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SYNTHESIS OF A TWO-SCALE STRUCTURE 
WITH ANISOTROPY 

2 
of property anisotropy of 3D material structures, and partly 
due to inherent complexity of the design and manufacturing 
of three-dimensional multi-scale structures. 

BRIEF DESCRIPTION OF THE DRAWINGS 
This invention was made with government support under 

CMMI1344205 awarded by the National Science Founda- 5 

tion and 70NANB14H232 awarded by the National Institute 
of Standards & Technology. The government has certain 
rights in the invention. 

The present disclosure may be better understood, and its 
numerous features and advantages made apparent to those 
skilled in the art, by referencing the accompanying draw-

10 ings. The use of the same reference symbols in different 
drawings indicates similar or identical items. 

BACKGROUND 

Field of the Disclosure 

The present disclosure relates generally to material analy­
sis, and, more particularly, to the synthesis of a two-scale 
structure with anisotropy. 

Description of the Related Art 

The term "anisotropy of material" refers to the depen­
dence of a material's properties on direction. Stiffness, for 
example, is one way natural or synthetic materials can be 
characterized by their anisotropic properties. In design, 
proper control of anisotropy can greatly enhance the effi­
ciency and performance of synthesized structures. For 
example, aligning the stiffness of the material with the load 
improves the performance of the item. 

FIG. 1 is a simplified block diagram of a material mod­
eling system in accordance with some embodiments. 

FIG. 2 is a flow diagram illustrating a method for syn-
15 thesizing a two-scale structure with anisotropy in accor­

dance with some embodiments. 
FIG. 3 is a diagram of a sample material structure in 

accordance with some embodiments. 
FIG. 4 is a diagram of a set of orientation axes for the 

20 material property tensors in the homogenized reference 
neighborhoods in the sample material structure of FIG. 3 in 
accordance with some embodiments. 

FIG. 5 is a flow diagram illustrating a method for deter­
mining reference neighborhood orientations in the method 

25 of FIG. 2 in accordance with some embodiments. 
FIG. 6 is a diagram of a 3D sample material structure in 

accordance with some embodiments. 
Anisotropy should not be confused with heterogeneity, 

which is the property of being location dependent. A mate­
rial can be homogeneous on the coarse scale and have its 30 

fine-scale structures being anisotropic at the same time, as is 
the case, for example, with carbon fiber sheets in composite 
manufacturing. Similar to heterogeneity, anisotropy is a 
property of scales, depending on the effective material 
property of the associated neighborhood. Many nature and 35 

man-made materials exhibit various degrees of anisotropy. 
For example, crystalline materials are generally anisotropic, 

FIG. 7 is a diagram of a set of orientation axes for a 
material property tensor in a homogenized reference neigh­
borhood in the sample material structure of FIG. 6 in 
accordance with some embodiments. 

FIG. 8 is a flow diagram illustrating a method for syn­
thesizing a structure using the reference neighborhoods in 
the method of FIG. 2 in accordance with some embodi­
ments. 

FIG. 9 is a diagram of an example target structure in 
accordance with some embodiments. 

as many of their physical properties depend on the direction 
of the crystal. Wood is anisotropic with a high percentage of 
grains being parallel to the tree trunk. The fine scale struc- 40 

tures of bones are anisotropic with the internal architecture 

FIG. 10 is a diagram of a synthesized structure fabricated 
by the system of FIG. 1 in accordance with some embodi­
ments. 

of the trabeculae adapting to the loads, making bones more 
efficient given the competing constraints in nature. 

The term anisotropy has different meanings in the context 

DETAILED DESCRIPTION 

of material structures. Depending on how it is measured, it 45 

could refer to geometry anisotropy, where the statistics of 
the structural geometry are anisotropic; or it could also refer 

FIGS. 1-10 illustrate example techniques for facilitating 
the design of two-scale material structures with anisotropic 
properties at the course scale by geometric synthesis at the 
fine scale. In general, a sample material structure is subdi­
vided into discrete elements, such as pixels (2D) or voxels 
(3D), and neighborhoods are defined for each discrete ele-

to property anisotropy, where the physical properties of the 
material are anisotropic. It is widely accepted that the latter 
is the result of the former combined with a third type of 50 

anisotropy: the material anisotropy of the constituent phases 
ment. The material is homogenized and the orientation of 
each neighborhood is determined, thereby generating a 

of the fine scale material structure, which can be regarded as 
the property anisotropy on a finer scale. 

