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(57) ABSTRACT 

Methods of making truss-based periodic cellular solids that 
have improved structural properties and multifunctional 
design. Many materials (metals, ceramics, glasses, polymers, 
composites and even semiconductors) can be shaped into 
cellular, truss-like architectures with open, closed or mixed 
types of porosity and then very uniformly arranged in con 
trolled, three-dimensional space-filling arrays. The truss-like 
elements do not necessarily have a constant cross-section, nor 
are they necessarily straight or Solid throughout (they could 
be hollow). Their cross sections can be circular, Square, tri 
angular, I-beam or other shapes of interest depending on 
multifunctional needs. When bonded together by solid state, 
liquid phase, pressing or other methods at points of contact, a 
cellular structure of highly repeatable cell geometry and few 
imperfections results. The bonds hold the truss elements 
togetherina desired configuration, allow load to be efficiently 
transferred amongst them and make the resulting structure 
significantly more rigid when bent, compressed or sheared. 
These constructed cellular solids offer a broad range of mul 
tifunctional structural uses with a tremendous freedom for 
choosing the truss type, orientation and distribution. Multiple 
materials can be intermixed. 
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0001. This application is a divisional of copending appli 
cation Ser. No. 10/479,833 filed Dec. 5, 2003, which is a 
National Stage entry of PCT/US02/17942 filed Jun. 6, 2002, 
which claims priority from U.S. Provisional Application Ser. 
No. 60/296,186 filed on Jun. 6, 2001, entitled “Constructed 
Cellular Solids and the Method of Making thereof the entire 
disclosure of which is hereby incorporated by reference 
herein. 

GOVERNMENT SUPPORT 

0002 Work described herein was supported by Federal 
Grant Nos. NO0014-96-1-1028 and NO0014-01-1-0517, 
awarded by DARPA/ONR. The United States Government 
has certain rights in the invention. 

FIELD OF INVENTION 

0003. The present invention relates generally to improved 
structural/multifunctional material designs and methods for 
their manufacture. More particularly, the invention is directed 
to the use of trusses, plates, Strips, sheets and bonding tech 
niques to form periodic cellular solids. 

BACKGROUND OF THE INVENTION 

0004. The properties of a cellular solid are sensitive to 
both the topology of the cell material and its properties. For 
manufacturers, the main obstacle to obtaining Superior prop 
erties has involved gaining good control over the distribution 
of material at the cell level in a cost effective way. As such, the 
most common and least expensive synthetic cellular solids 
remain stochastic in nature; made by variants of foaming in 
the liquid, solidorsemi-solid state 1. Other methods involve 
the Solidification of liquids containing dissolved gases, bond 
ing of hollow spheres, vapor deposition onto sacrificial tem 
plates, or investment casting using a stochastic cellular struc 
ture mold. These types of manufacturing approaches lead to 
cellular architectures with open, closed or mixed types of 
porosity. 
0005 Foaming results in cell architectures that are pre 
dominantly closed cell, often with wide distributions of cell 
size and many imperfections. Closed cell Stochastic foams are 
used for Sound attenuation and impact energy absorption. 
Open cell stochastic foams can be made using reticulated 
polymer foam templates. In one approach, the template is 
used as the pattern for an investment casting mold which is 
then filled with a liquid (e.g. molten metal) and solidified. In 
others, a vapor or fine powder slurry is deposited directly on 
to the template. In the latter, a Subsequent heat treatment 
removes the organic compounds and densifies the structure. 
Open cell stochastic metal foams are used for lightweight 
heat exchangers and as the electrodes in nickel metal hydride 
batteries. However, their utility as load bearing structures is 
Substantially reduced with decreasing relative density as the 
Young's and shear moduli along with the tensile, compressive 
and shear yield strengths degrade in a non-linear way (owing 
to ligament failure in bending). This is also true for the closed 
cell stochastic foams. Nonetheless, these stochastic cellular 
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materials still look to be structurally competitive when used 
as the cores of sandwich panels (especially in biaxial loading) 
7. 
0006 Finite-element analysis of structural configurations 
that give the highest weight specific stiffness lead to a truss 
like cellular structure when the solid volume fraction is small. 
Researchers in the field of cellular solids have now begun to 
concentrate on an open periodic cell lattice (trusses). Small 
polymeric, ceramic and metallic trusses of this type are cur 
rently manufactured using rapid proto-typing or injection 
molding techniques. For example, by fabricating a polymer or 
wax pattern of the appropriate truss architecture, miniature 
metal trusses follow by investment casting. The resulting 
structures are known as lattice block or truss materials. Indi 
vidual cells can be small (a few mm). By manipulating the 
truss architecture, properties can be widely modified. Like 
proven truss designs, the Young's and shear moduli along 
with the tensile, compressive and shear yield strengths of 
these materials vary with relative density in a linear way 
(trusses are in tension/compression with no bending). This 
becomes especially important at low relative density where 
properties far exceed those of stochastic cellular solids. These 
are just a few of the benefits to be gained when good control 
over the distribution of material at the cell level is achieved. 

0007. However, the casting approaches used to manufac 
ture miniature trusses are expensive and the resulting struc 
tures are Subject to large (2-3) knockdown by casting factors 
(e.g., entrapped porosity, shrinkage residual stress, etc.). Fur 
thermore, many materials of potential interest are difficult to 
cast and do not favorably respond to post-processing (e.g. 
heat treatment). 
0008 Moreover, both stochastic and periodic cellular met 
als have attracted interest as alternatives to honeycomb when 
used as the cores of Sandwich structures designed to Support 
in-plane compressive or bending loads 1. For Successful 
implementation, these cellular metal based approaches must 
compete against established panel stiffening and strengthen 
ing concepts. Conventional panel stiffening involves the 
attachment of Stringers that increase the polar and second 
moment of cross-section area with modest added weight 1. 
Panels of this type are often made by machining stiffeners 
from thick blanks and fastening to a sheet. When fabricated in 
this way, the panels can be quite light and stiff however, they 
also show Substantial anisotropy in the bending plane and are 
relatively expensive due to the poor utilization of material and 
high machining cost. 
0009. Other ways to stiffen a panel involve waffling or 
sandwich construction 1-4. For the latter, thin strong skins 
are bonded to the sides of a lightweight core 3 as shown in 
FIG. 1. Like the flanges of an I-beam, the skins 4 provide 
Supportin bending with one skin in compression and the other 
in tension. The core functions in a manner similar to the web 
of an I-beam. That is, it resists shear and compressive loads 
while separating the skins far apart to generate a high second 
moment cross-section area and therefore high rigidity. 
0010 Honeycomb core sandwich structures 2 are the cur 
rent state-of-the-art choice for weight sensitive applications 
such as aircraft and satellite structures 2. But there are 
difficulties with forming them into complex (non-planar) 
shapes due to induced anticlastic curvature 2. Also, the 
closed nature of the porosity can trap moisture leading to 
corrosion. In space applications, their skins are Susceptible to 
interfacial debonding. 
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0011 Open cell cores based upon tetrahedral truss con 
cepts 5.6 allow fluids to readily pass through which could 
make them less Susceptible to internal corrosion and depres 
Surization induced delamination. When used as Sandwich 
cores, they are more amenable to shaping into complex 
shapes. They are also attractive for multifunctional applica 
tions such as cross flow heat exchangers due to the intercon 
nected nature of the porosity 1. 
0012 Multifunctional materials designers seek to tailor 
load Support properties of interest (e.g. Stiffness and strength) 
in the most efficient way through adjustment of the open cell 
topology, relative density and material type. The intervening 
space can then be used for other functionalities 7. For 
example, the porosity within a load Supporting cellular metal 
structure could also be used to simultaneously enhance 
impact/blast energy absorption 8.9, noise attenuation 8. 
catalytic activity 8, filtration efficiency 8, electrical energy 
storage 10 or act as the host for the in-growth of biological 
tissue 1 1. Stochastic open cell foams have been proposed 
for sandwich structure cores but their mechanical properties 
are inferior to honeycomb 1. FIG. 2 is a graphical represen 
tation that Summarizes the Young's and shear moduli relative 
density relationships for various cellular concepts. 
0013 The elastic moduli of stochastic open cell foams are 
considerably lower than those of regular hexagonal honey 
comb at low relative density. Similar trends are seen with the 
yield strength. These differences are a consequence of liga 
ment bending 12. For improved core performance, cellular 
topologies that deform by means of ligament stretching or 
compressing are preferred 7. A prototypical example is the 
tetrahedral truss sandwich core 13 made by investment cast 
ing. However, high quality structures of this type are difficult 
to fabricate in miniature size at acceptable cost. 
0014. There exist a need in the art for methods for making 
multifunctional truss-based periodic cellular solids that are 
near the theoretical maximum stiffness and strength for a 
cellular solid, yet is characterized by low production costs. 
Accordingly, the present invention truss-based cellular solids 
provides a host of new and interesting multifunctional struc 
tures that could be made. The present invention provides cost 
effective ways of making high quality truss-based cellular 
solids of this type that overcomes many obstacles of the prior 
art. The present inventors have recently suggested a textile 
based approach—as shown in pending co-assigned PCT 
International Application No. PCT/US01/17363, entitled 
“Multifunctional Periodic Cellular Solids And The Method 
Of Making Thereof.” filed on May 29, 2001, of which is 
hereby incorporated by reference herein—and now provide 
with the present invention another way that includes closed 
and mixed types of porosity along with the open type. Metals, 
ceramics, glasses, polymers, composites and even semicon 
ductors can all be fabricated by the present invention method. 
For example, for metals there is provided a perforation and 
deformation process followed by transient liquid phase bond 
ing. With the new approach, miniature truss-like structures 
with exceptional strength/weight ratios for multifunctional 
structural applications are readily made at acceptable cost. 
The cores of these structures are bonded to thin metal 
facesheets using the transient liquid phase approach. These 
structures can be planar or curved and can be bonded to 
themselves, facesheets or other structures using the transient 
liquid phase or other bonding approaches. 

