each other. In one or more examples, the cell sizes
range from 1 micron to 1000 microns and the aperture sizes range from 1 micron -1000
microns. The cell size and aperture size may be controlled independently of another by

appropriate selection of formulation and additives. A same density of the foam can be
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achieved using different cell sizes and aperture sizes. For example, a polyurea foam of
density 280 kg/m? can have cell size of about 450 microns, and an aperture size of 66
microns. However, a foam of same density and cell size can also be fabricated using an
aperture size of only 20 microns.

In Example 27, the subject matter of one or any combination of Examples 21-26
includes the foam having a temperature stability characterized by a glass transition
temperature (Tg) controllable in a range from Tg (-50°C) up to at least room temperature.

Other objects, features and advantages of the present invention will become
apparent to those skilled in the art from the following detailed description. It is to be
understood, however, that the detailed description and specific examples, while
indicating some embodiments of the present invention are given by way of illustration
and not limitation. Many changes and modifications within the scope of the present
invention may be made without departing from the spirit thereof, and the invention

includes all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference numbers represent
corresponding parts throughout:

FIG. 1 is a flowchart illustrating a method of fabricating the composite foam
according to one or more embodiments of the invention;

FIGs. 2A-2C illustrate a composite material and the foaming process in a lattice
structure, in accordance with one or more embodiments of the invention, showing lattice
structures in various stages of being embedded in a foam, with the lattice structure being
fully embedded in the foam in FIG. 2C;

FIG. 2D-2F illustrates a polyurea foam fabricated according to one or more

embodiments of the invention, wherein the foam in FIG. 2D has a density of 98 kg/m’,
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the foam in FIG. 2E has a density of 170 kg/m?, and the foam in FIG. 2D has a density of
230 kg/m’.

FIGs. 3A-3B illustrate a foaming process using a mold, according to one or more
embodiments of the invention;

FIGs. 4A-4B illustrate a foaming process using sheet casting, according to one or
more embodiments of the invention;

FIG. 5 illustrates a testing apparatus for testing the performance of the composite
material according to one or more embodiments of the invention;

FIG. 6 is a graph comparing the impact absorbance of 10 Joule (J) and 15 J
impacts from a 5.5 kg weight indenter on a PORON™ 20 foam and a composite foam
material in accordance with one or more embodiments of the invention;

FIG. 7 displays impact data under multiple hit conditions and displays a graph
comparing the impact absorbance from multiple 20 J, 30 second hits from a 5.5 kg weight
indenter on a PORON™ 20 foam, expanded polystyrene (EPS) 72, and a composite foam
material in accordance with one or more embodiments of the invention;

FIG. 8 is a graph comparing the impact absorbance at 0°C, 23°C, and 40°C of 15
J for impacts from a 5.5 kg weight indenter on a PORON™ 20 foam, EPS 72, and a
composite foam material in accordance with one or more embodiments of the invention;
and

FIG. 9A-9C illustrate a helmet, shin guard, and vest comprising the composite

material according to one or more embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

Many of the techniques and procedures described or referenced herein are well
understood and commonly employed using conventional methodology by those skilled in
the art. In the description of the preferred embodiment, reference may be made to the

accompanying drawings which form a part hereof, and in which is shown by way of
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illustration a specific embodiment in which the invention may be practiced. It is to be
understood that other embodiments may be utilized and structural changes may be made
without departing from the scope of the present invention.

Unless otherwise defined, all terms of art, notations and other scientific terms or
terminology used herein are intended to have the meanings commonly understood by
those of skill in the art to which this invention pertains. In some cases, terms with
commonly understood meanings are defined herein for clarity and/or for ready reference,
and the inclusion of such definitions herein should not necessarily be construed to
represent a substantial difference over what is generally understood in the art.

The present disclosure discloses a composite material comprising a lattice
structure embedded within a foam matrix, e.g., so that the foam matrix reinforces lattice
structure and the lattice structure supports the foam matrix. As shown by the data
presented herein, the combination of these materials as disclosed herein generates a
synergistically strong composite material having surprising and desirable material

properties.

Process Steps
FIG. 1, FIG. 2A-2C, FIG. 3A-3B, and FIG. 4A-4B illustrate methods of forming a

composite material comprising a lattice structure embedded in a foam.

Block 100 represents preparing or obtaining a preformed lattice structure 202
made from, e.g., organic or inorganic materials 204.