Mankind has relied on and benefited from material anisot­
ropy for many centuries, from using the ancient combination 
of straw and mud to form brick for building construction to 
modern day pre-stressed concrete and fibrous composites. 
The rapid advancement of additive manufacturing technolo­
gies eliminates many of the geometric restrictions in tradi­
tional subtractive manufacturing processes, enabling the 
fabrication of three-dimensional multiscale structures in 
place of traditional solid parts. Even though the mechanism 
is straightforward, most of the fine-scale structures control­
ling the property anisotropy of the man-made materials to 
date can be reasonably characterized as one-dimensional, 
e.g., rebar in the concrete, fiber in the composite. This is 
partly due to the difficulties involved in the characterization 

library of reference neighborhoods representing the sample 
material structure. A structure is synthesized by matching 
the neighborhoods in the synthesized structure with refer-

55 ence neighborhoods having matching target orientations. 
The synthesized structure may be fabricated, such as by an 
additive manufacturing tool. 

The following discussion will be described as it may be 
implemented in an additive manufacturing environment, 

60 however, the application of the techniques described herein 
are not limited to such an environment. FIG. 1 is a simplified 
block diagram of a modeling system 100 including a manu­
facturing tool 105 and a computing system 110. In some 
embodiments, the manufacturing tool 105 may be an addi-

65 tive manufacturing tool, such as a 3D printer. The computing 
system 110 may be implemented in virtually any type of 
electronic computing device, desktop computer, a server, a 
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minicomputer, a mainframe computer or a supercomputer. 
The present subject matter is not limited by the particular 
implementation of the computing system 110. The comput­
ing system 110 includes a processor complex 115 commu­
nicating with a memory system 120. The memory system 5 

120 may include nonvolatile memory ( e.g., hard disk, flash 
memory, etc.), volatile memory (e.g., DRAM, SRAM, etc.), 
or a combination thereof. The processor complex 115 may 
be any suitable processor known in the art, and may repre­
sent multiple interconnected processors in one or more 10 

housings or distributed across multiple networked locations. 
The computing system 110 may include user interface 
hardware 125 (e.g., keyboard, mouse, display, etc.), which 
together, along with associated user interface software 130, 
comprise a user interface 135. The processor complex 115 15 

executes software instructions stored in the memory system 
120 and stores results of the instructions on the memory 
system 120 to implement a modeling and synthesis appli­
cation 140, as described in greater detail below. 

FIG. 2 is a flow diagram illustrating a method 200 for 20 

synthesizing a two-scale structure with anisotropy in accor­
dance with some embodiments. In one embodiment, the 
material property being modeled for controlling the synthe-
ses of the two-scale structure is elasticity. However, it is 
noted that the techniques described herein also apply to 25 

other tensorial properties, such as thermal or electrical 
conductivity. In general, the orientation of a material may be 
defined by the directions of its principal axes. 

In method block 205, the manufacturing tool 105 receives 

4 

fU\x) = ' { 
1 if x lies in phase i, 

0, otherwise. 

an n-point correlation of phase i is formulated mathemati­
cally as: 

S}O(x1h, ... ,xn)4'0(x1)fJl(x2) ... fO(xn) 

The first moment of n-point correlation function 

s/O(x)~P>(x) 

is the volume fraction cp. The second moment is a two-point 
correlation function: 

S2 <0cx1,X2)~f0(x1Jf0(x2), 

which can be described as the probability that a randomly 
tossed line segment has both of its ends falling into phase i 
(either material phase or void phase for a porous material). 