SUMMARY OF THE INVENTION 

0015 The present invention provides methods of making 
truss-based periodic cellular solids that have improved struc 
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tural properties and multifunctional design. The present 
invention provides many materials (metals, ceramics, glasses, 
polymers, composites and even semiconductors) that can be 
shaped into cellular, truss-like architectures with open, closed 
or mixed types of porosity and then very uniformly arranged 
in controlled, three-dimensional space-filling arrays. The 
truss-like elements do not necessarily have a constant cross 
section, nor are they necessarily straight or Solid throughout 
(they could be hollow). Their cross sections can be circular, 
square, triangular, I-beam or other shapes of interest depend 
ing on multifunctional needs. When bonded together by solid 
state, liquid phase, pressing or other methods at points of 
contact, a cellular structure of highly repeatable cell geometry 
and few imperfections results. The bonds hold the truss ele 
ments together in a desired configuration, allow load to be 
efficiently transferred amongst them and make the resulting 
structure significantly more rigid when bent, compressed or 
sheared. These constructed cellular solids offer a broad range 
of multifunctional structural uses with a tremendous freedom 
for choosing the truss type, orientation and distribution. Mul 
tiple materials can be intermixed. In preferred embodiments, 
core relative densities is less than about 20%. Truss diameters 
are greater than about 0.01 inch. Yet other ranges are contem 
plated as would be appreciated by one skilled in the art. This 
creates many opportunities for optimally designed cellular 
solids with multifunctional possibilities. 
0016. In one aspect, the present invention provides a truss 
structure comprising: 
0017 N number (N=1) of vertically stacked three-dimen 
sional space filling layers, wherein each of said three-dimen 
sional space filling layers comprise: 
0018 an array of out-of-plane truss units, said units com 
prising at least three leg members, said legs intersecting at an 
upper node, and distal from said upper node are lower nodes; 
0019 said truss units connecting to nearest laterally adja 
cent units at lower nodes; 
0020 said upper nodes are vertically aligned with respec 
tive lower nodes of corresponding immediate adjacent said 
three-dimensional space filling layers; 
0021 said three-dimensional space filling layers having a 
top side and a bottom side; 
0022 said three-dimensional space filling layers having a 
perimeter with at least three perimeter sides; wherein: 
0023 at least a portion of said top side of each of said 
three-dimensional space filling layers for the (ith) through 
(Nth-1) layers comprise a top adjoining region; 
0024 at least a portion of said bottom side of each of said 
three-dimensional space filling layers for the (ith--1) through 
(Nth) layers comprise a bottom adjoining region; and 
0025 wherein each of said three-dimensional space filling 
layers are discretely bonded to immediate vertically adjacent 
said three-dimensional space filling layers, wherein said dis 
crete bonds are formed between the said top adjoining region 
and bottom adjoining region, wherein said bonds are formed 
by a bonding method selected from the group consisting of 
transient liquid phase bonding, Solid-state diffusion bonding, 
brazing, Soldering, chemical welding (e.g. solvents), press 
ing, welding, gluing, cementing or other means. 
0026. In a second aspect the present invention provides a 
method of making a truss structure comprising: 
0027 providing N number (N=1) of three-dimensional 
space filling layers, wherein each of said three-dimensional 
space filling layers comprise: 
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0028 an array of out-of-plane truss units, said units com 
prising at least three leg members, said legs intersecting at an 
upper node, and distal from said upper node are lower nodes; 
0029 said truss units connecting to nearest laterally adja 
cent units at lower nodes; 
0030 said upper nodes are vertically aligned with respec 

tive lower nodes of corresponding immediate adjacent said 
three-dimensional space filling layers; 
0031 said three-dimensional space filling layers having a 
top side and a bottom side; 
0032) said three-dimensional space filling layers having a 
perimeter with at least three perimeter sides; wherein: 
0033 at least a portion of said top side of each of said 
three-dimensional space filling layers for the (ith) through 
(Nth-1) layers comprise a top adjoining region; 
0034 at least a portion of said bottom side of each of said 
three-dimensional space filling layers for the (ith--1) through 
(Nth) layers comprise a bottom adjoining region; and 
0035 contacting each of said three-dimensional space fill 
ing layers with immediate vertically adjacent three-dimen 
sional space filling layers at respective said top adjoining 
region and said bottom adjoining region; and 
0036) joining each of said contacted three-dimensional 
space filling layers by forming a bond at said areas of contact, 
wherein said bonds are formed by a bonding method selected 
from the group consisting of transient liquid phase bonding, 
Solid-state diffusion bonding, brazing, soldering, chemical 
welding (e.g. solvents), pressing, welding, gluing, cementing 
or other means. 
0037. In a third aspect the present invention provides a 
plate or strip structure comprising: 
0038 N number (N=1) of vertically stacked three-dimen 
sional space filling layers, wherein each of said three-dimen 
sional space filing layers comprise: 
0039 an array of elongated plates or strips, said plates or 
strips Substantially planar including a first side and second 
side, a first lateral edge and a second lateral edge, and a first 
longitudinal edge and a second longitudinal edge, and 
wherein some of said plates or strips having slotted apertures 
partially extending across said sides in a lateral direction; 
0040 said plates or strips intersect with other respective 
plates or strips, wherein said slotted apertures at least partially 
allow said intersecting plates or strips to intersect there 
through so as to define an intersection segment; wherein at 
least Some of said intersection segments are discretely 
bonded, wherein said discrete bonds are formed between said 
intersecting plates or strips, and wherein said bonds are 
formed by a bonding method selected from the group con 
sisting of transient liquid phase bonding, Solid-state diffusion 
bonding, brazing, Soldering, chemical welding (e.g. sol 
Vents), pressing, welding, gluing, cementing or other means. 
0041 said three-dimensional space filling layers having a 
top side and a bottom side; 
0.042 said three-dimensional space filling layers having a 
perimeter with at least three perimeter sides; wherein: 
0043 at least a portion of said top side of each of said 
three-dimensional space filling layers for the (ith) through 
(Nth-1) layers comprise a top adjoining region; 
0044 at least a portion of said bottom side of each of said 
three-dimensional space filling layers for the (ith--1) through 
(Nth) layers comprise a bottom adjoining region; and 
0045 wherein each of said three-dimensional space filling 
layers are discretely bonded to immediate vertically adjacent 
said three-dimensional space filling layers, wherein said dis 
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crete bonds are formed between the said top adjoining region 
and bottom adjoining region, wherein said bonds are formed 
by a bonding method selected from the group consisting of 
transient liquid phase bonding, Solid-state diffusion bonding, 
brazing, Soldering, chemical welding (e.g. solvents), press 
ing, welding, gluing, cementing or other means. 
0046. In a fourth aspect the present invention provides a 
method of making a truss structure comprising: 
0047 providing N number (N=1) of three-dimensional 
space filling layers, wherein each of said three-dimensional 
space filling layers comprise: 
0048 an array of elongated plates or strips, said plates or 
Substantially planar including a first side and second side, a 
first lateral edge and a second lateral edge, and a first longi 
tudinal edge and a second longitudinal edge, and wherein 
Some of said plates or having slotted apertures partially 
extending across said sides in a lateral direction; 
0049 said plates or strips intersect with other respective 
plates or strips, wherein said slotted apertures at least partially 
allow said intersecting plates or strips to intersect there 
through so as to define an intersection segment; wherein at 
least Some of said intersection segments are discretely 
bonded; 
0050 bonding said intersecting strips at said intersection 
segments, wherein said bonds are formed by a bonding 
method selected from the group consisting of transient liquid 
phase bonding, Solid-state diffusion bonding, brazing, solder 
ing, chemical welding (e.g. solvents), pressing, welding, glu 
ing, cementing or other means. 
0051 said three-dimensional space filling layers having a 
top side and a bottom side; 
0.052 said three-dimensional space filling layers having a 
perimeter with at least three perimeter sides; wherein: 
0053 at least a portion of said top side of each of said 
three-dimensional space filling layers for the (ith) through 
(Nth-1) layers comprise a top adjoining region; 
0054 at least a portion of said bottom side of each of said 
three-dimensional space filling layers for the (ith--1) through 
(Nth) layers comprise a bottom adjoining region; 
0055 contacting each of said three-dimensional space fill 
ing layers with immediate vertically adjacent three-dimen 
sional space filling layers at respective said top adjoining 
region and said bottom adjoining region; and 
0056 joining each of said contacted three-dimensional 
space filling layers by forming a bond at said areas of contact, 
wherein said bonds are formed by a bonding method selected 
from the group consisting of transient liquid phase bonding, 
Solid-state diffusion bonding, brazing, Soldering, chemical 
welding (e.g. solvents), pressing, welding, gluing, cementing 
or other means. 
0057 These and other objects, along with advantages and 
features of the invention disclosed herein, will be made more 
apparent from the description, drawings and claims that fol 
low. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0058. The foregoing and other objects, features and 
advantages of the present invention, as well as the invention 
itself, will be more fully understood from the following 
description of preferred embodiments, when read together 
with the accompanying drawings, in which: 
0059 FIG. 1 is a schematic perspective view of a honey 
comb core sandwich structure. 
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0060 FIG. 2 is a graphical representation that summarizes 
the Young's and shear moduli relative density relationships 
for various cellular concepts. 
0061 FIG. 3 shows a schematic representation of triad or 
truss unit 120 of the present invention. 
0062 FIG. 4 is a graphical representation of the material 
dependent relative density relationships for minimum mass 
tetrahedral truss cores. 
0063 FIG. 5 illustrates a press apparatus used for deform 
ing the shape of truss cores. 
0064 FIG. 6 (A) photographically depicts the tetrahedral 
truss core after shaping. 
0065 FIG. 6 (B) photographically depicts enlarged view 
of the a preferred core/facesheet bond. 
0066 FIG. 7 is the graphical representation of the mea 
sured load-deflection data obtained during the beam-flexure 
teSt. 