In one or more embodiments, the lattice structure 202 comprises any three-
dimensional geometric structure (e.g., triangular structure) including struts 206, beams, or
columns that form open lattice spaces 208. Lattice structure examples include, but are
not limited to, micron to centimeter size (length and width) struts that are arranged in a
truss or in truss-like geometries. Examples of materials used to fabricate the lattice

structure include, but are not limited to, at least one material selected from a polymer,
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carbon fiber, and a glass fiber so that the lattice structure comprises or consists essentially
of a polymer, glass fiber, and/or carbon fiber lattice structure.

Examples of dimensions include, but are not limited to, the struts having a length
and width in a range from 1 micrometer to 100 centimeters. In one embodiment, the
lattice structure is a microlattice comprising struts having a length and width in a range of
1 micrometer to 900 micrometers.

Block 102 represents preparing or obtaining a foaming material 210. Examples of
foaming materials include materials that form traditional commercial foam (polyurethanes,
D30, polyurea, ceramic foams, EPS and EPP foams, etc.). In one or more embodiments, the
foaming material comprises a combination of multiple components (e.g., formed by
mixing, e.g., to form a liquid mixture). FIG. 2 illustrates multi-component foaming
material 210 comprising a two-component blend between a polymeric di-isocyanate and a
polyol or an amine, with additional catalysts and additives present (e.g. blowing agents, chain
extenders, surfactants, blowing and gelling catalysts). Such chemicals result in polyurethane
foams and polyurea foams of wide ranging densities.

In one or more embodiments, the polyurea foam component itself comprises
any oligomeric diamine polyol combined with diisocyanate (e.g., modified Methylene
Diphenyl Diisocyanate (MDI)). In one example, versalink P1000 is combined with
Isonate 143L, e.g., using a 4:1 ratio of Versalink P1000 to Isonate 143L, however any
ratio ranging from 1:1 to 10:1 may be used. Moreover, the components of the polyurea
foam are not restricted to particular brand names, and other brands other than versalink
and isonoate may be used.

FIGs. 2D-2F illustrates a polyurea foam 214 comprising a cell 216 having a cell
size 218 and apertures/perforations 220 on the cell having a perforation size 222.

The polyurea foam itself may form a foam having a range of designed densities.
Examples of densities of the polyurea foam including, but are not limited to, densities in

a range from 30 kg/m’ to 500 kg/m*. The polyurea foam cell size (e.g., diameter) can be
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controlled independently from the aperture/perforation size (e.g., diameter) and vice
versa (i.e., the aperture/perforation size can also be controlled independently from the cell
size).

For example, a polyurea foam of density 280 kg/m® can have cell size of about
450 microns, and an aperture size of 66 microns. However, a foam of same density and
cell size can also be fabricated using an aperture size of only 20 microns. The same
density can be achieved with various cell sizes and aperture sizes.

Examples of cell sizes include, but are not limited to, cell sizes in a range from 1
micron to 1000 microns. Examples of aperture sizes include, but are not limited to,
aperture sizes in a range from 1 micron-1000 microns.

The polyurea foam temperature stability can be obtained from using the foam
having a low glass transition temperature Tg (-50C). The Tg of the foam can be
controlled to suit the application of interest thus the Tg may be changed to be below or
above (-50C) through selecting formulation (composition of the polyurea) and selecting
the additives.

While the lattice material of the composite can be made of any polymer material
and other materials, it can be made of polyurea as described herein.

Block 104 represents combining the foaming material 210 and the lattice structure
202, wherein the foaming material 210 forms a foam 212 and the lattice structure 202 is
embedded in the foam 212.

Typically, the combining comprises foaming or initiating a foaming process so
that the foaming material foams through the open lattice spaces in the lattice structure.
The combining proceeds so that the lattice structure is completely or partially embedded
in the foam. In one embodiment, the foam is infused only part-way through the lattice
structure from one side. In yet another embodiment the foam is infused partway from

both sides into the lattice structure, leaving the central section of the lattice structure free

10



10

15

20

25

WO 2017/173396 PCT/US2017/025591

of any foam. In another embodiment, the composite foam material further comprises a
layer of pure foam to create a bilayer structure of pure foam and composite foam.

A variety of methods may be used for infusing or combining the foam into/with
the lattice structure.