To estimate the effective material property from its two­
point correlation function, the Lippmann-Schwinger equa­
tion is employed: 

e(x)~e0-fgr(x,x')i\C(x')e(x')dx', 

where E is the strain distribution of a material structure under 
the constant strain E

0 on the coarse scale, r is the second 
derivative of Green's function which is the impulse response 
of homogeneous reference material C0

, and llC is the dif­
ference between the elasticity tensors of the fine scale 
material structure and the reference homogenization mate­
rial. An effective elasticity tensor may be derived by elimi­
nating E and E

0
: 

ceff ~C' +( i\C(x) )-(f gi\C(x)r(x,x')i\C(x')dx') + 
(Jg[gi\C(x)r(x,x')i\C(x')r(x,x'')i\C(x'')dx"dx')-

a sample material structure 145. FIG. 3 is a diagram of an 30 

example sample material structure 145 in accordance with 
some embodiments. In method block 210, the sample mate­
rial structure 145 is discretized, generating a plurality of 
discrete elements ( e.g., pixels for 2D structures or voxels for 
3D structures). For purposes of illustration, a 2D example is 
discussed. However, a discussion regarding the extension of 
the techniques to a 3D structure is also provided. 

35 where ( ... ) is the expectation of a function. The integrands 
bear the form of correlation functions. The effective elas-

In method block 215, a library 150 of reference neigh­
borhoods is defined, where each discrete element has an 
associated reference neighborhood. A reference neighbor- 40 

hood is a set of discrete elements ( e.g., rectangular grid) 
adjacent the selected element. The size of the neighborhood 
may vary. Example neighborhood sizes may be 23x23, 
33x33, or 45x45. The size of the neighborhood has an 
impact on the computational resources necessary to imple- 45 

ment the techniques described herein. Note that, since a 
neighborhood is generated for each pixel, a significant 
degree of overlap is present in the entries generated in the 
neighborhood library 150. 

In method block 220, the reference neighborhoods are 50 

homogenized to generate material property tensors. The 
orientation of material properties can, and often will, vary 
from point to point. To characterize the coarse scale orien­
tation field of the sample material structure 145, the effective 
material properties of each reference neighborhood in the 55 

sample material structure is evaluated at a fine scale. The 
process to calculate an effective material property is com­
monly referred to as homogenization. In one embodiment, a 
two-point correlation function of the material structure is 
employed to efficiently estimate the effective material prop- 60 

erty (e.g., elasticity) for each reference neighborhood. A 
two-point correlation function is a special case of an n-point 
correlation function, which can be defined as a probability 
that all vertices of a randomly tossed n-vertex polyhedron 
fall into the same phase of a material structure. For a 65 

heterogeneous material, the indicator function ICi)(x) is 
defined as: 

ti city tensor of the material is estimated by truncating after 
the first line of this equation, which is informationally 
equivalent to the two-point correlation function of the mate­
rial. 

To make this more explicit, assume a heterogeneous 
material has two phases, and C0=C1 is the material property 
of phase 1 in a two-phase material, so that llC(x)=IC1l(x) 
(C2 -C1). The effective elasticity tensor equation (1) 
becomes: 

ceff~C1+(CrC1)(fl>(x))-(CrC1)2(J106r(x,x')fO 

(x)fl>(x')dx') +( C,-C 1)
3 (Jg[106r(x,x')r(x,x")S3 <

1> 

(x,x',x")dx"dx')- (2) 

which represents the elasticity tensor by a series expansion 
of all orders of correlation functions. The assumption may 
be relaxed for a material having more than two phases, but 
the equation will have significantly more terms. 

Equations 1 and 2 allow the consideration of two different 
forms of inputs: (1) a detailed image of the material structure 
and using information that is equivalent to the two-point 
correlation function; or (2) the correlation function of the 
sample material structure 145 may be provided as the input 
to Equation 2. These two different types of input will result 
in the same estimation of the effective elasticity tensor. 

