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COMPRESSIBLE FLUID FILLED 
MICRO-TRUSS FOR ENERGY ABSORPTION 

BACKGROUND 

Cellular, or porous, materials have the ability to absorb 
signi?cantly more energy than solid structures because of 
their ability to become denser (e. g., “densify”) in response to 
impacts. As such, cellular materials such as metallic or 
ceramic foams have been proposed as an energy absorbing 
layer in armor-type systems. However, the random micro 
structure of these materials severely diminishes their 
mechanical properties. The deformation of a cellular foam is 
dominated by the bending behavior of the cell struts. Simple 
mechanics dictates that bending dominated structures are less 
e?icient in load carrying capacity than compression domi 
nated behavior exempli?ed by a truss structure. Due this 
mechanical ine?iciency, some fraction of the mass in the 
foam does not participate in energy absorption and represents 
added or parasitic Weight. 

U.S. Pat. Nos. 6,698,331 and 7,128,963, Which are incor 
porated by reference herein in their entirety, propose blast 
protection material systems that incorporate random cellular 
ceramic or metallic foam as an energy absorbing layer. HoW 
ever, these patent disclosures do not provide an ordered 
micro-truss structure. The use of metallic lattice (truss) mate 
rials for energy absorbing application is discussed in Us. Pat. 
No. 7,382,959 and Us. patent application Ser. Nos. 11/801, 
908; 12/008,479; 12/074,727, 12/075,033, and 12/455,449 
Which are incorporated by reference herein in their entirety. 
Methods of manufacturing a micro-truss structure are 
described, for example, in Us. patent application Ser. No. 
12/455,449, Which discloses a method of fabricating micro 
truss structures having a ?xed area, and 12/835,276, Which 
discloses a method of continuously fabricating micro-truss 
structures according to a continuous process (e.g., a strip of 
arbitrary length), Which are incorporated by reference herein 
in their entirety. HoWever, there is still a demand for an impact 
or blast energy absorbing material that is light Weight. 

Compressible ?uids have the ability to absorb a signi?cant 
amount of energy. U.S. patent application Ser. No. 11/720, 
784, Which is incorporated by reference herein in its entirety, 
describes a compressible ?uid Which may include a nanopo 
rous material immersed in a non-Wetting liquid Which is 
compressed When external forces push the liquid into the 
nanopores of the material. 
An explosive blast typically comprises an air pressure 

Wave characterized by an overpressure P0 in excess of the 
ambient pressure Pa (and Where PO/ e and ti indicate that the 
pressure drops exponentially) With an associated impulse per 
unit area, as illustrated, e.g., in FIGS. 11a and 11b. In order 
for an intervening medium to protect a structure against the 
overpres sure PO, the medium must reduce the pres sure beloW 
the structure’s damage threshold cm. This can be achieved by 
the intervening medium’s undergoing a large volume 
decrease at a constant pressure, thereby extending the dura 
tion of the impulse. 

The above information disclosed in this Background sec 
tion is only for enhancement of understanding of the back 
ground of the invention and therefore it may contain infor 
mation that does not form the prior art that is already knoWn 
in this country to a person skilled in the art. 

SUMMARY 

Aspects of embodiments of the present invention relate to 
a micro-truss based structural apparatus With compressible 
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2 
?uid for absorbing energy from impacts or pressure Waves 
(e.g., a ?uidic micro-truss based impact or blast protection 
apparatus). 

Aspects of embodiments of the present invention are 
directed toWard a ?uidic micro-truss based blast protection 
apparatus Which is capable of absorbing energy from an 
impact or a pressure Wave. Aspects of embodiments of the 
present invention are directed toWard a ?uidic micro-truss 
blast protection system Which may be used as a component of 
personal armor, a component of vehicle armor (e.g., on a 
Humvee), or a component of a blast protection Wall (e.g., a 
Bremer Wall) in order to provide additional protection against 
collisions, projectiles (e.g., bullets), and blasts (e.g., from 
improvised explosive devices (lEDs)). 

Aspects of embodiments of the present invention are also 
directed toWard a ?uidic micro-truss blast protection system 
Which may be used on internal surfaces of a vehicle to provide 
additional protection for passengers. 

According to embodiments of the present invention, poly 
mer micro-truss structures, Which are formed by intercon 
necting self-propagating polymer Waveguides (or struts), are 
converted to lightWeight, high-strength materials such as car 
bon, metals, ceramics, or polymers (e.g., high toughness 
polymers) or composites thereof, that are utiliZed by the 
micro-truss based protection apparatuses for high velocity 
impact or pressure Wave applications. According to embodi 
ments of the present invention, these micro-truss structures 
are combined With a compressible ?uid, e.g., a suspension of 
nanoporous particles in a liquid or gel (Which may be referred 
to as a “nanoporous-materials-functionaliZed (N MF) ?uid”), 
to provide additional energy absorbing characteristics. 

