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CELLULAR MATERIALS FORMED USING 
SURFACE TRANSFORMATION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to the following corn 
rnonly assigned US. patent applications Which are herein 
incorporated by reference in their entirety: “Method Of 
Forrning Buried Conductor Patterns By Surface Transfor 
rnation Of Ernpty Spaces In Solid State Materials,” Ser. No. 
09/734,547, ?led on Dec. 13, 2000; “Method Of Forrning 
Mirrors By Surface Transforrnation Of Ernpty Spaces In 
Solid State Materials,” Ser. No. 09/855,832, ?led on May 
16, 2001; “Three-Dimensional Cornplete Bandgap Photonic 
Crystal Forrned By Crystal Modi?cation,” Ser. No. 10/053, 
003, ?led on Jan. 17, 2002; “LoW K Interconnect Dielectric 
Using Surface Transforrnation,” Ser. No. 10/106,915, ?led 
on Mar. 25, 2002; and “Method Of Forrning Spatial Regions 
OfA Second Material In A First Material,” Ser. No. 10/118, 
350, ?led on Apr. 9, 2002. 

TECHNICAL FIELD 

[0002] The present subject matter relates generally to 
cellular materials and, more particularly, to cellular materi 
als having a precisely-deterrnined arrangement of voids 
formed using surface transforrnation. 

BACKGROUND 

[0003] It has been proposed to use cellular materials for a 
Wide range of structural, mechanical and thermal applica 
tions using both metal and non-rnetal materials. These 
cellular materials include spaces or voids embedded within 
a solid. 

[0004] Cellular rnaterials provide interesting combina 
tions of physical and mechanical properties. One advantage 
provided by cellular rnaterials involves light-Weight con 
struction. For example, cellular materials are capable of 
realiZing a higher stiffness and a loWer density for a given 
Weight. 

[0005] The relationship betWeen the stiffness (S) of a ?at 
panel, the Young’s modulus of the panel rnaterial (rep 
resenting the ability of the panel material to resist elastic 
strain), and the thickness (h) of the panel can be represented 
by: 

SMEXh3. (1) 

[0006] Assuming that the panel maintains a constant foot 
print area and a constant Weight, the relationship of the 
density (p) and the thickness (h) of the panel can be 
represented by: 

[0007] Substituting Equation No. 2 for h in Equation No. 
1 results in Equation No. 3. 
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(3) 

[0008] Cellular material that has irnperfections such as the 
lack of uniformity and closure of the voids can be charac 
teriZed by the folloWing eXperirnentally-found exponential 
relationship betWeen the Young’s modulus and density 
(0) 

EM p2_ (4) 

[0009] Substituting Equation No. 4 for E in Equation No. 
3 results in Equation No. 5. 

[0010] The folloWing observations can be made for panels 
constructed of imperfect cellular material (i.e. material With 
nonuniforrn voids and/or lack of closure of voids). For a 
panel of a given footprint area and a given Weight, con 
structing the panel to be tWice as thick (2h) (Equation No. 
2) using irnperfect cellular material half as dense (p/2) 
results in a panel that is tWice as stiff (2S) (Equation No. 5). 
For a panel of a given footprint area, constructing the panel 
to be half as thick (h/2) using irnperfect cellular material half 
as dense (p/2) results in a panel that maintains a given 
stiffness (S) and that is half the Weight. Thus, irnperfect 
cellular material provides certain bene?ts related to the 
relationship betWeen density and stiffness as provided by 
Equation No. 5. 

[0011] Aperfect cellular material with uniform and closed 
voids is eXpected to provide a linear relationship betWeen 
the Young’s modulus and the density (p), as represented 
by Equation No. 6. 

Exp. (6) 

[0012] Substituting Equation No. 6 for E in Equation No. 
3 results in Equation No. 7. 

(7) 

[0013] The relationship betWeen the stiffness (S) and 
density (p) as expressed in Equation No. 7 is eXpected to be 
approached When the voids in the cellular material become 
more uniformly spaced and When a majority of the voids in 
the cellular material are closed voids. 

[0014] The folloWing observations can be made for panels 
constructed of material that approaches a perfect or ideal 
cellular material (material with uniform voids and closure of 
voids). For a panel of a given footprint area and a given 
Weight, constructing the panel to be tWice as thick (2h) 
(Equation No. 2) using perfect cellular material half as dense 
(p/2) is eXpected to result in a panel that is four times as stiff 
(4S) (Equation No. 7). For a panel constructed of a given 
footprint area, constructing the panel to be one fourth as 
thick (h/4) using perfect cellular material half as dense (p/2) 
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is expected to result in a panel that maintains a given 
stiffness (S) and that is 1A of the Weight. Thus, it is desirable 
to form cellular materials With uniform and closed voids. 

SUMMARY 

[0015] The above mentioned problems are addressed by 
the present subject matter and Will be understood by reading 
and studying the folloWing speci?cation. The present subject 
matter provides cellular materials With precisely determined 
arrangement of voids using surface transformation. In vari 
ous embodiments, the cellular materials are suitable for use 
in various structural, mechanical and/or thermal applica 
tions. 

[0016] In various embodiments, the precisely-determined 
arrangement of voids provides the cellular material With 
voids that are more uniformly spaced and With a majority of 
voids that are closed voids such that a relationship betWeen 
stiffness (S) and density (p) for the cellular material 
approaches that of a perfect cellular material (Sow-2). In 
various embodiments, the precisely-determined arrange 
ment of voids provides the cellular material With a predict 
able mechanical failure for a given force. In various embodi 
ments, the precisely-determined arrangement of voids 
provides the cellular material With an anisotropic stiffness. 

[0017] One aspect of the present subject matter is a 
method of forming cellular material. According to various 
embodiments of the method, a predetermined arrangement 
of the plurality of holes is formed in a volume of material 
through a surface of the volume of material. The volume of 
material is annealed such that the volume of material under 
goes a surface transformation in Which the arrangement of 
the plurality of holes is transformed into a predetermined 
arrangement of at least one empty space beloW the surface 
of the volume of material. 