In method block 225, the orientation of each of the 
neighborhoods is determined. The orientation of a material 
may be determined directly from its elasticity tensor. It is 
noted that the techniques described herein may be applied to 
other tensorial properties, such as thermal and electrical 
conductivity. The orientation of each reference neighbor­
hood is determined by the directions of its principal axes. 
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For orthotropic material, principal axes of material are 
defined as the three orthogonal directions where three planes 
of symmetry meet. To find the principal axes of a material, 
the following conjecture is made: the principal axes of an 
orthotropic material coincide with the principal directions of 5 

the strain, which is the dominant eigentensor ( eigentensor 
associated with the largest eigenvalue) of the material's 
elasticity tensor if such principal directions are uniquely 
defined. 

FIG. 4 is a diagram of a set of orientation axes for the 
material property tensors 155 in the homogenized reference 
neighborhoods in the sample material structure 145 in 
accordance with some embodiments. Note that only a subset 

10 

of non-overlapping reference neighborhoods are illustrated 15 

in FIG. 4. In the example of FIG. 4, the sample material 
structure 145 is porous, having material portions and void 
portions. For the determination of the elasticity tensors, 
material portions were assigned values of Young's modulus 20 

and Poisson's ratio of E=l MPa, v=0.3, respectively, and 
void portions were assigned values of E=0.02 MPa, v=0.3, 
respectively. 

6 
Eigenvectors 

-0.1110 0.0520 0.9437 0.1415 -0.2640 -0.0366 

-0.9035 0.1546 -0.0250 -0.3979 0.0454 0.0434 

-0.1511 -0.1137 0.0494 0.4320 0.3878 0.7921 

-0.3840 -0.2375 -0.2529 0.7325 -0.2334 -0.3801 

0.0271 0.2268 -0.2007 -0.0086 -0.8331 0.4585 

0.0198 0.9234 0.0454 0.3136 0.1711 -0.1214 

Eigenvalues 

0.0054 0 0 0 0 0 

0 0.0016 0 0 0 0 

0 0 0.0012 0 0 0 

0 0 0 0.0009 0 0 

0 0 0 0 0.0005 0 

0 0 0 0 0 0.0003 

In method block 515, the dominant eigenvector is con­
verted to a 3x3 tensor matrix. The principal directions of a 

FIG. 5 is a flow diagram illustrating a method 500 for 
determining reference neighborhood orientations (as in FIG. 
4) in accordance with some embodiments. 

25 strain tensor are uniquely defined when the strain is not 
isotropic or transverse isotropic, i.e., the three principal 
strains all have different numeric values. The dominant 
Eigenvector in 3x3 form is: In method block 505, the stiffness tensor (4 th rank) gen­

erated during the homogenization described above is con­
verted to a 6x6 matrix using Mandel notation. An example 30 

stiffness matrix in Mandel notation is: 

0.0012 0.0004 0.0001 0.0001 

0.0005 

0.0002 

0.0001 

0.0046 

0.0006 

0.0016 

0.0006 

0.0006 

0.0005 

0.0016 

0.0005 

0.0015 

-0.0002 -0.0001 -0.0001 -0.0001 

-0.0002 

-0.0001 

-0.0001 

-0.0001 

0.0005 

-0.0000 

0.0000 
35 

-0.0001 

-0.0002 

0.0002 

r

-0.1110 0.0140 

0.0140 -0.9035 

0.0192 -0.2715 

0.0192 j 
-0.2715 

-0.1511 

In method block 520, the orientation of a reference 
neighborhood (e.g., neighborhood orientation) is designated 
using the 3x3 tensor of the dominant eigenvector. For 
materials with isotropic and cubic symmetries, only two or 
three distinct eigenvalues are generally present. Four differ-

-0.0000 0.0000 -0.0001 -0.0002 0.0002 0.0015 

In method block 510, eigenvalue decomposition is per-

40 ent eigenvalues are generally present for materials with 
transverse isotropic and hexagonal symmetries. Five differ­
ent eigenvalues are generally present for materials with 
tetragonal symmetry. Only materials with orthotropic sym­
metry and no general symmetries have all six different formed on the 6x6 matrix. The eigentensor of a fourth-rank 

tensor is defined by projecting a 3-dimensional fourth-rank 45 

anisotropic elasticity tensor (i.e., considered as a second­
rank tensor in a 6-dimensional space) back into the 3-di­
mensional space. Eigen decomposition of an elasticity ten-
sor provides that the eigentensor of a fourth-rank tensor in 50 
3-dimensional space is defined by the eigenvectors of the 
second-rank tensor in 6-dimensional space. Since the eigen­
vectors of elasticity tensor in Mandel notation are strains, 
they may be referred to as strain eigentensors and the 