0067 FIG. 8. demonstrates according to visual observa 
tions during the test, that span was l=202 mm and the flat steel 
indenters were 16.0 mm wide. 
0068 FIGS. 9(A)-(B) are graphical representations dem 
onstrating relative property comparisons for honeycomb and 
tetrahedral truss core systems for shear modulus and shear 
strength, respectively. 
0069 FIGS. 10(A)-10(B) show a schematic representa 
tion of a hollow cubic or rectangular shaped structure 271 in 
a partially constructed Status and a fully constructed Status, 
respectively. 
0070 FIGS. 11(A) and 12(A) are schematic representa 
tions of a second aspect of the present invention wherein prior 
to shaping there is shown a sheet 401 containing hexagonal 
perforations 402 and a sheet 403 containing square perfora 
tions 404, respectively. 
(0071 FIGS. 11(B) and 12(B) are schematic representa 
tions of truss structures 405, 406, formed from the hexagonal 
perforated 401 and square perforated sheets 403, respectively. 
0072 FIGS. 13(A) and 14(A) are schematic representa 
tions of a third aspect of the present invention, wherein prior 
to shaping there is shown a sheet 501 containing hexagonal 
apertures 502 and a sheet 503 containing square apertures 
504. The cell shapes can be varied using an appropriately 
shaped tool. 
0073 FIGS. 13(B) and 14(B) are schematic representa 
tions of truss structures 505, 506, formed from the hexagonal 
perforated 501 and square perforated sheets 503, respectively. 
0074 FIGS. 15(A) and 15(B) are schematic representa 
tions of a rolling system and a stamping system, respectively. 
0075. As schematically shown in FIG. 16(A), a layer 
oriented solid face sheet 701 having an inner surface 702 and 
an outer surface 703 can be bonded to the three-dimensional 
space layer 710 (i.e. core). 
0076 Turning to FIG. 16(B), there is shown a layer-ori 
ented solid face sheet 706 that is bonded to the three-dimen 
sional space layer 710 (i.e. core) wherein the face sheet 706 is 
a sheet having triangular shaped apertures therein. 
0.077 FIG.17(A) illustrate the sheets 715,716,717 having 
spot bonds 718 prior to expansion. FIG. 17(B) illustrate the 
structure 719 after sheet has been expanded and bonded to the 
face sheets 715, 717 
0078 FIGS. 18(A)-(F) schematically show various meth 
ods of bonding of metal trusses to solid or porous facesheets. 
0079 FIGS. 19(A) and 19 (B) shows a photographic 
depiction of an the apparatus 720 for an exemplary process to 
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be used to fabricate sheets 720 of miniature wrought metal 
trusses from a perforated metal sheet. 
0080 FIGS. 200A)-(D) are photographic depictions of the 
resultant three dimensional layer 722, showing the side view, 
first perspective view, second perspective view, respectively. 
I0081 FIG. 21 is photographic depiction of the resultant 
miniature tetragonal truss 722 having individual tetrahedral 
truss units. 
I0082 FIGS. 22(A)-(C) show exemplary truss units 731, 
732,733 that are tetrahedral, pyramidal, and kagome shaped, 
respectively. 
I0083 FIG. 23(A) schematically show a side view of the 
truss structure illustrating that, three-dimensional arrays, 
truss units, or sandwich structures 741 may be curved, bent, 
or shaped. 
I0084 FIG. 23(B) schematically show a perspective view 
of a hollow cubic or rectangular structures 742 illustrating 
that it may be curved, bent, or shaped. 
I0085 FIG. 24 is photographic depiction of a tetrahedral 
truss core 751 with facesheets 752 containing hexagonal 
holes 753. 

DETAILED DESCRIPTION OF THE INVENTION 

I0086. In its broadest aspect, the present invention provides 
constructed cellular solids structures—and method of manu 
facturing the same for multifunctional applications (e.g., 
mechanical impact/blast absorption, thermal management 
capacity, noise attenuation, catalytic activity, filtration effi 
ciency, electrical energy storage, retardation of chemical 
reactions and/or fire or act as a host for the in-growth of 
biological tissue, etc.) in addition to load Support. An example 
of electrical energy storage technology is provided in co 
assigned PCT International Application No. PCT/US01/ 
25158, entitled “Multifunctional Battery and Method of 
Making the Same.” filed Aug. 10, 2001, of which is hereby 
incorporated by reference herein in its entirety. An example of 
thermal management technology is provided in co-assigned 
PCT International Application No. PCT/US01/22266, 
entitled “Heat Exchange Foam.” filed Jul. 16, 2001, of which 
is hereby incorporated by reference herein in its entirety. 
I0087. The performance of the present invention cellular 
Solid as a thermal management system, a catalyst Support, a 
current collector, a noise damping system, a fire retarding 
structure. etc. depends on the topology of the porosity. For 
example, the present invention cellular solid may be intercon 
nected (as intrusses) or closed (as in many foams or honey 
comb in the form of sandwich panels). The present invention 
provides porosity in the form of open, closed and combina 
tions of these mixed together, as well as intermixing multiple 
materials to create these structures. The invention provides 
optimally designed cellular Solids with multifunctional pos 
sibilities. 
I0088 As will be discussed in greater detail infra, but pro 
vided here as an overview, the present invention provides 
Small elements of a chosen material that can be very uni 
formly arranged in controlled, three-dimensional space-fill 
ing arrays. The ligaments defining the cell walls do not nec 
essarily have a constant cross section, nor need they be solid 
throughout or straight. When bonded together at points of 
contact, a cellular structure of highly repeatable cell geometry 
and few imperfections is the result. The bonds hold the ele 
ments together in a desired configuration and allow load to be 
efficiently transferred amongst them such that the structure is 
significantly more rigid when bent, compressed or sheared. 
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The present invention space filling cellular structure provides 
simple, cost effective manufacturing methods applicable to a 
wide variety of materials. With the present invention, the 
truss-like or facesheet elements are made or formed from a 
wide variety of materials (e.g., metals, ceramics, glasses, 
polymers, composites and even semiconductors). The 
arranged elements are bonded together at points of contact by 
Solid state, liquid phase, pressing or other methods. Various 
gluing processes also work. For example, liquid phase bond 
ing of metals can be accomplished through transient liquid 
phase bonding, brazing and soldering while for polymers and 
ceramics, this could be achieved by cementing. If a liquid 
phase bonding agent is involved, it tends to get preferentially 
drawn by capillary action to points of element contact result 
ing in a fillet of large curvature radius. Transient liquid phase 
bonding is a preferred means of bonding metal truss core 
systems because the bonding agent diffuses into the ligaments 
and facesheets and creates a bond whose mechanical strength 
is comparable to that of the parent materials. Bonding via a 
braze results in bond strengths that can be significantly less 
than that of the parent material. Similar considerations apply 
tO CementS. 