[0018] One aspect of the present subject matter is a 
structure of cellular material. According to various embodi 
ments, the structure includes a solid structure of material 
having a Well-de?ned melting temperature and a Well 
de?ned annealing temperature beloW the melting tempera 
ture suitable to perform a surface transformation process. 
The structure further includes a precisely-determined 
arrangement of a plurality of voids formed Within the solid 
structure. The plurality of voids is separated by a critical 
length (kc) that is dependent on the radius (RC) of a number 
of holes used to form the plurality of voids using the surface 
transformation process. In various embodiments, a majority 
of the precisely-determined arrangement of the plurality of 
voids Within the solid structure are closed and approximately 
uniformly spaced to provide the structure of cellular material 
With a uniform density. In various embodiments, the pre 
cisely-determined arrangement of the plurality of voids are 
arranged Within the solid structure to provide the structure 
With a predictable mechanical failure for a given force. 

[0019] These and other aspects, embodiments, advan 
tages, and features Will become apparent from the folloWing 
description of the present subject matter and the referenced 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIGS. 1A-1F illustrate a process to form cellular 
material With a sphere-shaped empty space, according to 
various embodiments of the present subject matter. 
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[0021] FIGS. 2A-2C illustrate a process to form cellular 
material With a pipe-shaped empty space, according to 
various embodiments of the present subject matter. 

[0022] FIGS. 3A-3B illustrate a process to form cellular 
material With a plate-shaped empty space, according to 
various embodiments of the present subject matter. 

[0023] FIGS. 4A-4E illustrate the formation of empty 
spheres from initial cylindrical holes With the same radii and 
With varying length. 

[0024] FIG. 5 illustrates a transformation formed stack of 
empty plates With a large ?lling factor or loW density. 

[0025] FIG. 6 illustrates fourteen representative unit cells 
of space lattices Which can be constructed according the 
present subject matter. 

[0026] FIG. 7 illustrates the cubic P unit cell shoWn 
among the fourteen representative unit cells of FIG. 6. 

[0027] FIGS. SA-SB illustrate a process for forming a 
cubic P lattice of spherical empty spaces according to the 
present subject matter. 

[0028] FIG. 9A-9D illustrate a process for forming a 
simple illustrative structural unit of empty spheres having 
tWo radii. 

[0029] FIG. 10 illustrates a method for forming cellular 
material, according to various embodiments of the present 
subject matter. 

DETAILED DESCRIPTION 

[0030] The folloWing detailed description of the present 
subject matter refers to the accompanying draWings Which 
shoW, by Way of illustration, speci?c aspects and embodi 
ments in Which the present subject matter may be practiced. 
These embodiments are described in suf?cient detail to 
enable those skilled in the art to practice the present subject 
matter. Other embodiments may be utiliZed. Structural and 
logical changes may be made Without departing from the 
scope of the present subject matter. The folloWing detailed 
description is, therefore, not to be taken in a limiting sense, 
and the scope of the present subject matter is de?ned only by 
the appended claims, along With the full scope of equivalents 
to Which such claims are entitled. 

[0031] The present subject matter provides a cellular 
material With a precisely-determined arrangement of voids 
(also referred to herein as empty spaces) using a surface 
transformation process. The volume of solid in Which the 
voids are formed has a Well-de?ned melting temperature. 
The solid is annealed in a temperature range beloW and near 
the melting temperature to transform a predetermined 
arrangement of holes through a surface of the volume into 
the desired predetermined arrangement of voids. These 
cellular materials are capable of being engineered for vari 
ous structural and mechanical applications. 

[0032] In various embodiments, the precisely-determined 
arrangement of voids provides the cellular material With 
voids that are more uniformly spaced and With a majority of 
voids that are closed voids such that a relationship betWeen 
stiffness (S) and density (p) for the cellular material 
approaches the relationship for a perfect cellular material 
(Sow-2). The uniformity, density, and space symmetry of the 
cellular material is precisely determined by controlling the 
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diameter, depth and position of an initial arrangement of 
cylindrical holes formed through a surface of a solid. In 
various embodiments, the holes have a generally-elongated 
shape extending into the volume aWay from the surface. In 
various embodiments, the holes have a generally cylindrical 
shape. The present subject matter is not so limited, hoWever. 

[0033] In various embodiments, the precisely-determined 
arrangement of voids provides the cellular material With a 
predictable mechanical failure for a given force. In various 
embodiments, the precisely-determined arrangement of 
voids provides the cellular material With an anisotropic 
stiffness. 

[0034] When a solid is heated to a higher temperature, a 
solid With a hole that is beyond a critical length (kc) becomes 
unstable. For the purposes of the analysis provided beloW, 
the holes are referred to as cylindrical holes. Upon reading 
and comprehending this disclosure, one of ordinary skill in 
the art Will understand that holes Which are not geometri 
cally cylindrical can be used in a surface transformation 
process, and further Will understand hoW to form a prede 
termined arrangement of voids using holes that are not 
geometrically cylindrical. 

[0035] The cylindrical hole is transformed into one or 
more empty spheres formed along the cylinder axis. The 
number (N) of spheres formed depends on the length (L) and 
radius (RC) of the cylinder. TWo models of diffusion are the 
surface diffusion model and the pure volume diffusion 
model. With respect to the surface diffusion model, for 
example, the relation betWeen the cylinder length (L), cyl 
inder radius (RC), and number of spheres (N) is expressed by 
the folloWing equation: 

[0036] Equation (1) predicts that no empty spheres Will 
form if L<8.89><Rc. Each empty sphere that forms has a 
radius (RS) expressed by the folloWing equation: 

[0037] If the cylinder has suf?cient length L to form tWo 
spheres, the center-to-center spacing betWeen the spheres 
corresponds to the critical length (kc) and is provided by the 
equation: 

[0038] The pure volume diffusion model provides similar 
results, With slightly different constants. For example, 
depending on the exact magnitude of the diffusion param 
eters, kc can vary from 9.02><RR to 12.96><RR. One of 
ordinary skill in the art Will understand, upon reading and 
understanding this disclosure, that the diffusion model is 
capable of being determined by experiment. The remainder 
of this disclosure uses the surface diffusion model. One of 
ordinary skill in the art Will understand, upon reading and 
comprehending this disclosure, hoW to apply this disclosure 
to another diffusion model. 