FIGs. 2A-2C illustrates the foaming material comprising a liquid mixture (in this
instance, polymeric di-isocyanate and a polyol or an amine components with appropriate
catalysts and additives) poured into a mold. Next, the lattice structure 202 is (e.g., quickly)
placed into the foaming material 210. Subsequently, a foaming process takes place,
allowing the liquid mixture to cream and rise through the lattice structure 202. In this
case, the preformed lattice structure is completely embedded in the foam.

FIG. 3A and FIG. 3B illustrate an embodiment wherein the lattice 202 is first
fixed into a mold 300 (FIG. 3A). The foaming material 210 is then poured 302 at the
bottom of the mold 300 (FIG. 3B). The foam rises up as the foaming process initiates
and infuses through the lattice structure, forming the composite foam at the end of the
foaming process.

FIG. 4A and FIG. 4B illustrate an embodiment wherein the composite foam
material is made using a sheet casting process using an apparatus 400 wherein the lattice
material 402 is fed through a top roller 404 on a top sheet 406 while a lower roller 408
carries a lower sheet 410 (e.g., paper) on which the foaming material 412 is spread in a
continuous manner. The lower sheet 410 plus the thickness of the foaming material 412
are such that the top surface 414 of the foaming material 412 is in close vicinity to the
bottom surface 416 of the lattice material 402 fed through the top roller 404. As the
foaming process (FIG. 4B) proceeds on the lower sheet 410, the foaming 418 rises
through the lattice 402 that is directly above it. The continuous feeding of the foaming
material 418 on the lower sheet 410 and of the lattice 402 through the top roller 404

results in a continuous sheet of composite foam material 420, as illustrated in FIG. 4B.

11
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Depending upon the type of foaming material used, the fabrication processes
described above are carried out at a given temperature (e.g., S0°C to 400°C) or under
ambient conditions. In certain instances, the method includes curing at 70°C to 300°C
after the composite foam material has been formed.

In some embodiments, a negative pressure or (e.g., small) vacuum (14 psi or any
other level as needed for specific viscosity of the mix) is used to assist in the infiltration
of the foaming gel/material into the lattice preform. This can be used for both the box
mold (FIG. 3A-3B) and the sheet casting (FIG. 4A-4B) processes described above.

Block 106 represents the end result, a composite material 200, 420 comprising a
lattice structure 202, 402 embedded in a foam 212, 418 e.g., wherein the foam 212, 418
reinforces the lattice structure 202, 402 under impact.

In one or more embodiments, the struts 206 comprise material, dimensions,
geometry, and spacing, and/or the foam (open cell or closed cell) comprises material,
pore size (e.g., pore width in a range of 1-1000 micrometers), pore spacing, and density
(e.g., in a range between 50 kg/m’ and 800 kg/m?), and/or the foam and the lattice
structure are combined such that:

o the foam reinforces the struts in the lattice structure so as to provide
additional support against (e.g., instantaneous) elastic buckling under
dynamic compression; and the lattice structure elastically dissipates
energy of an impact while force from the impact is still building up in the
composite material; and/or

e an impact that generates an elastic response in the composite material
generates a stress of no more than 5 MPa in the composite material (FIG.
6); and/or

e a peak force of no more than 2.16 kN and/or a stress of 0.1 MPa to 5 MPa

is generated in the composite material in response to a 5.5 kg weight

12
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having an energy of 15 Joules impacting a 45 mm by 45 mm area on the
composite material (FIG. 6); and/or

e the composite material absorbs more impact energy per unit area and
thickness than a PORON™20 foam (FIG. 6); and/or

e the composite material is elastic; and/or

e the composite material is viscoelastic (FIG. 7); and/or

o the composite material has substantially similar impact performances
under multiple impacts, for instance more than 2 or 3 repeated impacts
(e.g., two or more repeated or equivalent impacts generate maximum
forces in the composite material that have a variability of less than 0.7 kN
from each other (FIG. 7).

Furthermore, in one or more embodiments, the foaming material and/or lattice
structure comprise materials and dimensions, and are combined so that the composite
material has substantially similar impact performances under a wide range of
temperatures, for instance temperatures ranging from -17 °C to 50 °C. In one instance,
impacts on the composite material under temperatures ranging from -17 °C to 50 °C
generate maximum forces in the composite material that have a variability of less than 3
kN from each other. Specifically, when the polymer preform lattice structure has a very
low glass transition temperature, the stable response property (very similar impact
performance under a wide range of cold and hot temperature conditions, e.g. -17°C to
50°C) of the polymer preform lattice structure is directly transferred to the composite
foam material as a whole, Thus, unlike PORON™ foam that displays superior impact
resistance properties only at room temperature, the composite foam material in
illustrative embodiments described herein absorbs impact energy even at cold

temperatures (see FIG. 8).