0089. In a first aspect of the present invention, FIGS. 
10(A)-10(B) show a schematic representation of a hollow 
cubic or rectangular shaped structure 271 in a partially con 
structed Status and a fully constructed Status, respectively. 
The hollow cubic structure 271 is a plate or strip structure 
comprising one or more vertically stacked three-dimensional 
space filling layers 272. Each of the three-dimensional space 
filing layers 272 comprise an array of elongated plates or 
strips 273 that are substantially planar. The plates/strips may 
be curved or bend as well. The elongated plates or strips 273 
including a first side 274 and second side 275, a first lateral 
edge 276 and a second lateral edge 277, and a first longitudi 
nal edge 278 and a second longitudinal edge 279, and wherein 
some of the plates or strips have slotted apertures 280 or the 
like that at least partially extend across the sides in a lateral 
direction. The plates or strips 273 intersect with other respec 
tive plates or strips 273, wherein said slotted apertures at least 
partially allow the intersecting plates or strips 273 to intersect 
there through so as to define an intersection segment 281. At 
least some of the intersection segments 281 are discretely 
bonded. The discrete bonds are formed between said inter 
secting plates or strips 273. The bonds are formed by a bond 
ing method selected from at least one of the following: tran 
sient liquid phase bonding, Solid-state diffusion bonding, 
brazing, Soldering, chemical welding (e.g. solvents), press 
ing, welding, gluing, cementing or other means, or any com 
bination thereof. FIG. 10(B) illustrates a cut away view on 
one of its cells or pors. 
0090 Continuing with FIGS. 10(A)-10(B), the three-di 
mensional space filling layers 272 include a top side 282 and 
a bottom side 283 and a perimeter with at least three perimeter 
sides 284. At least a portion of said top side 282 of each of said 
three-dimensional space filling layers 272 for the (i") through 
(N'-1) layers comprise atop adjoining region 285. At least a 
portion of said bottom side of each of said three-dimensional 
space filling layers for the (i'+1) through (N") layers com 
prise a bottom adjoining region 286. The three-dimensional 
space filling layers 272 are discretely bonded to immediate 
Vertically adjacent to the three-dimensional space filling lay 
ers 272, wherein the discrete bonds are formed between the 
top adjoining region 285 and bottom adjoining region 286. 
The bonds are formed by a bonding method selected from at 
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least one of the following methods: transient liquid phase 
bonding, Solid-state diffusion bonding, brazing, Soldering, 
chemical welding (e.g. solvents), pressing, welding, gluing, 
cementing or other means. 
(0091 Still referring to FIGS. 10(A)-10(B), the structure 
271 comprises one or more perimeter-oriented face sheets 
287 having an inner surface 288 and an outer surface 289. 
wherein said inner surface 288 is fixedly bonded to one of said 
perimeter sides 284 of at least a minority of each of the 
three-dimensional space filling layers 272. 
0092 Still yet, the structure 271 comprises a layer-ori 
ented face sheet 290 having an inner surface 291 and an outer 
surface 292, wherein the inner surface is fixedly bonded to at 
least a portion of the bottom side of first three-dimensional 
space filling layer 272. 
0093 Moreover, the structure 271 comprises a second 
layer-oriented face sheet 293 having an inner surface 294 and 
an outer surface 295, wherein said inner surface 294 is fixedly 
bonded to at least a portion of the top side of N” said three 
dimensional space filling layer 272. 
0094. It should be appreciated that the cells may beformed 
by a variety of shapes besides a square as depicted in FIGS. 
10(A)-10(B), Such as quadrilateral, parallelogram, rectangu 
lar, triangular, hexagonal, octagonal, and other desired 
shapes. 
0095 Also, it should be noted that will the three-dimen 
sional space filling layers 272 and sheets appear Substantially 
planar, they may be formed or provided as curved or bent 
shape. 
0096. Moreover, the three-dimensional space filling layers 
272 may be rotated at different orientations relative to other 
respective three-dimensional space filling layers 272. Also 
the materials of the three-dimensional space filling layers 272 
may be comprise of different materials or a combination of 
different materials relative to other three-dimensional space 
filling layers 272. 
0097. Still yet, some of the three-dimensional space filling 
layers 272 or perimeter-oriented face sheet or layer-oriented 
face sheets may comprise of Solid materials or porous mate 
rials so as to provide a structure 271 that is open, closed, or 
partially opened or closed. 
0.098 Finally, additional face plates may be interspersed 
between the various space filling layers 272. 
0099. In one embodiment the method of making the struc 
ture 271 involves cladding rectilinear sheets with a bonding 
agent, slitting them in desired locations and then arranging 
within solid sheets to construct a cubic closed cell structure. 
With the help of a catalyst (e.g. heat), the bonding agent joins 
the elements at their points of contact such that the final 
structure is rigid and impenetrable to fluids. 
0100. In a second aspect of the present invention, FIGS. 
11(A) and 12(A) are schematic representations of a second 
aspect of the present invention wherein prior to shaping there 
is shown a sheet 401 containing hexagonal perforations 402 
and a sheet 403 containing square perforations 404, respec 
tively. Note the dotted lines are not necessarily perforations, 
rather these lines may indicate where the bending occurs, if 
the sheets do not have existing perforated lines. The sheets 
may be solid or porous or mixed (open and closed). The cell 
shapes can be varied using an appropriately shaped tool. 
Rolling corrugation and stamping approaches work. When 
bonded to facesheets, controlled fractions of open and closed 
cells can be achieved. 
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0101 FIGS. 11 (B) and 12(B) are schematic representa 
tions of truss structures 405, 406, formed from the hexagonal 
designated 401 and square designated sheets 403, respec 
tively. The truss structures 405, 406 include N number (N=1.) 
of Vertically stacked three-dimensional space filling layers 
407 (here two layers are vertically aligned in an exploded 
position), wherein each of the three-dimensional space filling 
layers 407 comprise an array of out-of-plane truss units 408. 
The truss units 408 comprising three leg members 409 for the 
tetrahedral shaped truss units of FIG. 11 (B) and four leg 
members for the pyramidal truss units of FIG. 12(B). It can be 
observed from the figures that the leg members 409 are trian 
gular-shaped and have generally planar Surface. The leg 
members intersecting at an upper node 410, and distal from 
said upper node are lower nodes 411. The truss units connect 
ing to nearest laterally adjacent truss units at lower nodes 411 
and the upper nodes 410 are vertically aligned with respective 
lower nodes of corresponding immediate adjacent (in Vertical 
direction) three-dimensional space filling layers 407. The 
three-dimensional space filling layers having a top side 412 
and a bottom side 413. The three-dimensional space filling 
layers also have a perimeter with at least three perimeter sides 
414. At least a portion of the top side of each of the three 
dimensional space filling layers for the (i") through (N'-1) 
layers comprise a top adjoining region 415. At least a portion 
of said bottom side of each of said three-dimensional space 
filling layers for the (i'+1) through (N") layers comprise a 
bottom adjoining region 416. Each of the three-dimensional 
space filling layers are discretely bonded to immediate verti 
cally adjacent said three-dimensional space filling layers. The 
discrete bonds are formed between the top adjoining region 
and bottom adjoining region. The bonds are formed by at least 
one of the following bonding methods: transient liquid phase 
bonding, Solid-state diffusion bonding, brazing, Soldering, 
chemical welding (e.g. solvents), pressing, welding, gluing, 
cementing or other means, or a combination thereof. 
0102 FIGS. 13(A) and 14(A) are schematic representa 
tions of a third aspect of the present invention, wherein prior 
to shaping there is shown a sheet 501 containing hexagonal 
apertures 502 and a sheet 503 containing square apertures 
504. The cell shapes can be varied using an appropriately 
shaped tool. 
(0103 FIGS. 13(B) and 14(B) are schematic representa 
tions of truss structures 505, 506, formed from the hexagonal 
perforated 501 and square perforated sheets 503, respectively. 
0104. The truss structures 505, 506 include N number 
(N=1) of vertically stacked three-dimensional space filling 
layers 507 (here two layers are vertically aligned in an 
exploded position), wherein each of the three-dimensional 
space filling layers 507 comprise an array of out-of-plane 
truss units 508. The truss units 508 comprising three leg 
members 509 for the tetrahedral shaped truss units of FIG. 
13(B) and four leg members for the pyramidal truss units of 
FIG. 14(B). Here it is shown that the leg members 509 are 
more narrow than the legs shown in FIG. 11 or 12, supra. The 
leg members intersecting at an upper node 510, and distal 
from said upper node are lower nodes 511. The truss units 
connecting to nearest laterally adjacent truss units at lower 
nodes 511 and the upper nodes 510 are vertically aligned with 
respective lower nodes of corresponding immediate adjacent 
three-dimensional space filling layers 507. The three-dimen 
sional space filling layers having a top side 512 and a bottom 
side 513. The three-dimensional space filling layers also have 
a perimeter with at least three perimeter sides 514. At least a 
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portion of the top side of each of the three-dimensional space 
filling layers for the (i") through (N-1) layers comprise a 
top adjoining region 515. At least a portion of the bottom side 
of each of said three-dimensional space filling layers for the 
(i'+1) through (N") layers comprise a bottom adjoining 
region 516. Each of the three-dimensional space filling layers 
are discretely bonded to immediate vertically adjacent said 
three-dimensional space filling layers. The discrete bonds are 
formed between the top adjoining region and bottom adjoin 
ing region. The bonds are formed by at least one of the 
following bonding methods: transient liquid phase bonding, 
Solid-state diffusion bonding, brazing, Soldering, chemical 
welding (e.g. solvents), pressing, welding, gluing, cementing 
or other means. 