[0039] Various shaped empty spaces or voids such as 
sphere-shaped voids, pipe-shaped voids, and plate-shaped 
voids are capable of being formed under the surface of a 
volume of material With a Well-de?ned melting temperature. 
The shape of the empty spaces formed during the annealing 
conditions depends on the siZe, number and spacing of the 
cylindrical holes that are initially formed at a loWer tem 
perature. 
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[0040] Various predetermined arrangements of empty 
spaces or voids are capable of being formed under the 
surface of a volume of material With a Well-de?ned melting 
temperature. For example, an appropriately-siZed deep 
trench in a material With a Well-de?ned melting temperature 
is transformed into empty spheres along the axis of the 
original trench at an annealing temperature Within a prede 
termined a range beloW the melting temperature. The empty 
spheres are uniformly siZed and spaced. Other predeter 
mined arrangements are provided beloW. 

[0041] FIGS. 1A-1F illustrate a process to form cellular 
material With a sphere-shaped empty space, according to 
various embodiments of the present subject matter. A cylin 
drical hole 110 is formed through the surface 112 of a 
volume of a solid material 114. As used here, the term hole 
refers to a void that extends from a surface of the volume 
into the solid material and that is de?ned by the solid 
material. The material 114 is heated (annealed) and under 
goes the transformation illustrated in FIGS. 1B through 1F. 
One of ordinary skill in the art Would understand, upon 
reading and comprehending this disclosure, that the desired 
annealing temperature is dependent on the Well-de?ned 
melting temperature of the material. The result of the surface 
transformation process is an empty sphere formed beloW the 
surface 112 of the volume of material 114. 

[0042] In order to form a single sphere, Which holds true 
for forming a single pipe (FIGS. 2A-2C) or plate (FIGS. 
3A-3B), the length (L) and radius (RC) of the cylindrical 
holes are chosen such that equation (1) With N=1 is satis?ed. 
Avertical stacking of N empty spaces results if the length of 
the cylindrical holes is such that equation (1) is satis?ed. 

[0043] In order for single surface-transformed spheres to 
combine With other surface-transformed spheres, the center 
to-center spacing (DNT) betWeen the initial cylindrical holes 
Will satisfy the folloWing equation: 

[0044] Satisfying this equation prevents the adjacent ini 
tial cylindrical holes from touching, yet alloWs the adjacent 
surface-transformed spheres to combine and form pipe and 
plate empty spaces, as shoWn in FIGS. 2A-2C and FIGS. 
3A-3B and described beloW. 

[0045] FIGS. 2A-2C illustrate a process to form cellular 
material With a pipe-shaped empty space, according to 
various embodiments of the present subject matter. A linear 
array of cylindrical holes 210 is formed in a surface 212 of 
a solid material 214. The cylindrical holes 210 have a 
center-to-center spacing (DNT) as calculated using equation 
(4). The material 214 is heated (annealed) and undergoes the 
transformation illustrated in FIGS. 2B through 2C. The 
result of the surface transformation process is an empty 
pipe-shaped void 218 formed beloW the surface 212 of the 
volume of material 214. The radius (RP) of the pipe 218 is 
provided by the folloWing equation: 

R _ 8.86><R3C (5) 
P _ DNT I 

[0046] FIGS. 3A-3B illustrate a process to form cellular 
material With a plate-shaped empty space, according to 
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various embodiments of the present subject matter. A tWo 
dimensional array of cylindrical holes 310 is formed in a 
surface 312 of a solid material 314. The cylindrical holes 
310 have a center-to-center spacing (DNT) as calculated 
using equation The material 314 is heated (annealed) 
and undergoes the transformation illustrated in FIG. 3B. The 
result of the surface transformation process is an empty 
plate-shaped void 320 formed beloW the surface 312 of the 
volume of material 314. The thickness (T1,) of a plate 320 is 
given by the folloWing equation: 

[0047] The present subject matter forms cellular material 
using surface transformation. In various embodiments, the 
present subject matter forms a precisely-determined 
arrangement of voids using surface transformation to pro 
vide a cellular material With a relationship betWeen stiffness 
(S) and density (p) approaching that of a perfect cellular 
material (SMp_2). In various embodiments, the present sub 
ject matter forms a precisely-determined arrangement of 
voids using surface transformation to provide a cellular 
material With a predictable mechanical failure for a given 
force. In various embodiments, the present subject matter 
forms a precisely-determined arrangement of voids using 
surface transformation to provide a cellular material With an 
anisotropic stiffness. 

[0048] The siZe, shape and spacing of empty spaces is 
controlled by the diameter, depth and spacing of holes (or 
trenches) initially formed in a material that has a de?ned 
melting temperature. Empty spaces or voids are formed after 
annealing the material in a temperature range beloW and 
near the de?ned melting temperature. The empty spaces or 
voids are capable of being formed With a spherical shape, a 
pipe shape, plate shape, various combinations of these shape 
types, and/or various dimensions for the various shape type 
and combinations of shape type. 

[0049] The volume of air incorporated in the surface 
transformed empty spaces is equal to the volume of air 
Within the initial starting pattern of cylindrical holes. Thus, 
the surface transformed empty spaces do not cause addi 
tional stress in the material or a tendency for the material to 
crack. 

[0050] The surface of the volume of material Will be 
smooth after the surface transformed empty spaces are 
formed if the initial cylinder length (L) is equal to an integer 
of a critical length (kc) such as 1x7»C to form one sphere, 
2x7»c to form tWo spheres, 3x7»c to form three spheres, etc.. If 
the cylinder length (L) is not equal to an integer of a critical 
length (kc), then the surface Will have dimples caused by air 
in the cylinder attributable to the length beyond an integer of 
a critical length (kc). That is, for a given length L and kc, the 
number of spheres formed is the integer of L/kc, and the 
remainder of L/kc, contributes to the dimples on the surface. 