13
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Thus, the present disclosure provides means for reinforcing the lattice structure
with the foam (e.g., proper combination selection of materials, dimensions) so that
various desirable impact properties are achieved.

Moreover, the above described manufacturing processes allow the creation of an
integrated helmet or armor system. In one embodiment, an open preform of 2D or 3D
woven carbon or glass fibers is used. The foam is then infused such that it penetrates all
the way through the entire thickness of the fiber preform and then exits on the upper side
to form a uniform layer of foam layer. That is, the fiber/foam composite has now a layer
of pure foam on top of it to naturally create a bilayer structure of pure foam and
composite foam. By placing the foam towards the body, head or structure, the composite
material can be essentially used as an armor with the composite section essentially
playing the role of a hard shell and thereby removing the need for placing the foam inside
a separate shell.

The polyurea foam or the composite (e.g., comprising the polyurea foam) may
head and body protection as well as protection in consumer products, such as, but not
limited to, cell phones, mobile devices, etc.

The impact absorption of one exemplary composite foam material is further

demonstrated in the example experiments discussed below.

Examples

FIGs. 6-8 illustrate the properties of the composite material fabricated according to
the process illustrated FIGs. 2A-2C. In order to test the impact absorption properties of the
foamed microlattices, the microlattices were cut into small square sections of dimensions
45 mm x 45 mm and thickness 10 mm. Using the apparatus illustrated in FIG. 5, the
composite material 200 sections were then tested using a 5.5 kg weight indenter 500 on a

45 mm force plate 502 at energies of 10 J and 15 J.

14
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FIG. 6 shows the peak forces of the composite material 200 comprising a foamed
microlattice were 1.95 kN and 2.16 kN for 10J and 15 J energy level impacts,
respectively, thereby showing better performance as compared to the PORON™20 foam
that is very efficient only at ambient conditions (because of phase transformation due to
its very high glass-transition temperature). FIG. 6 further illustrates that, even though the
chosen energies were relatively low, the lower impact area yielded pressures up to 3 MPa.

FIGs. 7 and 8 show additional impact data under conditions that generate lower
peak stresses (1.3 MPa). Note that at these lower pressures, PORON™ material gives
comparable results.

Table 1: Tabulation of the measurements in FIG. 7.

Max Force Per Hit (kN)
Foam I1st hit | 2nd hit | 3rd hit
Composite| 2.496 2.904 3.12
Poron 20 2.832 2.784 2.784
EPS 72 2.856 4.98 8.28

FIG. 7 shows that the composite foam 200 is able to limit the impact force to the
same level as EPS foam of the same thickness. EPS material absorbs energy through plastic
crushing and therefore it cannot be re-used after first impact as the EPS cannot recover to its
un-deformed state. Typically, such foams are able to absorb more impact energy compared
to elastic and viscoelastic foams. Quite remarkably, however, our viscoelastic composite
foam is able to absorb the same energy using the same section thickness and is also able to
recover fully. Specifically, FIG. 7 illustrates the peak force for the composite foam 200
remains essentially unchanged after the same spot on the sample is impacted two additional
times, whereas EPS stress increases dramatically after the first hit (indicating a loss of impact
absorption in the EPS material). The multiple hit capability of the composite foam while

absorbing impact energy at the same level as EPS material is truly a major advance.
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FIG. 8 shows the impact test performed at different temperatures. At 0°C the superior
performance of the composite foam 200 can be clearly seen. For example, FIG. 8 illustrates
the struts 206 comprise a polymer having a glass transition temperature such that impacts
on the composite material under temperatures ranging from -17 °C to 50 °C generate

maximum forces in composite material within 3 kN of each other.

Table 2 Tabulation of the measurements in FIG. 8

Max Force Per Hit (kN)
Foam 0°C 23°C 40°C
Composite | 4.80 2.21 2.40
Poron 20 12.24 2.83 2.28
EPS 72 2.88 2.86 2.52

FIG. 9A illustrates a helmet comprising the composite material 900 as a
protective impact absorbing layer. FIG. 9B illustrates a shin guard comprising the
composite material as a protective impact absorbing layer. FIG. 9C illustrates a vest
comprising the composite material as a protective impact absorbing layer. In each
instance, the composite material 900 does not require an outer shell and the composite
material 900 would be in direct contact with any impacting material.