0105. In other embodiments, hexagonal netting can also 
be shaped in Such a way to create a very inexpensive tetrago 
nal truss. Square weaves and expanded sheets (e.g. expanded 
metals) may also be utilized as well as sheets containing 
circular apertures and perforations or any appropriate aper 
ture sheet or perforated sheet whose nodes align with those of 
the truss. 

0106 The open porosity makes them particularly well 
suited for multifunctional applications. Planar objects can be 
interspersed amongst the trusses to create complex cellular 
topologies whose multifunctional performance varies from 
place to place within the structure. The shape of the perfora 
tion (e.g., here either hexagonal or square-like) determines 
the ligament shape and number of ligaments per node while 
the deformation strain establishes the angle between liga 
ments. These govern mechanical and multifunctional perfor 
mance. The ligament or leg member cross section is an impor 
tant choice and various cross-sectional shapes can be made 
including circular, Square, triangular, I-beam, H-beam and 
hollow forms. 

0107 As schematically shown in FIG.15(A), to deforman 
aperture sheet 501 or perforated sheet 401, a rolling process 
can be used including rolling gears 140. As shown in FIG. 
15(B), another way involves a stamping process (here hot 
pressing is shown but the method can be alternative pressing 
as well) using a hot press system 141. 
0108. Once the cores have been made, open, closed and 
mixed porosity cellular Solids are readily constructed through 
lamination or bonding. Either dense or porous facesheets can 
be used. As schematically shown in FIG. 16(A), a layer 
oriented solid face sheet 701 having an inner surface 702 and 
an outer surface 703 can be bonded to the three-dimensional 
space layer 710 (i.e. core). On the bottom, the inner surface is 
fixedly bonded to at least a portion of the bottom side of first 
three-dimensional space filling layer 710. On the top, the 
inner surface is fixedly bonded to at least a portion of the top 
side of the last or N' three dimensional space filling layer 
710. Of course it should be appreciated that the face plates 
may be interspersed between any of the plurality three-di 
mensional array layers. Here, just single truss layer is shown 
but multiple combinations of truss/facesheet layers (hierar 
chical cellular solids) can also be fabricated. 
0109 Moreover, there is shown perimeter-oriented face 
sheets 704 that is bonded to the three-dimensional space layer 
710 (i.e., core) having its inner surface 705 that may be 
fixedly bonded to one of said perimeter sides of at least a 
minority of each of said three-dimensional space filling layers 
710 (or bonded directly to at least a portion of layer-oriented 
solid face sheet 701). 
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0110 Turning to FIG. 16(B), there is shown a layer-ori 
ented solid face sheet 706 that is bonded to the three-dimen 
sional space layer 710 (i.e. core) wherein the face sheet 706 is 
a sheet having triangular shaped apertures therein. 
0111. It shall be appreciated that any of the face plates or 
sheets may be any of the following: a solid sheet, a porous 
sheet, a sheet containing circularapertures, a sheet containing 
triangular apertures, a sheet containing hexagonal apertures, 
a sheet containing square apertures, a sheet containing trian 
gular perforations, a sheet containing hexagonal perforations, 
a sheet containing square perforations or any appropriately 
aperture/perforated sheet whose nodes align with those of the 
trusS. 

0112. As schematically shown in FIGS. 17(A) and (B), 
another way to construct cellular solids involves selective 
bonding of a Solid or porous sheet within Solid or porous 
sheets followed by internal expansion. This could occur 
within the confines of a tool to produce near net shape parts. 
FIG. 17(A) illustrate the sheets 715, 716, 717 having spot 
bonds 718 prior to expansion. FIG. 17(B) illustrate the struc 
ture 719 after sheet has been expanded and bonded to the face 
sheets 715, 717. 
0113. As schematically shown in FIGS. 18(A)-(F), vari 
ous methods of bonding of metal trusses to Solid or porous 
facesheets can be achieved using Solid State (e.g. diffusion 
bonding), liquid phase method, braZe alloy powder method 
(FIG. 18(A)), clad braze allow method (FIG. 18(B)), or press 
ing methods (FIG. 18(C)) to create a bonded metal panel 
(FIG. 18(D)). Also schematically shown is the press bond 
(FIG. 18(E)) and the metal fillet bond (FIG. 18(F)). The out of 
plane deformation can pre or post-cede the bonding step. If a 
wetting liquid phase is used, it gets drawn by capillary action 
to contact points and Solidifies to form a mechanically desir 
able fillet of large curvature radius. 
0114 FIGS. 22(A)-(C) show exemplary truss units 731, 
732,733 that are tetrahedral, pyramidal, and kagome shaped, 
respectively. It is contemplated that unit cells with members 
having a variety of tubular cross-section geometries can be 
used including hollow circles, rectangles, squares, hexagons, 
triangles, ellipses, hexagons, etc. Non-tubular section geom 
etries include circles, rectangles, squares, hexagons, tri 
angles, ellipses, hexagons, etc. Semi-tubular section geom 
etries include I-beams, Z-sections, C-Sections, etc. 
0115. It is further noted that sandwich structures can be 
made by bonding the truss cores within facesheets (that are 
not necessarily solid). For example, they could have porosity 
within them or contain holes of circular, square, rectangular, 
hexagonal, triangular, ellipsoidal or other shape. The bar 
intersections within sheets having holes of appropriate shape, 
size and spacing can be made to align with the truss core 
nodes creating truss networks. For pyramidal cores, square 
perforations are effective. For tetrahedral and Kagome cores, 
triangular or hexagonal holes are Suitable. Like the core mem 
bers, these bars could be hollow too. Multiple stacking of 
sandwich layers create hierarchical structures. 
0116. As schematically shown in the side view of FIG. 
23(A), any of the truss structures, three-dimensional arrays, 
truss units, or sandwich structures 741 may be curved (includ 
ing a variety of curve shapes and combinations thereof) rather 
than planar. Similarly, as schematically shown in the perspec 
tive view of FIG. 23(B) any of the hollow cubic or rectangular 
structures 742 may be curved (including a variety of curved 
shapes and combinations thereof) rather than planar. 
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0117. As shown in the photographic depiction of FIG. 24, 
a tetrahedral truss core 751 with facesheets 752 containing 
hexagonal holes 753 is provided. A Kagome truss core also 
can be used with hexagonal facesheets. The core and 
facesheet materials can have a wide variety of cross-section 
shapes including hollow forms. 