[0051] FIGS. 4A-4E illustrate the formation of empty 
spheres from initial cylindrical holes With the same radii and 
With varying length. Initial cylindrical holes are represented 
using dashed lines 410. These initial cylindrical holes 410 
have the same radius (RC) and are drilled or otherWise 
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formed to different depths as represented by FIGS. 4A, 4B, 
4C, 4D and 4E. The resulting surface-transformed spheres 
416 are illustrated With a solid line, as are the surface 
dimples 417 that form When the cylindrical hole depth is not 
an integer multiple of AC. These surface dimples can be 
removed using a simple polishing process to leave a smooth 
surface With uniform and closed spherical voids Within the 
material. The vertical position and number of the spherical 
voids is determined by the depth of the initial cylindrical 
holes. 

[0052] In various embodiments of the present subject 
matter, the cellular material is formed by appropriately 
spacing the holes such that, upon annealing the material to 
provide the surface transformation process, the voids are 
uniformly spaced (or approximately uniformly spaced) 
throughout the volume of the cellular material. The uni 
formly spaced voids provide the cellular material With a 
uniform density from a macroscopic level. 

[0053] In various embodiments, a cellular material is 
designed to have a predetermined mechanical failure at a 
predetermined site for a given force by forming the voids 
With a predetermined shape, a predetermined siZe, and/or a 
predetermined arrangement. Thus, in various embodiments 
Where the cellular material is incorporated into a mecha 
nism, certain components of the mechanism are formed With 
cellular material that has been designed to fail in a predict 
able site and for a predictable force to protect other com 
ponents of the mechanism such as a shear pin to protect a 
motor and the like. The components designed to fail are 
cheaper and/or more easily replaced than the components 
protected by the components designed to fail. In various 
embodiments Where the cellular material is incorporated into 
a case, chassis or shell of a device, for example, the case, 
chassis or shell can be designed to Withstand certain forces 
and to absorb certain forces either isotropically or anisotro 
pically. In various embodiments, for example, the cellular 
material is incorporated into the case of a portable device 
(such as a laptop computer, portable phone, or personal 
digital assistant (PDA) and the like) to reduce the Weight of 
the device, maintain or increase the stiffness of the case, and 
absorb certain forces (such as a fall and the like) from 
damaging the electronic components. 

[0054] In various embodiments, it is desirable to provide 
a cellular material With a very loW density Within appropri 
ate constraints for the ability to Withstand various strain 
forces. FIG. 5 illustrates a transformation formed stack of 
empty plates With a large ?lling factor or loW density. For 
example, the illustrated ?lling factor is approximately equal 
to 0.78, Which provides a relatively high porosity and a 
relatively loW density. In the illustrated example, the surface 
transformation produces a vertical stack of empty plates in 
the materials. The number of empty plates formed depends 
on the length of the holes. From equation (6), it is deter 
mined that the thickness TP of the empty plate has a 
maximum value of 6.95 ><Rc When DNT is near the minimum 
alloWed value of 2><Rc as inferred from equation From 
equation (3), the center-to-center spacing (7») of empty plates 
is 8.89><Rc. It can be calculated that fz0.78. Thus, it is 
expected to be able to use surface transformation to form 
cellular material With a density of less than one fourth that 
of a solid volume of material. 

[0055] In various embodiments of the present subject 
matter, a plurality of space group symmetries of empty 
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spheres of equal size are formed in a solid material. FIG. 6 
illustrates fourteen representative unit cells of space lattices 
Which can be constructed according the present subject 
matter. For simplicity, only the cubic P unit cell of FIG. 6 
With a lattice constant “a0” is explained. One of ordinary 
skill in the art Will understand, upon reading and compre 
hending this disclosure, hoW to form the other unit cells 
illustrated in FIG. 6. 

[0056] FIG. 7 illustrates the cubic P unit cell shoWn 
among the fourteen representative unit cells of FIG. 6. A 
de?ned set of cylindrical holes are drilled or otherWise 
formed into the solid material to form empty spheres 716 of 
the same radius in the solid material at each of the illustrated 
unit cell lattice positions. For simplicity, the formation of 
one unit cell in the X-y plane and n unit cells in the Z 
direction is discussed. Additional unit cells in the X-y planes 
are formed by repeatedly translating the hole pattern for the 
unit cell in the X and y directions. From equations (2) and 
(3), spheres are created With periodicity aO in the Z direction 
by drilling or otherWise forming the holes in the Z direction 
such that the radius of the holes (RC) are represented by the 
folloWing equation: 

610 (7) 

[0057] After surface transformation, the radius, RS of each 
formed empty sphere is: 

R _ L88 ~ 0 212 (8) 
S _ @ ><a0 ~ . ><a0. 

[0058] In order to form n unit cells in the Z direction 
through surface transformation, the depth (Ln)of the initial 
cylinder in the Z direction is: 

[0059] To form a single cubic P unit cell in the Z direction, 
n is set to 1 for the tWo deep arrangement of spheres such 
that the cylindrical holes are formed to the folloWing hole 
depth: 

[0060] FIGS. 8A-8B illustrate a process for forming a 
cubic P lattice of spherical empty spaces according to the 
present subject matter. Referring to FIG. 8A, four cylindri 
cal holes 810A, 810B, 810C and 810D of radius Rc=0.11><aO 
are drilled or otherWise formed into the solid material 814 
from an upper surface 812 to a depth L=2><ao. The four 
cylindrical holes 810A, 810B, 810C and 810D are spaced 
apart along the X and y aXes at a distance a0. The solid 
material is annealed near its melting temperature to form 
sphere-shaped empty spaces 816A, 816B, 816C, 816D, 
816E, 816F, 816G and 816H by surface transformation at 
desired sites of the cubic P unit cell as is shoWn in FIG. 8B. 

[0061] One of ordinary skill in the art Will understand, 
upon reading and comprehending this disclosure, that the 
unit cells of each primitive lattice in FIG. 6 can be formed 
to have equal siZed empty spheres at each lattice site by 
drilling or otherWise forming in the Z direction an appro 
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priate pattern of cylindrical holes of the same diameter in the 
X-y plane. The prescribed depths for these unit cells Will 
generally be different. 