Other examples of applications include, but are not limited to, the composite

material used as the protective covering/layer or armor in a vehicle.

Advantages and Improvements

Currently, PORON™ foam from Rogers™ corporation is the best performing
foam when tested under ambient conditions. The composite foam material disclosed
herein, on the other hand, has been unexpectedly and surprisingly found to outperform

PORON™ foam under similar conditions.
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The unique impact properties of the composite foam material according to one or
more embodiments are a result of multiple material and microstructural energy
dissipation and momentum trapping mechanisms. The combination of elastic buckling at
the macro (e.g., micro lattice struts) and the micro (foam pores) length scales that occur
within the composite foam material give rise to superior impact attenuation properties
when compared to current commercial foams. The macro length scale provided by the
lattice is able to elastically bend at much lower stress levels and therefore starts to
dissipate the energy of the incoming impact very early in its time history as the force is
still building up on the structure. It is essentially like “breaking the fall” of a falling
object before it hits the ground. Next, the foam is able to reinforce the lattice struts
allowing for a gradual deformation of the composite foam system. The gradual
deformation of both lattice and foam matrix allows for an extended force-plateau region
under dynamic compression, increasing the impact absorption abilities by increasing the
impact duration while simultaneously prolonging the densification of the foam. These
mechanisms operate simultaneously and sequentially at varying length scales (microns to
centimeters in dimension). Furthermore, they operate synergistically thereby
significantly reducing the transmitted impact forces across the foam section.

Embodiments of the present invention recognize the synergistic co-dependency of
deformation between beams and columns of the much larger length scale lattice structure
and the much smaller length scale microstructural struts of the foam matrix to efficiently
manage incoming impact energy. As described above, the combination of buckling at the
macro (microlattice struts) and the micro (foam pores) levels enhances the impact
absorption properties of the composite foam material. Thus, by changing the stiffness of
the lattice (by changing the dimensions, spacing, and material of the struts), the impact
properties of the composite foam material can be tuned such that the composite material
can absorb impact energy by limiting the peak stress in a very wide range (0.1 MPa to 5

MPa). This is demonstrated in the impact test results shown in FIGs. 6-8.
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The tunable impact properties of the composite foam material dramatically open
up the application space for the composite foam material. Absorbing impact energy
while keeping the peak stress in the 0.1 MPa to 2 MPa range is best for commercial
applications involving head/helmet and body impacts in sports (ski, skateboard, baseball,
football, lacrosse, for example) and accidents, while higher stress levels are best for
mitigation of high energy impacts or blast shock waves in the battlefield. The composite
material according to embodiments of the present invention can be used as a standalone

armor material or in combination with other materials and structural systems.

CONCLUSION

This concludes the description of the preferred embodiment of the present
invention. The foregoing description of one or more embodiments of the invention has
been presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. It is intended that the scope of
the invention be limited not by this detailed description, but rather by the claims

appended hereto.
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CLAIMS:

1. A composite material useful as an impact absorbing device, comprising:
a lattice structure embedded in a foam, wherein:

the lattice structure comprises struts having a length in a range
from 1 micrometer to 100 centimeters and a width in a range of 1
micrometer to 100 centimeters;

the foam comprises pores having a width in a range of 1-1000
micrometers; and

the foam reinforces the lattice structure under impact.

2. The composite material of claim 1, wherein the lattice struts comprise
material, dimensions, geometry, and spacing such that an impact that generates an elastic
response in the composite material generates a stress of no more than 5 MPa in the

composite material.

3. The composite material of claim 1, wherein:

the foam comprises dimensions that reinforce the lattice structure against elastic
buckling under dynamic compression, and

the struts comprise material, dimensions, geometry, and spacing such that the
lattice structure elastically dissipates energy of an impact while force from the impact is

still building up in the composite material.

4. The composite material of claim 1, wherein the struts comprise material,
dimensions, geometry, and spacing such that a peak force of no more than 2.16 kN is
generated in the composite material in response to a 5.5 kg weight having an energy of 15

Joules impacting a 45 mm by 45 mm area on the composite material.
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5. The composite material of claim 1, wherein the struts comprise material,
dimensions, geometry, and spacing such that a stress of 0.1 MPa to 5 MPa is generated in
the composite material in response to a 5.5 kg weight having an energy of 15 Joules

impacting a 45 mm by 45 mm area on the composite material.