EXAMPLES 

0118 Practice of the invention will be still more fully 
understood from the following examples, which are present 
herein for illustration only and should not be construed as 
limiting the invention in anyway. 

Example 
Truss and Core Sandwich Panel 

0119 FIGS. 19(A) and 19 (B) shows the apparatus 720 for 
an exemplary process to be used to fabricate sheets 720 of 
miniature wrought metal trusses from a perforated metal 
sheet (hexagonal perforations). The hexagonal perforated 
304 stainless steel sheet was obtained (Woven Metal Prod 
ucts, Alvin, Tex.). It was 0.028" thick and contained 7/16" 
hexagonal perforations of /2" staggered centers spacing. The 
open area percentage was approximately 81%. The perfo 
rated sheet was first annealed in vacuum at 1100° C. and then 
stretched at its intersections using dowel pins within a die of 
the apparatus 720. 
I0120 FIGS. 200A)-(D) are photographic depictions of the 
resultant three dimensional layer 722, showing the side view, 
first perspective view, second perspective view, respectively. 
An intermediate annealing treatment was used midway 
through the stretching to soften the structure and reduce 
cracking at the dowel pin contact points. Some methods may 
exclude the annealing steps. As the core of a sandwich panel 
or when laminated to create a hierarchical cellular solid, 
mechanical properties would compete with those of the best 
commercially available structures but at reduced cost. 
I0121 Next, as shown in the photographic depiction of 
FIG. 21, this miniature tetragonal truss 722 having individual 
tetrahedral truss units 724 was then bonded to 304 stainless 
steel facesheets 723 (0.025 in thick) using a transient liquid 
phase method. To succeed, one side of each facesheet 723 was 
first coated with a mixture of NicrobrazR) Cement 520 (Wall 
Colmonoy Corp., Madison Heights, Mich.) and fine (-140 
mesh)NicrobrazR 51 braze alloy powder (Wall Colmonoy 
Corp., Madison Heights, Mich.) of composition; Ni-25Cr 
1OP. The facesheet-core assembly was then assembled and 
slowly heated under weak vacuum to 550° C. to completely 
volatilize the cement. After volatilization, the braze alloy 
powders remained adhered to the facesheets. After the 
vacuum had achieved a level less than 10 torr, the tempera 
ture was ramped at a rate of 10°C./min to 1120° C. and held 
there for 1 hr followed by a furnace cool. During heating, the 
braze alloy powder melted and easily flowed to be preferen 
tially drawn by capillary action to points of facesheet-core 
contact. This procedure, along with variations of sequence 
and combinations, results in strong, but ductile joints of large 
curvature radius, as demonstrated, for example, by the metal 
fillets 725. 

Example 
Core Design 

I0122) Cellular geodesic domes 5 are amongst the most 
structurally efficient cellular structures. Their favorable 
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strength-to-weight geometry was extended to rectangular 
prismatic forms by way of the octahedral-tetrahedral truss 
6. These stiff, strong designs are based upon a triangulated 
architecture whereintruss members are elastically loaded in 
tension or compression only with no bending. Under this 
mode of deformation, the stiffness and strength have a linear 
dependence upon density making them a favored cellular 
topology for open cell structures intended for lightweight 
load Support applications. Several studies have investigated 
the manufacture and performance of miniaturized versions of 
similar tetrahedral truss based structures as the cores of all 
metal sandwich panels 13-15. They were made with legs of 
circular cross-section by investment casting. 
0123 Referring to FIG. 3, there is provided a schematic 
representation of the present invention design of a tetrahedral 
truss core made up of triad units or prongs 120 with leg 
members 122 of length 109, as referenced as L., and rectan 
gular cross-section dimensions having a width 110, as refer 
enced as w, and height 111, as referenced ash. The angle, as 
referenced as A, of each leg member makes with a line, 
referenced as CL, extending from the center of the triad or 
prong base to its peak is a cos(V2/3), the triad or prong 120 
height is about LV2/3 and it provides support over a planar 
aca V3L2,2. The relative density of the core is close to 

p. 3 V2 wh (1) 
p, T L2 

where p is the density of the core and p is the density of its 
base material. To simplify, the base material will be treated as 
elastic-perfectly plastic. Point loading of a single tetrahedral 
triad unit can be used to establish core mechanical perfor 
mance. The elastic behavior of a pin-connected tetrahedral 
truss core is isotropic with relative moduli given by 14 

Ec 41 pe (2) 2 = () 
Gc 1 i? pe (3) = () 

where E and Gare theYoung's and shear moduli for the core 
while E is the Young's modulus of its base material. The 
relative yield strengths are 14 

cy 21 pe (4) := (() 
(-)sies Y () (5) 3 V2 \p, Oys 9 Ap, 

where O. and t, are the compressive and shear yield 
strengths for the core while O, is the yield strength of its base 
material. Here, the minimum shear strength occurs when 
shearing is parallel to the projection of one set of members 
onto the base-plane (1-direction). The maximum occurs when 
shearing is oriented 30 to this projection (2-direction). 
0.124 For structural applications, a yielding mode of fail 
ure is preferred to the elastic buckling mode. For the lightest 
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truss core, the inventors seek the thinnest possible members 
that yield before they elastically buckle. These member 
dimensions lead to nearly simultaneous elastic buckling and 
yielding of members within Elastic buckling of a single pin 
connected member of Solid rectangular section occurs at a 
member stress 16 

Oh is 

where hsw and the negative sign indicates compression. 
Equating member buckling stress to compressive yield 
strength, -O, the member cross-section dimension for the 
lightest (pin-connected) truss core is given by 

(7) f(y) in F E. 

Since elastic or plastic buckling occur about the thinnest 
cross-section dimension, square (circular or other equiaxed) 
sections are preferable to rectangular sections. Provided 
hh, failure initiates by yielding. The corresponding mini 
mum relative density for the tetrahedral truss core (with 
square cross-section members) is then 

Oc 36V2 or (8) 
p. inin (2E, 

where the ratio O.J.E. is the material dependent yield strain. It 
is noted that the lightest truss cores are made from low yield 
strain alloys. 
0.125 Here, a pin-connected (conservative) approach to 
the budding analysis has been used. For clamped members, 
the minimum cross-section dimension is divided by two and 
the core relative density by four. In practice, the joint nor 
mally behaves in a fashion intermediate to the pinned (no 
moment) and clamped (finite moment) conditions. In FIG. 4. 
there is plotted minimum mass core relative density ranges 
for several common engineering alloys whose representative 
properties are given in Table 117. FIG. 4 graphically indi 
cates that the preferred relative density range is material spe 
cific. 
0.126 Tetrahedral truss cores with relative densities in the 
0.1-0.5% range are optimal for type 304 stainless steel but 
cores with relative densities in the 1-5% range are optimal for 
Ti-6A1-4V. 

TABLE 1 

Density Young's Yield strength Yield 
Wrought alloy (g/cm) modulus (GPa) (MPa) strain 

Al-6061-T6 2.7 69 275 O.OO40 
Al-SOS6-H38 2.7 71 345 O.0049 
Ti-6Al-4V (solution + 4.5 114 1103 O.OO97 
aging) 
1020 low carbon steel 7.9 196 345 O.OO18 
(normalized) 
Type 304 stainless steel 8.0 193 205 O.OO11 
(annealed) 
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Example 