[0062] In various embodiments, space lattices having 
more than one siZe of empty spheres in the unit cell are 
formed by drilling or otherWise forming initial cylindrical 
holes of more than one radius. In various embodiments, the 
holes are formed in more than one direction. The number of 
surface transformation annealing steps used to form the 
space lattice depends on the structure to be formed. A 
method to form a simple illustrative structural unit of empty 
spheres is described beloW. 

[0063] FIGS. 9A-9D illustrate a process for forming a 
simple illustrative structural unit of empty spheres having 
tWo radii. The desired structure has four empty spheres of 
radius Rs=0.2l2><ao, and four empty spheres of radius 
RS,=1/z><RS=0.106><aO. All of the empty spheres have a closes 
center-to-center spacing of aO/2. The process to form the 
above-described structure is illustrated in FIGS. 9A, 9B, 9C 
and 9D. 

[0064] In FIG. 9A, tWo cylindrical holes 910A of radius, 
Rc=0.11><aO and of length L=2><aO are drilled or otherWise 
formed in the Z direction. The solid material is annealed to 
effect surface transformation and form the four spheres 
916A With RS=0.212><a0, as shoWn in FIG. 9B. 

[0065] In FIG. 9C, tWo cylindrical holes 910B are drilled 
in the y-direction. These holes 910B have a radius 
Rc=0.055ao, and a length Z‘=aO. Again the material is 
annealed to effect surface transformation and the four 
smaller empty spheres 916B to form the desired structure 
shoWn in FIG. 9D. The second annealing step only effects 
the cylindrical holes since they are not energetically stable. 
The four previously formed larger empty spheres are stable 
since they Were formed during the ?rst annealing. 

[0066] Another method for forming the structure in FIG. 
9D involves forming the cellular material in various depo 
sition layers and forming the voids using a surface trans 
formation process (i.e. hole formation and annealing) for 
each layer before a successive layer of material is deposited. 
Using this method, the structure illustrated in FIG. 9D is 
formed by a ?rst deposition process, a ?rst surface trans 
formation process, a second deposition process, a second 
surface transformation process, a third deposition process, a 
third surface transformation process, a fourth deposition 
process, and a fourth surface transformation process. Each 
surface transformation step includes hole formation and 
annealing. For each layer, the hole formation pattern is 
calculated to achieve the desired spacing of resulting voids, 
both betWeen and Within layers, after the layer is annealed. 

[0067] One of ordinary skill in the art Will understand, 
upon reading and comprehending this disclosure, that a 
number of void arrangements are capable of being formed, 
a number of void siZes are capable of being formed, and that 
various combinations void arrangements and void siZes are 
capable of being formed. One of ordinary skill in the art Will 
understand, upon reading and comprehending this disclo 
sure, that various different shapes of empty spaces can be 
formed, and that these various different shapes of empty 
spaces can be combined With other shapes of empty spaces. 
For example, a cellular material can include a number of 
sphere-shaped voids, a number of pipe-shaped voids, a 
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number of plate-shaped voids, and various combinations of 
sphere-shaped void(s), pipe-shaped void(s), and plate 
shaped void(s). One of ordinary skill in the art Will under 
stand, upon reading and comprehending this disclosure, that 
the various shapes can be stacked, and that various different 
shapes can be stacked together. For example, an arrange 
ment of spheres can be stacked on top of an arrangement of 
plates. Additionally, each stack of voids can include various 
shapes. The precisely-determined arrangement of empty 
spaces is determined by the position, depth and diameter of 
the holes formed prior to the annealing process. 

[0068] The ?gures presented and described above are 
useful to illustrate method aspects of the present subject 
matter. Some of these method aspects are described beloW. 
The methods described beloW are nonexclusive as other 
methods may be understood from the speci?cation and the 
?gures described above. One aspect provides a method for 
forming cellular material. 

[0069] FIG. 10 illustrates one embodiment for forming 
cellular material. According to various embodiment, a vol 
ume of material is formed or otherWise provided at 1020. 
Holes are formed in the volume of material at 1022. At 1024, 
the volume of material is annealed to cause surface trans 
formation. The surface is heated rapidly to a temperature 
Within a region beloW and near a Well-de?ned melting point 
of the material to transform the holes into buried empty 
spaces. The result of the surface transformation is that the 
holes that Were previously formed in the volume of material 
are transformed into empty spaces under the surface of the 
volume. These empty spaces loWer the density of the volume 
of material and increase the stiffness of the material. In 
various embodiments, the use of the surface transformation 
technique alloWs the precisely-determined arrangement of 
spaces to be arranged in such a manner as to maximiZe the 
amount of void space. In various embodiments, the use of 
the surface transformation technique alloWs the precisely 
determined arrangement of spaces to be uniformly spaced 
and closed. In various embodiments, the use of the surface 
transformation technique alloWs the precisely-determined 
arrangement of spaces to provide cellular material With a 
predictable mechanical failure for a given force. 

[0070] The cellular material of the present subject matter 
is capable of being used in a Wide range of structural, 
mechanical and thermal applications. A feW applications are 
provided beloW. These applications are not intended to be an 
exclusive listing of all the applications for the cellular 
material of the present subject matter. 

[0071] One application involves light-Weight construc 
tion. The cellular material of the present subject matter 
possesses a desirable relationship betWeen stiffness (S) and 
density (p) Which alloWs lighter Weight materials to perform 
the same mechanical functions. This characteristic is desir 
able in the transportation industry such as automobiles, 
trucks, trains, airplanes, ships, and the like. This character 
istic is also desirable for portable items such as such as 
suitcases, laptop computers, PDAs, cell phones, briefcases, 
and the like. This characteristic is also desirable for eye 
glasses, and various sporting equipment. This characteristic 
is also desirable for products in general to reduce the costs 
associated With shipping and assembly. 