55 
corresponding stress vectors may be referred to as stress 
eigentensors. The properties of strain and stress eigentensors 
follow the general properties of eigenvectors regardless of 
the material symmetry. For example, the stress and strain can 

eigenvalues. It has been observed that the largest eigenvalue 
of the elasticity tensor always has the multiplicity of one, 
meaning the eigentensor maximizing the strain energy is 
uniquely defined unless the strain is isotropic or transverse 
isotropic. In the latter case, the number of strains to maxi­
mize the strain energy is infinite. The principal orientation of 
the material may be determined based on the largest eigen­
value and corresponding strain eigentensor with the assump-
tion of orthotropic symmetry. The Eigenvalue decomposi­
tion (where the colunms are vectors of directions) is: 

r

-0.0218 -0.9645 -0.2632 j 
0.9512 -0.1011 0.2915 

0.3078 0.2440 -0.9197 

be decomposed into a sum of six or fewer eigentensors, and 60 The Eigenvalues rank the stiffness for three directions: 
the stress eigentensor is proportional to its strain eigenten-
sor. It is also noted that dominant strain eigentensor is the 
unit strain that maximizes the strain energy, hence the 
efficiency, of the material. The corresponding Eigenvectors 65 
(colunms) and Eigenvalues corresponding to the example 
stiffness matrix in Mandel notation are: 

0 

0.1144 

0 
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In method block 525, the neighborhood orientation of 
each reference neighborhood is rotated to align with a 
reference orientation. Employing a reference orientation 
allows efficient matching of the reference neighborhoods 
during the subsequent synthesis process. 

The theory of the technique employed in FIG. 5 is 
illustrated in the following example. The elasticity tensor of 
2D orthotropic material, when its principal orientation coin­
cides with the reference coordinate system, takes the form: 

For a given strain E, let 8 be the angle between the 
principal orientation of the orthotropic material and the 
principal directions of the strain. The rotation matrix in 
Mandel notation is: 

c2 -s2 -✓2 cs 

✓2cs 

✓2 cs -✓2 cs -2s2 

where c=cos(8) and s=sin(8). For different relative orienta­
tions, 8, the strain energy is calculated as: 

(E1 c
2 + E2s

2
i2Cu + (E2C

2 + E1s
2

i2C22 + 

2(E2C2 + E1s2)(E1C2 + E2s2i2C12 + 2c2s 2(E1 - E2J2C33 

where E=[Ei, E2 , Of is the given strain in its principal 
directions. 

8 
To prove the conjecture, it is shown that the second 

solution is not feasible when the given strain is the dominant 
strain eigentensor of the material's elasticity tensor. Recall 
that the largest eigenvalue of the elasticity tensor does not 

5 repeat itself, meaning that the unit strain to maximize the 
strain energy is always uniquely defined ( except for the 
isotropic strain). Since U is an even function of 8, the two 
results in the second solution inevitably lead to the same 
strain energy, which contradicts the uniqueness of the largest 

10 eigenvalue. As a result, the second solution is not feasible 
when the given strain is the dominant eigentensor and 
therefore the principal orientation of an orthotropic material 
coincides with the principal directions of the given strain. 

Due to the number of terms involved, a closed form 
15 solution of the relative orientation to maximize or minimize 

the strain energy in 3D is difficult. However, it was verified 
that for a, ~' y, E{0°, 90°}, Tait-Bryan angles representing 
the relative orientations between the principal directions of 
the given strain and principal axes of the orthotropic mate-

20 rial are stationary points for the strain energy. 