Sandwich Construction 

0127. The present invention provides a variety of 
approaches used to create miniature trusses with characteris 
tics similar to those described herein. Bending at the nodes of 
Suitably perforated metal sheets provides one approach. 
Simple punching at alternate nodes provides another. Bend 
ing and punching operations can be combined by using 
appropriately shaped dies and CNC machines. The processes 
can be performed either under ambient or hot temperature 
conditions. In the latter, Superplastic conditions can be uti 
lized. 
0128. To illustrate the fabrication of miniature, wrought 
metal tetrahedral truss cores, hexagonal perforated type 304 
stainless steel (Fe-18Cr-8Ni) sheet was obtained from Woven 
Metal Products, Inc. (Alvin, Tex.). The sheet was 0.74 mm 
thick and it contained 11.1 mm hexagonal holes (face dis 
tance) of 12.7 mm staggered centers spacing. The bar widths 
were 1.6 mm and the open area fraction was 77%. With 
L=12.7 mm, we estimate a triad height of 10.4 mm upon 
deforming the sheet out-of-plane to create tetrahedral trusses. 
0129 FIG. 5 illustrates a press apparatus used for deform 
ing the shape of truss cores. Within the jig, bars were stretched 
by pushing (screw driven testing instrument at 5 mm/min) at 
their intersections (nodes) using hardened steel dowel pins of 
1.6 mm diameter. Two intermediate annealing treatments 
(1100° C. for 15 min) were needed to soften the strain-hard 
ened bars and prevent dowel pin punch through at the nodes. 
The final core heights were 10.0 mm (measured) and their 
relative densities were about 1.7% (before sandwich con 
struction). After shaping, truss members had w=1.26 mm and 
h=0.59 mm, FIG. 6(A). Handbook values for annealed type 
304 stainless steel will be used throughout, Table 1. From Eq. 
(7), we findh, 0.46 mm and since hash, core failure is 
designed to initiate by yielding. This core has about three 
times more mass than the lightest core with members of 
square cross-section. It is noted that other structurally attrac 
tive truss designs having pyramidal 18, Kagomé 19 or 
other cellular architectures can be fabricated in a similar way. 
0130. A transient liquid phase approach was used for 
attaching thin facesheets to the cores. Truss cores were lightly 
sprayed with a mix of a polymer based cement (Nicrobraz(R) 
Cement 520) and -140 mesh (diameters 106 mm) Ni-25Cr 
10P braze alloy powder (NicrobrazR 51) both supplied by 
Wal Colmonoy Corp. (Madison Heights, Mich.). The solidus 
and liquidus of this alloy are 880°C. and 950° C. whereas the 
solidus of type 304 stainless steel is approximately 1400° C. 
The coated cores were then placed between solid 0.75 mm 
thick type 304 stainless steel facesheets (the thickness, t, was 
chosen to promote failure by core shearing) and a small 
compressive pressure was applied. Perforated facesheets can 
also be used and when bonded to multiple core layers, multi 
laminate and/or hierarchical structures are readily made. 
0131 Flexure panel cores were oriented for shearing to 
occur parallel to the projection of one set of members onto the 
facesheet (base-plane). The assemblies were then heated in a 
vacuum of better than 10° torr at 15°C/minto 550° C. for 1 
hr to volatilize the polymer cement. An important feature of 
this cement/braze combination is that the braze alloy powders 
remain adhered after volatilization. The system was then 
evacuated to a vacuum level below 10 torrand the tempera 
ture was ramped at a rate of 15°C/min to 1100° C. and held 
there for 1 hr (for joint ductility enhancement). 
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0.132. At temperature, the braze alloy powders melted to 
coat the members (this seals microscopic defects) and the 
melt was drawn by capillary forces to points of core/facesheet 
contact. Interdiffusion then changed the contact composition 
and elevated its melting point causing Solidification at the 
brazing temperature. Filleted joints of large curvature radius 
(to resist cracking) were obtained, as photographically shown 
in FIG. 6 (B). 
I0133. After furnace cooling to ambient, sandwich struc 
tures were machined for testing. The flexure panellength was 
247 mm, its width was b=66.0 mm, its thickness was 
c+2t=11.3 mm and its mass was 219 g. The final core height 
was slightly reduced to c=9.8 mm owing to the compressive 
forces applied during heating. After sandwich construction, 
the measured relative density of the core, p?p=1.8%, was 
only slightly greater than before (1.7%). 

Example 

Beam-Flexure Analysis 

0.134 Specific details of the midspan loading procedure 
can be provided 15.20. The measured load-deflection curve 
is shown in FIG. 7. A quasistatic unload-reload scheme was 
used to measure a beam stiffness, F/Ös2500 N/mm, where F 
and 8 are the midspan load and deflection. The deflection was 
expected to be about 1 

Ff Fl (9) 
d = - r + 

24Ebt(c + i)? 4bcG. 

where E, is Young's modulus for the thin facesheets. From Eq. 
(9), we obtain an estimate for the core shear modulus, Gas 1. 
01 GPa, which corresponds to G/E-0.0053. 
I0135. During beam failure, the set of truss members on the 
left side of the beam (with facesheet projection parallel to the 
shearing direction) first yielded in compression and then plas 
tically buckled about their thinnest cross-sections, FIG. 8. A 
plastic hinge developed near the outer Support on the left side. 
On the right side, members of this same set yielded intension 
and work hardened. Neither plastic buckling or a hinge were 
observed there. Similar antisymmetric behavior has been 
seen in comparable investment cast systems 15. As 
observed from FIGS. 7 and 8, considerable stiffness and load 
bearing capacity are retained after initial plastic buckling. 
0.136 The collapse load for beams having a small over 
hang, H (distance from the center of an outer indenter to the 
beam edge), is 1 

2bt? ( sh) (10) FA = --or, + 2bct 1 + -- 

where O, is the facesheet yield strength. For large overhangs, 
plastic hinges form near the outer indenters and the collapse 
load becomes 1 

4bt? (11) 
FB = --O is + 2bct cy 
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0.137 Since both failure modes were observed along the 
beam, we let F sRs 1470 N and obtain estimates for the core 
yield strength, t-(0.88, 1.02) MPa, from Eqs. (10) and (11) 
where H-22.5 mm. The mean of these values gives t-0.95 
MPa and the corresponding relative core shear strength is 
approximately t/o, -0.0046. We note that after testing, all 
core/facesheet bonds appeared intact with no visually 
observed cracking. 