[0072] One application involves crash absorption. Crash 
absorption is desirable for vehicle safety. For example, 
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various embodiments incorporate the cellular material into 
easily replaced crash boxed designed to safely absorb the 
force of a crash. Crash absorption is also desirable to protect 
and provide robustness for devices such as laptop comput 
ers, cell phones, video cameras, digital cameras etc. For 
example, various embodiments incorporate the cellular 
material of the present subject matter in an outer shell 
designed to absorb the force of a fall or other crash. Another 
example involves the use of breakaWay parts that are 
designed to be easily and cheaply replaced, and that are 
designed to break to absorb a crash and protect other more 
expensive components. 

[0073] One application involves anisotropic stiffness. For 
example, various embodiments incorporate cellular material 
With anisotropic stiffness into a package design such that the 
package is designed to be easily opened While still protect 
ing the packaged articles from damage caused by falls and 
other accidental environmental elements. 

[0074] The present subject matter provides the ability to 
form cellular material With a precisely-determined arrange 
ment of voids using surface transformation. In various 
embodiments, the precisely-determined arrangement of 
voids include uniformly spaced and closed voids that pro 
vide the cellular material With a desirable relationship 
betWeen density and stiffness. In various embodiments, the 
precisely-determined arrangement of voids provide the cel 
lular material With a predictable mechanical failure. 

[0075] Although speci?c embodiments have been illus 
trated and described herein, it Will be appreciated by those 
of ordinary skill in the art that any arrangement Which is 
calculated to achieve the same purpose may be substituted 
for the speci?c embodiment shoWn. This application is 
intended to cover any adaptations or variations of the present 
subject matter. It is to be understood that the above descrip 
tion is intended to be illustrative, and not restrictive. Com 
binations of the above embodiments, and other embodi 
ments Will be apparent to those of skill in the art upon 
revieWing the above description. The scope of the present 
subject matter includes any other applications in Which the 
above structures and fabrication methods are used. The 
scope of the present subject matter should be determined 
With reference to the appended claims, along With the full 
scope of equivalents to Which such claims are entitled. 

What is claimed is: 

1. A method of forming cellular material, comprising: 

forming a predetermined arrangement of a plurality of 
holes in a volume of material through a surface of the 
volume of material; and 

annealing the volume of material such that the volume of 
material undergoes a surface transformation to trans 
form the arrangement of the plurality of holes into a 
predetermined arrangement of at least one empty space 
beloW the surface of the volume of material. 

2. The method of claim 1, Wherein the volume of material 
includes a material With a Well-de?ned melting temperature, 
and annealing the volume of material includes annealing the 
volume of material at a temperature that is close to and 
beloW the Well-de?ned melting temperature. 
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3. The method of claim 1, wherein forming the predeter 
mined arrangement of the plurality of holes includes form 
ing a predetermined arrangement of a plurality of cylindrical 
holes. 

4. The method of claim 3, Wherein forming the predeter 
mined arrangement of the plurality of holes includes form 
ing the plurality of cylindrical holes With a length that is 
approximately equal to an integer of a critical length (kc), 
the critical length being dependent on a radius (RC) of the 
cylindrical hole. 

5. The method of claim 1, Wherein the volume of material 
includes a polymer. 

6. The method of claim 1, Wherein the volume of material 
includes a metal. 

7. The method of claim 1, Wherein the volume of material 
includes a metal oxide. 

8. The method of claim 1, Wherein the volume of material 
includes a ceramic. 

9. The method of claim 1, Wherein the volume of material 
includes a glass. 

10. A method of forming cellular material, comprising: 

forming a predetermined arrangement of a plurality of 
holes in a volume of material through a surface of the 
volume of material, including controlling a diameter 
and a depth for each of the plurality of holes, and 
controlling a spacing betWeen the plurality of holes; 
and 

annealing the volume of material such that the volume of 
material undergoes a surface transformation to trans 
form the arrangement of the plurality of holes into a 
predetermined arrangement of at least one empty space 
beloW the surface of the volume of material. 

11. The method of claim 10, Wherein forming the prede 
termined arrangement of the plurality of holes includes 
controlling the diameter, the depth, and the spacing to 
provide the volume of material With an approximately 
uniform density. 

12. The method of claim 10, Wherein forming the prede 
termined arrangement of the plurality of holes includes 
controlling the diameter, the depth, and the spacing to 
provide the volume of material With a predictable metal 
fatigue site. 

13. The method of claim 10, Wherein forming the prede 
termined arrangement of the plurality of holes includes 
controlling the diameter, the depth, and the spacing to 
provide the volume of material With a predictable deforma 
tion for a given force. 

14. A method of forming cellular material, comprising: 

forming a predetermined arrangement of a plurality of 
holes in a volume of material through a surface of the 
volume of material, the volume of material having a 
Well-de?ned melting temperature; and 

annealing the volume of material at a temperature that is 
close to and beloW the Well-de?ned melting tempera 
ture such that the volume of material undergoes a 
surface transformation to transform the arrangement of 
the plurality of holes into a predetermined arrangement 
of at least one empty space beloW the surface of the 
volume of material, a number of the plurality of holes 
being adapted to form a pattern of at least one empty 
pipe upon annealing. 
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15. The method of claim 14, Wherein forming a prede 
termined arrangement of a plurality of holes includes form 
ing a predetermined arrangement of a plurality of holes 
adapted to form a predetermined pattern of a plurality of 
empty pipes suitably spaced to provide the volume of 
material With an approximately uniform density and With a 
majority of closed voids. 

16. The method of claim 15, Wherein the plurality of 
empty pipes are separated by a critical length (kc) that is 
dependent on the radius (RC) of the plurality of holes used 
to form the plurality of empty pipes. 

17. The method of claim 14, Wherein forming a prede 
termined arrangement of a plurality of holes includes form 
ing a predetermined arrangement of a plurality of holes 
adapted to form a predetermined pattern of a plurality of 
empty pipes suitably positioned to provide the volume of 
material With a predictable fatigue site for a given force. 

18. The method of claim 14, Wherein forming a prede 
termined arrangement of a plurality of holes further includes 
forming a predetermined arrangement of a plurality of holes 
adapted to form one or more of at least one empty sphere and 
at least one empty plate. 