6. The composite material of claim 1, wherein two or more equivalent and
repeated impacts on the composite material generate maximum forces in the composite

material that have a variability of less than 0.7 kN from each other.

7. The composite material of claim 1, wherein the struts comprise a polymer
having a glass transition temperature such that impacts on the composite material under
temperatures ranging from -17 °C to 50 °C generate maximum forces in composite

material within 3 kN of each other.

8. The composite material of claim 1, wherein the composite material

absorbs more impact energy per unit area and thickness than a PORON™?20 foam.

0. The composite material of claim 1, wherein the foam comprises a blend

between a polymeric di-isocyanate and a polyol or an amine.
10.  The composite material of claim 1, wherein the foam comprises a
polyurethane foam, polyuria foam, ceramic foam, expanded polystyrene (EPS) foam,

expanded polypropylene (EPP) foam, or D30™

11.  The composite material of claim 1, wherein the foam has a density in a

range between 50 kg/m? and 800 kg/m°.
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12. The composite material of claim 1, wherein the composite material
comprises a bilayer comprising a layer of the foam infused with the lattice structure and a

layer of the foam that is not infused with the lattice structure.

13.  The composite material of claim 1, wherein the lattice structure is a

polymer lattice structure and the composite material is elastic or viscoelastic.

14.  The composite material of claim 1, wherein the lattice structure comprises
polyurea.
15. A helmet, shin guard, vest, or armor comprising the composite material of

claim 1, wherein the composite material is exposed to an in direct contact with the

impact.

16. A method of making an impact absorbing device, comprising:

forming a composite material comprising a lattice structure embedded in a foam,
wherein:

the lattice structure comprises struts having a length in a range from 1 micrometer
to 100 centimeters and a width in a range of 1 micrometer to 100 centimeters;

the foam comprises pores having a width in a range of 1-1000 micrometers; and

the foam reinforces the lattice structure under impact.

17. The method of claim 16, further comprising:
preparing a lattice structure comprising a polymer; and
foaming a mixture through the lattice structure so as to form a foam and the lattice

structure embedded in the foam.
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18. The method of claim 17, wherein the mixture comprises a blend between a

polymeric di-isocyanate and a polyol or an amine.

19. The method of claim 17, wherein the lattice structure is placed in the

mixture prior to the foaming.

20. The method of claim 17, further comprising:
positioning the lattice structure in a mold; and
pouring the mixture into the mold, wherein the foaming results in the mixture

rising up in the mold and infusing with the lattice structure.

21. The method of claim 17, further comprising:

continuously feeding the lattice structure through a top roller;

continuously feeding the mixture on a surface carried by a bottom roller, the
mixture positioned below the lattice structure; and

foaming the mixture, wherein the foam rises up and infuses with the lattice

structure, thereby creating a sheet of the composite material.

22. The method of claim 16, wherein the foaming is carried out at one or more

temperatures ranging from 50°C to 400°C.

23. The method of claim 16, further comprising curing the composite material

at a temperature ranging from 70°C to 300°C.

24, The method of claim 16, further comprising applying a negative pressure

to the mixture during the foaming.
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25. A polyurea foam useful as an impact absorbing material, comprising:

an oligomeric diamine polyol combined with diisocyanate.

26. The polyurea foam of claim 25, wherein the diamine polyol is versalink

P1000 and the diisocyanate is Isonate 143L.

27. The polyurea foam of claims 25 or 26, comprising a ratio of diamine

polyol to diisocyanate ranging from 1:1 to 10:1.

28.  The polyurea foam of claims 27 wherein the ratio is 4:1.

29. The polyurea foam of any of the claims 25-28, having a density in a range

of 30 kg/m3 to 500 kg/m’.

30. The polyurea foam of any of the claims 25-29, comprising cells, wherein:
the cells include perforations or apertures, and
the cells have a cell size and the apertures or perforations have an aperture size

independently controlled from each other.

31 The polyurea foam of any of the claims 25-30, wherein the cell sizes range

from 1 micron to 1000 microns and the aperture sizes range from 1 micron -1000 microns.
32.  The polyurea foam of any of the claims 25-31, wherein the foam has a

temperature stability characterized by a glass transition temperature controllable in a

range from Tg (-50°C) up to at least room temperature.
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