According to one embodiment of the present invention, a 
kinetic energy and blast energy absorbing material includes: 
a micro-truss structure including: a plurality of ?rst struts 
extending along a ?rst direction; a plurality of second struts 
extending along a second direction; and a plurality of third 
struts extending along a third direction; and a compressible 
?uid comprising a liquid or gel and a nanoporous material, 
Wherein the micro-truss structure contains the compressible 
?uid. 
The compressible ?uid may be a compressible nano-po 

rous materials functionaliZed (NMF) ?uid. The NMF ?uid 
may be a liquid or a gel. The NMF ?uid may include a 
nanoporous material and an in?ltration ?uid, Wherein the 
in?ltration ?uid is nonWetting to the nanoporous material. 
The nanoporous particles may be silica based nanoporous 
particles. The nanoporous particles may be a hydrophobic 
Zeolite. The nanoporous particles may be a nanoporous car 
bon. The nanoporous carbon may be a mercaptohexadecanoic 
acid (MHA) treated nanoporous carbon. 
The nanoporous particles may have a surface area at 100 

m2/ g or 2000 m2/ g or betWeen 100 m2/ g and 2000 m2/ g. 
The in?ltration ?uid may include Water, an aqueous solu 

tion of electrolytes, a viscous liquid, a liquid metal, a gel, a 
polymer, or a combination thereof. 

The struts of the kinetic energy and blast energy absorbing 
material may be holloW. 

The compressible ?uid may be located Within the holloW 
struts. 
Each of the holloW struts may have a diameter from 10 

microns to 10 mm. 
A Wall of each of the struts may have a thickness from 1 

micron to 1 mm. 

The compressible ?uid may be located betWeen the struts. 
The kinetic energy and blast absorbing material may be 

con?gured to be part of a protective piece of clothing. 
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The kinetic energy and blast energy absorbing material 
may be con?gured to be part of a Wall of a building. 

The ?rst, second, and third struts may include a metal. The 
metal may be nickel, aluminum, titanium, steel, or alloys 
thereof. 

The ?rst, second, and third struts may include a polymer. 
The polymer may be a polycarbonate, an aramid, a high 
impact polystyrene, a nylon, an ultra-high molecular Weight 
polyethylene, and combinations thereof. 

The micro-truss structure may ?ll 0.5% to 30% of a volume 
of the material and the NME ?uid may ?ll 5% to 95% of the 
volume. 

The ?rst, second, and third directions may be at a ?rst angle 
betWeen 45° and 70° With respect to a facesheet attached to a 
plurality of ?rst ends of the ?rst, second, and third struts. 

The kinetic energy and blast absorbing material may fur 
ther include a plurality of fourth struts extending in a fourth 
direction substantially perpendicular With respect to a 
facesheet attached to a plurality of ?rst ends of the ?rst, 
second, and third struts. 
The plurality of ?rst, second, third and fourth struts may be 

holloW and may comprise metal and the ?rst, second, third 
and fourth struts may each have a diameter of 2 mm and a Wall 
thickness of 0.1 mm, Wherein the micro-truss structure has a 
unit cell height of 15 mm, Wherein each of the ?rst, second, 
and third directions is at an angle of 60° With respect to the 
facesheet, Wherein the compressible ?uid may be an aqueous 
suspension of 40% by Weight hydrophobic nanoporous silica 
gel and may be located Within the holloW portions of plurality 
of ?rst, second, third and fourth struts, and Wherein the micro 
truss structure may ?ll 5% of the volume of the kinetic energy 
and blast energy absorbing material and the compressible 
?uid may ?ll 25% of the volume of the kinetic energy and 
blast energy absorbing material. 

The plurality of ?rst, second, third and fourth struts may be 
holloW and may comprise metal and the ?rst, second, third 
and fourth struts may each have a diameter of 2 mm and a Wall 
thickness of 0.1 mm, Wherein the micro-truss structure has a 
unit cell height of 15 mm, Wherein each of the ?rst, second, 
and third directions is at an angle of 60° With respect to the 
facesheet, Wherein the compressible ?uid may be an aqueous 
suspension of 7% by Weight hydrophobic nanoporous silica 
gel in polyacrylic acid gel and may be located Within the 
holloW portions of plurality of ?rst, second, third and fourth 
struts, and Wherein the micro-truss structure may ?ll 5% of 
the volume of the kinetic energy and blast energy absorbing 
material and the compressible ?uid may ?ll 25% of the vol 
ume of the kinetic energy and blast energy absorbing mate 
rial. 