19. A method of forming cellular material, comprising: 

forming a predetermined arrangement of a plurality of 
holes in a volume of material through a surface of the 
volume of material, the volume of material having a 
Well-de?ned melting temperature; and 

annealing the volume of material at a temperature that is 
close to and beloW the Well-de?ned melting tempera 
ture such that the volume of material undergoes a 
surface transformation to transform the arrangement of 
the plurality of holes into a predetermined arrangement 
of at least one empty space beloW the surface of the 
volume of material, a number of the plurality of holes 
being adapted to form a predetermined pattern of at 
least one empty plate upon annealing. 

20. The method of claim 19, Wherein forming a prede 
termined arrangement of a plurality of holes includes form 
ing a predetermined arrangement of a plurality of holes 
adapted to form a predetermined pattern of a plurality of 
empty plates suitably spaced to provide the volume of 
material With an approximately uniform density and With a 
majority of closed voids. 

21. The method of claim 20, Wherein the plurality of 
empty plates are separated by a critical length (kc) that is 
dependent on the radius (RC) of the plurality of holes used 
to form the plurality of empty plates. 

22. The method of claim 19, Wherein forming a prede 
termined arrangement of a plurality of holes includes form 
ing a predetermined arrangement of a plurality of holes 
adapted to form a predetermined pattern of at least one 
empty plate suitably positioned to provide the volume of 
material With a predictable fatigue site for a given force. 

23. The method of claim 19, Wherein forming a prede 
termined arrangement of a plurality of holes further includes 
forming a predetermined arrangement of a plurality of holes 
adapted to form one or more of at least one empty sphere and 
at least one empty pipe. 

24. A method of forming cellular material, comprising: 

forming a predetermined arrangement of a plurality of 
holes in a volume of material through a surface of the 
volume of material, the volume of material having a 
Well-de?ned melting temperature; and 
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annealing the volume of material at a temperature that is 
close to and below the Well-de?ned melting tempera 
ture such that the volume of material undergoes a 
surface transformation to transform the arrangement of 
the plurality of holes into a predetermined arrangement 
of at least one empty space beloW the surface of the 
volume of material, a number of the plurality of holes 
being adapted to form a predetermined pattern of at 
least one empty sphere upon annealing. 

25. The method of claim 24, Wherein a predetermined 
arrangement of a plurality of holes includes forming a 
predetermined arrangement of a plurality of holes adapted to 
form a predetermined pattern of a plurality of empty spheres 
suitably spaced to provide the volume of material With an 
approximately uniform density and With a majority of closed 
voids. 

26. The method of claim 25, Wherein the plurality of 
empty spheres are separated by a critical length (kc) that is 
dependent on the radius (RC) of the plurality of holes used 
to form the plurality of empty spheres. 

27. The method of claim 24, Wherein forming a prede 
termined arrangement of a plurality of holes includes form 
ing a predetermined arrangement of at least one hole adapted 
to form a predetermined pattern of at least one empty sphere 
suitably positioned to provide the volume of material With a 
predictable fatigue site for a given force. 

28. The method of claim 24, Wherein forming a prede 
termined arrangement of a plurality of holes further includes 
forming a predetermined arrangement of a plurality of holes 
adapted to form one or more of at least one empty plate and 
at least one empty pipe. 

29. A method of forming cellular material to have a 
predictable mechanical fatigue site for a given force, com 
prising: 

forming a predetermined arrangement of a plurality of 
holes in a volume of material through a surface of the 
volume of material; and 

annealing the volume of material such that the volume of 
material undergoes a surface transformation to trans 
form the arrangement of the plurality of holes into a 
predetermined arrangement of at least one empty space 
beloW the surface of the volume of material, 

Wherein forming a predetermined arrangement of a plu 
rality of holes includes forming a predetermined 
arrangement of a plurality of holes adapted to form a 
predetermined pattern of at least one empty void suit 
ably positioned to provide the volume of material With 
a predictable fatigue site for a given force. 

30. The method of claim 29, Wherein the predetermined 
arrangement of the plurality of holes are formed to form at 
least one empty sphere upon annealing, the at least one 
empty sphere being suitably positioned to provide the vol 
ume of material With a predictable fatigue site for a given 
force. 

31. The method of claim 29, Wherein the predetermined 
arrangement of the plurality of holes are formed to form at 
least one empty plate upon annealing, the at least one empty 
plate being suitably positioned to provide the volume of 
material With a predictable fatigue site for a given force. 

32. The method of claim 29, Wherein the predetermined 
arrangement of the plurality of holes are formed to form at 
least one empty pipe upon annealing, the at least one empty 
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pipe being suitably positioned to provide the volume of 
material With a predictable fatigue site for a given force. 

33. A method of forming cellular material to have a 
number of empty spaces that provide an approximately 
uniform density and a majority of the number of empty 
spaces being closed, comprising: 

forming a predetermined arrangement of a plurality of 
holes in a volume of material through a surface of the 
volume of material; and 

annealing the volume of material such that the volume of 
material undergoes a surface transformation to trans 
form the arrangement of the plurality of holes into a 
predetermined arrangement of at least one empty space 
beloW the surface of the volume of material, 

Wherein a relationship betWeen stiffness (S) and density 
(p) for the cellular material approaches Sow-2. 

34. The method of claim 33, Wherein the predetermined 
arrangement of the plurality of holes are formed to form at 
least one empty sphere upon annealing, the at least one 
empty sphere being suitably positioned to provide the vol 
ume of material With a predictable fatigue site for a given 
force. 

35. The method of claim 33, Wherein the predetermined 
arrangement of the plurality of holes are formed to form at 
least one empty plate upon annealing, the at least one empty 
plate being suitably positioned to provide the volume of 
material With a predictable fatigue site for a given force. 

36. The method of claim 33, Wherein the predetermined 
arrangement of the plurality of holes are formed to form at 
least one empty pipe upon annealing, the at least one empty 
pipe being suitably positioned to provide the volume of 
material With a predictable fatigue site for a given force. 