25 

30 

The elasticity tensor of 3D orthotropic material, when its 
principal orientation coincides with the reference coordinate 
system, takes the form: 

Cu C12 C13 0 0 0 

C12 C22 C23 0 0 0 

C13 C23 C33 0 0 0 

0 0 0 C44 0 0 

0 0 0 0 Css 0 

0 0 0 0 0 c66 

Just like in 2D case, the strain energy may be calculated 
35 for different relative orientations: 

To maximize or minimize the strain energy, the deriva­
tives are evaluated. The partial derivative of U for a given 40 

strain with respect to 8 is: 

where R is the rotation matrix in Mandel notation mapped 
from the tensor notation with the form: 

Assuming aU/38=0, results in the following solutions: 

0 = 0° or 90° (3) 

r~l l cos(y) 

0 

sin(y) 

0 1r cos(/3) 0 sin(/3) 1r cos(a:) -sin(a:) 0 j 
-sin(y) 0 1 0 sin(a:) cos(a:) 0 

cos(y) -sin(/3) 0 cos(/3) 0 0 1 
45 

It was verified mathematically that a,~' y, E{0°, 90°} are 
indeed stationary points for the strain energy. These obser­
vations, together with the proof in 2D, validates the exten-

50 sion of the techniques described herein to 3D. 
Most anisotropic materials are not perfectly orthotropic: 

some materials are only approximately orthotropic while 
others may share other type of material symmetry, e.g., 
triclinic, or no symmetry at all. The method to identify that 

1 [ Cu (c1 + E2) - C22(E1 - E2) ] 
0 = ± -arccos -----------

2 (E1 - E2)(Cu - 2C12 + C22 - 2C33) 

55 the three orthogonal axes still applies as the Eigen decom-
(4J position of the elasticity tensor does not assume any material 

where the first solution (Equation 3) implies alignment of 
the principal strain and the principal orientation of ortho­
tropic material, and the second solution (Equation 4) is a 
non-trivial high shear case and is not always feasible. It is 
straightforward to show that the 0° alignment renders a 
higher strain energy than the 90° alignment. However, it is 
less straightforward to show the existence of the second 
solution and when it maximizes or minimizes the strain 
energy. 

symmetries. Three orthogonal axes are defined as the prin­
cipal axes of the material, which represents the principal 
directions of the unit strain maximizing the strain energy. 

60 This generalization allows the defining of the orientation of 
anisotropic materials. 

FIGS. 6 and 7 show a simplified example of the results of 
the technique of FIG. 5 in a 3D application. FIG. 6 is a 
diagram of a sample 3D material structure 145' in accor-

65 dance with some embodiments. FIG. 7 is a diagram of a set 
of orientation axes 155' for the material property tensor in 
the homogenized reference neighborhood in the 3D sample 
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However, the concurrent resampling of all sites may lead to 
slow convergence or even cyclic changes because the neigh­
bors of a site are also updating. To address this issue, 
multiple resampling subpasses are performed where only 

material structure 145' of FIG. 6 in accordance with some 
embodiments. Like the 2D examples, Young's modulus and 
Poisson's ratio, E=l MPa, v=0.3 and E=0.02 MPa, v=0.3 are 
assigned to the white and black phases, respectively. The 
major axis )(1 ° aligns with the direction of the pore and the 
directions of the minor and median axes (2° and 20) capture 
the shape of the pore. 

5 one site within a neighborhood is resampled in a single 
subpass. 

FIG. 10 is a diagram of a synthesized structure 165 (see 
also FIG. 1) generated by the technique of FIG. 8 in 
accordance with some embodiments. An optimization is to 

Returning to FIG. 2, the method 200 includes synthesiz­
ing a structure using the reference neighborhoods in method 
block 230. FIG. 8 is a flow diagram illustrating a method 800 
for synthesizing a structure using the reference neighbor­
hoods in method block 230 of FIG. 2 in accordance with 
some embodiments. 