”Ihe plurality of ?rst, second, third, and fourth struts may be 
holloW and may comprise metal and the ?rst, second, and 
third struts may each have a diameter of 1 mm and a Wall 
thickness of 0.1 mm, Wherein the micro-truss structure has a 
unit cell height of 10 mm, Wherein each of the ?rst, second, 
and third directions is at an angle of 60° With respect to the 
facesheet, Wherein the compressible ?uid may be an aqueous 
suspension of 7% by Weight hydrophobic nanoporous silica 
gel and may be located Within the open volume betWeen the 
struts, and Wherein the micro-truss structure may ?ll 5% of 
the volume of the kinetic energy and blast energy absorbing 
material and the compressible ?uid may ?ll 85% of the vol 
ume of the kinetic energy and blast energy absorbing mate 
rial. 

”Ihe plurality of ?rst, second, third and fourth struts may be 
holloW and may comprise metal and the ?rst, second, third 
and fourth struts may each have a diameter of 1 mm and a Wall 
thickness of 0.1 mm, Wherein the micro-truss structure has a 
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4 
unit cell height of 10 mm, Wherein each of the ?rst, second, 
and third directions is at an angle of 60° With respect to the 
facesheet, Wherein the compressible ?uid may be an aqueous 
suspension of 7% by Weight hydrophobic nanoporous silica 
gel in polyacrylic acid gel and may be located Within the open 
volume betWeen the struts, and Wherein the micro -truss struc 
ture may ?ll 5% of the volume of the kinetic energy and blast 
energy absorbing material and the compressible ?uid may ?ll 
85% of the volume of the kinetic energy and blast energy 
absorbing material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application ?le contains at least one draWing 
executed in color. Copies of this patent or patent application 
publication With color draWing(s) Will be provided by the 
O?ice upon request and payment of the necessary fee. 
The accompanying draWings, together With the speci?ca 

tion, illustrate exemplary embodiments of the present inven 
tion, and, together With the description, serve to explain the 
principles of the present invention. 

FIG. 1 is a perspective vieW of a portion of an ordered 3D 
micro-truss structure according to aspects of the present 
invention. 

FIG. 2 is a perspective vieW of an ordered 3D micro-truss 
structure according to aspects of the present invention. 

FIG. 3a is a schematic cross-sectional diagram at an expo 
sure area of a channel of a system for forming a structure from 
multiple Waveguides created using a single collimated beam 
or multiple collimated beams passing through multiple aper 
tures located at the bottom of the channel. 

FIG. 3b is a schematic cross-sectional diagram at an expo 
sure area of a channel of a system similar to that of FIG. 3a, 
but Where the collimated beam or beams pass through mul 
tiple apertures located above the channel. 

FIG. 4a illustrates a square mask pattern (or a square mask 
aperture pattern) according to an embodiment of the present 
invention. 

FIG. 4b illustrates a hexagonal mask pattern (or a hexago 
nal mask aperture pattern) according to an embodiment of the 
present invention. 

FIG. 5 is a schematic representation of a system for form 
ing an ordered 3D micro-truss structure according to an 
embodiment of the present invention from multiple 
Waveguides created using a single collimated beam or mul 
tiple collimated beams through multiple apertures and a mov 
ing mask. 

FIG. 6 is a photograph of a micro-truss structure according 
to one embodiment of the present invention. 

FIG. 7 is a graph comparing compressive stress as a func 
tion of nominal strain for micro-truss structures With and 
Without 90° truss members (as depicted) having relative den 
sities of 1.8% and 1.4% respectively, according to one 
embodiment of the present invention. 

FIG. 8a is a graph comparing sorption isotherm curves for 
Zeolite based NMF ?uids including a solution of NaCl at a 
variety of concentrations according to one embodiment of the 
present invention. 

FIG. 8b is a graph comparing sorption isotherm curves for 
carbon based NMF ?uids in Which the carbon surface treating 
carbon surfaces With mercaptohexadecanoic acid (MHA) 
according to one embodiment of the present invention. 

FIG. 80 is a graph comparing sorption isotherm curves of a 
silica based NMF ?uid in glycerin-Water mixtures having a 
variety of concentrations of glycerin according to one 
embodiment of the present invention. 


