37. A method of forming cellular material, comprising: 

forming a ?rst predetermined arrangement of a plurality 
of ?rst holes in a volume of material through a ?rst 
surface of the volume of material, each of the ?rst holes 
having a predetermined length and diameter; 

annealing the volume of material such that the volume of 
material undergoes a surface transformation to trans 
form the ?rst arrangement of the ?rst holes into a ?rst 
arrangement of at least one empty space in the volume 
of material; 

forming a second predetermined arrangement of a plural 
ity of second holes in the volume of material through a 
second surface of the volume of material, each of the 
second holes having a predetermined length and diam 
eter; and 

annealing the volume of material such that the volume of 
material undergoes a surface transformation to trans 
form the second arrangement of the second holes into 
a second arrangement of at least one empty space in the 
volume of material. 

38. The method of claim 37, Wherein the diameter of at 
least one of the ?rst holes is different than the diameter of at 
least one of the second holes. 

39. The method of claim 37, Wherein the ?rst arrangement 
of at least one empty spaced is interposed among the second 
arrangement of at least one empty space. 
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40. A method of forming cellular material, comprising: 

depositing a ?rst layer of material; 

forming a ?rst arrangement of holes through a surface of 
the ?rst layer of material; 

annealing the ?rst layer of material such that the ?rst layer 
of material undergoes a surface transformation to trans 
form the ?rst arrangement of holes into a ?rst arrange 
ment of at least one empty space beloW the surface of 
the ?rst layer of material; 

depositing a second layer of material on the ?rst layer of 
material; 

forming a second arrangement of holes through a surface 
of the second layer of material; and 

annealing the second layer of material such that the 
second layer of material undergoes a surface transfor 
mation to transform the ?rst arrangement of holes into 
a second arrangement of at least one empty space 
beloW the surface of the ?rst layer of material. 

41. The method of claim 40, Wherein forming the ?rst and 
second arrangement of holes includes controlling the diam 
eter, the depth, and the spacing to provide the ?rst and 
second layers of material With an approximately uniform 
density. 

42. The method of claim 40, Wherein forming the ?rst and 
second arrangement of holes includes controlling the diam 
eter, the depth, and the spacing to provide the ?rst and 
second layers of material With a predictable metal fatigue 
site. 

43. The method of claim 40, Wherein forming the ?rst and 
second arrangement of holes includes controlling the diam 
eter, the depth, and the spacing to provide the ?rst and 
second layers of material With a predictable deformation for 
a given force. 

44. A structure of cellular material, comprising: 

a solid structure of material having a Well-de?ned melting 
temperature and a Well-de?ned annealing temperature 
beloW the melting temperature suitable to perform a 
surface transformation process; and 

a precisely-determined arrangement of a plurality of voids 
formed Within the solid structure, the plurality of voids 
being separated by a critical length (kc) that is depen 
dent on the radius (RC) of a number of holes used to 
form the plurality of voids using the surface transfor 
mation process, 

Wherein a majority of the precisely-determined arrange 
ment of the plurality of voids Within the solid structure 
are closed and approximately uniformly spaced to 
provide the structure of cellular material With a uniform 
density. 

45. The structure of claim 44, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one surface transformation formed empty space. 

46. The structure of claim 44, Wherein the precisely 
determined arrangement of the plurality of voids Within the 
solid structure are approximately uniformly spaced and are 
closed voids such that a relationship betWeen stiffness (S) 
and density (p) for the structure of cellular material 
approaches S<><p_2. 
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47. The structure of claim 44, Wherein the precisely 
determined arrangement of the plurality of voids includes a 
plate-shaped void. 

48. The structure of claim 47, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one stack of plate-shaped voids. 

49. The structure of claim 44, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one pipe-shaped void. 

50. The structure of claim 49, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one stack of pipe-shaped voids. 

51. The structure of claim 44, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one sphere-shaped void. 

52. The structure of claim 51, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one stack of sphere-shaped voids. 

53. The structure of claim 44, Wherein the precisely 
determined arrangement of the plurality of voids includes a 
combination of at least tWo arrangements of: 

a precisely-determined arrangement of at least one empty 
sphere; 

a precisely-determined arrangement of at least one empty 
pipe; and 

a precisely-determined arrangement of at least one empty 
plate. 

54. A structure of cellular material, comprising: 

a solid structure of material having a Well-de?ned melting 
temperature and a Well-de?ned annealing temperature 
beloW the melting temperature suitable to perform a 
surface transformation process; and 

a precisely-determined arrangement of a plurality of voids 
formed Within the solid structure, the plurality of voids 
being separated by a critical length (kc) that is depen 
dent on the radius (RC) of a number of holes used to 
form the plurality of voids using the surface transfor 
mation process, 

Wherein the precisely-determined arrangement of the plu 
rality of voids Within the solid structure are arranged to 
provide the structure With a predictable mechanical 
failure for a given force. 

55. The structure of claim 54, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one plate-shaped void. 

56. The structure of claim 54, Wherein the precisely 
determined arrangement of the plurality of voids includes at 
least one pipe-shaped void. 

57. The structure of claim 54, Wherein the precisely 
determined arrangement of a plurality of voids includes at 
least one sphere-shaped void. 

58. The structure of claim 54, Wherein the precisely 
determined arrangement of the plurality of voids includes a 
combination of at least tWo arrangements of: 

a precisely-determined arrangement of at least one empty 
sphere; 

a precisely-determined arrangement of at least one empty 
pipe; and 

a precisely-determined arrangement of at least one empty 
plate. 
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59. The structure of claim 54, wherein the structure of 
cellular material is incorporated in a system, and the pre 
cisely-determined arrangement of the plurality of voids 
Within the solid structure are arranged to provide the struc 
ture With a predictable mechanical failure to predictably 
absorb energy from a crash. 

60. The structure of claim 54, Wherein: 

the structure of cellular material is incorporated in a 
system having easily replaceable components and other 
components; and 
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the precisely-determined arrangement of the plurality of 
voids Within the solid structure are arranged to provide 
the structure With a predictable mechanical failure to 
predictably break the easily replaceable component. 

61. The structure of claim 54, Wherein the plurality of 
voids includes a ?rst set of voids of a ?rst siZe and a second 
set of voids of a second siZe. 

62. The structure of claim 61, Wherein the voids in the ?rst 
set are interposed among the voids in the second set. 

* * * * * 