Example 

Honeycomb Versus Tetrahedral 

0.138. As graphically shown in FIG.9, Hexcel Composites 
(Pleasanton, Calif.) 5056-H39 aluminum honeycomb shear 
properties (plate shear test data) 2 are compared with mea 
surements for the type 304 stainless steel tetrahedral truss 
core and model predictions, Eqs. (3) and (5). The honeycomb 
is normally made from rolled alloy 5056-H191 aluminum 
sheet (E-71 GPa. o. 435 MPa and p. 2.6 g/cm) onto 
which adhesive lines are drawn. This is followed by stacking, 
curing to form HOBER(Honeycomb Before Expansion) 
block and then expansion into honeycomb 2. There is a 
doubling of wall thickness in the “L” direction as opposed to 
the other 'W' direction and the mechanical properties are 
affected. In FIG. 9, it can be seen that the measured and 
predicted relative shear modulus and strength of the tetrahe 
dral truss core compare favorably with those of similar rela 
tive density honeycomb. Note however, that predictions for 
the truss core shear modulus are based upon pin-connected 
members. In practice, the added rotational resistance afforded 
by the nodes and braze alloy fillets could lead to stiffness 
enhancement. Plate shear test confirmation would be helpful 
since core shear values obtained from flexure tests are often 
higher than those obtained from plate shear tests 2. Further 
more, inversion of Eq. (9) for the shear modulus is sensitive to 
measurement error propagation. Nonetheless, the relative 
properties of the tetrahedral truss core significantly exceed 
stochastic foam systems, are close to model predictions and 
show much promise as an open cell counterpart to honey 
comb. 
0.139. In summary, the present invention provides an 
improved structural/multifunctional material designs to form 
periodic cellular solids, and methods for their manufacture. 
0140. Another advantage of the present invention is that it 
provides constructed cellular Solids structures—and method 
of manufacturing the same for multifunctional applications 
(e.g. mechanical impact/blast absorption, thermal manage 
ment capacity, noise attenuation, catalytic activity, filtration 
efficiency, electrical energy storage, retardation of chemical 
reactions and/or fire or act as a host for the in-growth of 
biological tissue, etc.) in addition to load Support. 
0141 Moreover, another advantage is that the perfor 
mance of the present invention cellular Solid may include 
interalia a thermal management system, a catalyst Support, a 
current collector, a noise damping system, a fire retarding 
structure, etc., depending on the topology of the porosity. For 
example, the present invention cellular solid may be intercon 
nected (as intrusses) or closed (as in many foams or honey 
comb when it is in Sandwich panels). The present invention 
provides porosity in the form of open, closed and combina 
tions of these mixed together, as well as intermixing multiple 
materials to create these structures. The invention provides 
optimally designed cellular solids with multifunctional pos 
sibilities. 
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0.142 Further yet, an advantage of the present invention is 
that it may encompass a wide variety of materials wherein the 
fabricated truss core system materials include ceramics, 
glasses, polymers, composites and even semiconductors. 
0143. In addition, another advantage of the present inven 
tion is that it provides a method of bonding by transient liquid 
phase approaches including brazing. In general, the bonding 
through brazing, soldering, transient liquid phase bonding, 
Solid-state diffusion bonding (i.e. materials are placed in con 
tact and heated), chemical welding (e.g. acetone for plastics) 
pressing or other means are possible. Gluing and cementing 
are feasible as well. The bonding agents can be applied in a 
number of ways through cladding, powder spraying, liquid 
infiltration, etc. 
0144. A further advantage of the present invention is 
attributed to liquid phase bonding, wherein when liquid phase 
is used for bonding, it gets drawn by capillary forces to 
contact points and Solidifies to form a mechanically desirable 
fillet of large curvature radius (resists cracking). This is an 
excellent way to join miniature engineering type structures 
and create strong durable bonds. All of the bonds take at once 
making it very efficient and economical. 
0145 Another advantage of the present invention is due to 
the fact that when the bonding agent is in the liquid State, it 
flows over the constructed materials in addition to bonding 
them. This seals microscopic defects created by the prior 
deformation steps and is an efficient coating method. The thin 
surface coating left behind by the TLP/Brazing method has a 
different composition and properties to the base metal. For 
example, low carbon steels and copper alloys can be made 
corrosion resistant by bonding and coating with high chro 
mium containing TLP alloys. 
0146 Further yet, an advantage of the present invention is 
due to the feature that the truss-like elements do not neces 
sarily have to have a constant cross-section, nor are they 
necessarily straight or Solid throughout (they could be hol 
low). However, straight is a preferred embodiment. They can 
have circular, square, triangular, I-beam or other cross-sec 
tion shapes of interest. These have higher moments and are 
therefore more structurally efficient. 
0147 Finally, an advantage of the present invention is that 
closed cell structures can be made by bonding arranged 
sheets. The three-dimensional space filling structures with 
rectangular and triangular pores are efficiently made in this 
way. These would have the highest per unit weight stiffness 
and strengths of any known closed cell structures. The hollow 
cube structure could be isotropic (i.e. mechanical properties 
are the same in all directions). Also, hexagonal netting can be 
shaped into trusses as well as expanded metals (both are 
inexpensive and worth pursuing even if properties are less 
than theoretical estimates). TLP/brazing of this material 
improves its performance. To make expanded material, slits 
are made into a metal sheet and the metal is pulled apart. 
Unlike perforated sheets or sheets with apertures, there is no 
waste of metal due to throwing away of the punched out hole 
material. 
0.148. The invention may be embodied in other specific 
forms without departing from the spirit or essential charac 
teristics thereof. Of course, it should be understood that a 
wide range of changes and modifications can be made to the 
preferred embodiment described above. The foregoing 
embodiments are therefore to be considered in all respects 
illustrative rather than limiting of the invention described 
herein. Scope of the invention is thus indicated by the 
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appended claims as read in light of the foregoing description, 
including all equivalents, and all changes which come within 
the meaning and range of equivalency of the claims are there 
fore intended to be embraced herein. 
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We claim: 
1. A plate or strip structure comprising: 
N number (ND1) of vertically stacked three-dimensional 

space filling layers, wherein each of said three-dimen 
sional space filling layers comprise: 

Oct. 13, 2011 

an array of elongated plates or strips, each of said plates or 
strips being Substantially planar and including a first side 
and second side, a first lateral edge and a second lateral 
edge, and a first longitudinal edge and a second longi 
tudinal edge, and wherein at least some of said plates or 
strips have slotted apertures partially extending across 
said sides in a lateral direction; 

said plates or strips intersecting with other respective plates 
or strips, wherein said slotted apertures at least partially 
allow said intersecting plates or strips to intersect there 
through so as to define an intersection segment; and 

wherein at least Some of said intersection segments are 
discretely bonded, wherein said discrete bonds are 
formed between said intersecting plates or Strips 

said three-dimensional space filling layers having a top 
side and a bottom side; 

at least a portion of said top side of each of said three 
dimensional space filling layers for the first through 
(N"-1) layers comprises a top adjoining region; 

at least a portion of said bottom side of each of said three 
dimensional space filling layers for the second through 
(N") layers comprises a bottom adjoining region; and 

wherein each of said three-dimensional space filling layers 
are discretely bonded to immediate vertically adjacent 
said three-dimensional space filling layers, wherein said 
discrete bonds are formed between the said top adjoin 
ing region and bottom adjoining region. 

2. The plate or strip structure of claim 1, further compris 
ing: 

a perimeter-oriented face sheet having an inner Surface and 
an outer Surface, wherein said inner Surface is fixedly 
bonded to a perimeter side of at least a minority of each 
of said three-dimensional space filling layers. 

3. The plate or strip structure of claim 2, further compris 
ing: 

a second perimeter-oriented face sheet having an inner 
Surface and an outer Surface, wherein said inner Surface 
is fixedly bonded to a second one of said perimeter sides 
of at least a minority of each of said three-dimensional 
space filling layers. 

4. The plate or strip structure of claim 3, further compris 
ing: 

a third perimeter-oriented face sheet having an inner Sur 
face and an outer Surface, wherein said inner Surface is 
fixedly bonded to a third one of said perimeter sides of at 
least a minority of each of said three-dimensional space 
filling layers; and 

a fourth perimeter-oriented face sheet having an inner Sur 
face and an outer Surface, wherein said inner Surface is 
fixedly bonded to a fourth one of said perimeter sides of 
at least a minority of each of said three-dimensional 
space filling layer 

5. The plate or strip structure of claim 1, further compris 
ing: 

a layer-oriented face sheet having an inner Surface and an 
outer surface, wherein said inner surface is fixedly 
bonded to at least a portion of said bottom side of first 
said three-dimensional space filling layer. 

6. The plate or strip structure of claim 5, further compris 
ing: 

a second layer-oriented face sheet having an inner Surface 
and an outer Surface, wherein said inner Surface is fix 
edly bonded to at least a portion of said top side of N' 
said three-dimensional space filling layer. 
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7. The plate or strip structure of claim 1, wherein said truss 
structure is curved. 

8. A method of making a plate or strip structure compris 
ing: 

providing N number (ND1) of three-dimensional space 
filling layers, wherein each of said three-dimensional 
space filling layers comprise: 

an array of elongated plates or strips, said plates or Sub 
stantially planar including a first side and second side, a 
first lateral edge and a second lateral edge, and a first 
longitudinal edge and a second longitudinal edge, and 
wherein some of said plates or having slotted apertures 
partially extending across said sides in a lateral direc 
tion; 

said plates or strips intersecting with other respective plates 
or strips, wherein said slotted apertures at least partially 
allow said intersecting plates or strips to intersect there 
through so as to define an intersection segment; wherein 
at least Some of said intersection segments are discretely 
bonded; 

said three-dimensional space filling layers having a top 
side and a bottom side; 

contacting each of said three-dimensional space filling lay 
ers with immediate vertically adjacent three-dimen 
sional space filling layers at respective said top adjoining 
region and said bottom adjoining region; and 

joining each of said contacted three-dimensional space 
filling layers by forming a bond at said areas of contact. 

9. The method of claim 8, further comprising: 
providing a perimeter-oriented face sheet having an inner 

Surface and an outer Surface; 
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bonding said inner Surface to a perimeter side of at least a 
minority of each of said three-dimensional space filling 
layers. 

10. The method of claim 9, further comprising: 
providing a second perimeter-oriented face sheet having an 

inner Surface and an outer Surface; 
bonding said inner Surface to a second one of said perim 

eter sides of at least a minority of each of said three 
dimensional space filling layers. 

11. The method of claim 10, further comprising: 
providing a third perimeter-oriented face sheet having an 

inner Surface and an outer Surface; 
bonding said inner Surface to a third one of said perimeter 

sides of at least a minority of each of said three-dimen 
sional space filling layers; 

providing a fourth perimeter-oriented face sheet having an 
inner Surface and an outer Surface; and 

bonding said inner Surface to a fourth one of said perimeter 
sides of at least a minority of each of said three-dimen 
sional space filling layers. 

12. The method of claim 8, further comprising: 
providing a layer-oriented face sheet having an inner Sur 

face and an outer Surface; and 
bonding said inner Surface to at least a portion of said 

bottom side of first said three-dimensional space filling 
layer. 

13. The method of claim 12, further comprising: 
providing a second layer-oriented face sheet having an 

inner Surface and an outer Surface; and 
bonding said inner Surface to at least a portion of said top 

side of N” said three-dimensional space filling layer. 
c c c c c 