10 minimize the structure's compliance (total strain energy, a 
measure of global deformation). A Solid Isotropic Micro­
structure with Penalization (SIMP) technique employs 
power law as the material interpolation scheme to relate the 
relative density p and Young's modulus of the material: In general, the technique of FIG. 8 employs texture 

synthesis techniques to generate structures with non-uni- 15 

form orientations from the sample material structure 145. In 
method block 805, the synthesized structure is initialized 
( e.g., with random noise). FIG. 9 is a diagram of an example 
target structure 160 (see also FIG. 1). The target structure 
160 specifies a shape and set of target orientation fields for 20 

a structure to be fabricated that may be provided as an input 
or generated from an optimization routine. 

In method block 810, the neighborhoods in the library 150 
generated from the sample material structure 145 are down­
sampled. Down-sampling essentially reduces the resolution 25 

of the image (e.g., neighborhood) and smooths out gaps 
between the removed pixels. Gaussian pyramid and correc­
tion subpasses are used to provide a parallel technique. The 
Gaussian pyramid is a stack of a series of images which are 
smoothed (blurred) by a Gaussian kernel and down- 30 

sampled. The use of a Gaussian Pyramid alleviates the 
computational burden without jeopardizing the actual size of 
the neighborhood by using a much smaller window size for 
comparison at different levels of resolution. 

In method block 815, a target neighborhood for a par- 35 

ticular discrete element (e.g., pixel or voxel) in the target 
structure 160 is sampled. The lower level Gaussian Pyramid 
provides a good initial guess to guide the sampling and 
therefore eliminate the dependency on sampling order. In 
this process, closer sites gain more weight than sites further 40 

apart. 
In method block 820, the selected target neighborhood is 

rotated to align with the reference orientation. Note that the 
reference neighborhoods were also rotated to align with the 
reference orientation. During the synthesis, every reference 45 

neighborhood 150 in the sample material structure 145 may 

where E0 and Em,n are Young's moduli of the solid and void 
materials, respectively. Em,n is non-zero to avoid singularity 
of the finite element stiffness matrix. Power p penalizes 
intermediate relative density and driving the structure 
towards a black-and-white design on the coarse scale. The 
target orientation of the synthesized structure 160 is gener­
ated to follow the direction of major principal stress. Stress 
concentrations near the boundary conditions may be 
addressed by making the area near boundary conditions 
solid. 

Returning to FIGS. 1 and 2, the synthesized structure 165 
may be provided as an input to the manufacturing tool 105 
to fabricate an article based thereon. In the case of an 
additive manufacturing tool, the manufacturing tool 105 
generates a tool path 170 based on the synthesized structure 
165. In method block 235, the synthesized structure 165 is 
fabricated. The techniques described herein can also be used 
toward correlating the parameters controlling the manufac­
turing process and the performance of the manufactured 
material. For example, magnetic fields have been used to 
control the orientation of nickel-coated graphite short fibers 
in a liquid matrix. In this case, the techniques described 
herein can be used to establish the correlation between 
control parameters, such as voltage or current of the elec­
trical field, with the orientation and degree of anisotropy of 
the effective material properties of the composite. 

In one embodiment, a method includes generating a 
plurality of reference neighborhoods from a sample material 
structure. Tensors for the plurality of reference neighbor­
hoods associated with a material property are determined. A 
neighborhood orientation for each of the reference neigh­
borhoods is determined based on the tensors. A plurality of 
target neighborhoods is defined for a target structure. Each 

be rotated to align with the target orientation field, or, 
equivalently, the target neighborhood may be rotated to align 
with the orientation of the reference neighborhoods 150. The 
latter approach provides computational efficiency. 

In method block 825, a reference neighborhood 150 
similar to the target neighborhood is selected, and the 
selected reference neighborhood is assigned to the selected 
discrete element in method block 830. 

50 target neighborhood has a target orientation associated with 
the material property. A synthesized structure corresponding 
to the target structure is generated by selecting a reference 
neighborhood for each target neighborhood having a neigh-

In method block 835, the sampling in method blocks 55 

815-830 is repeated for the next discrete element. 
After finishing the sampling at the lower resolution, the 

result is up-sampled in method block 840 to provide a 
template for sampling at the higher resolution. The method 
800 returns to method block 815 to repeat the sampling at 60 

the higher resolution based on the sites sampled at the lower 
resolution. Since the material structures are synthesized with 
neighborhoods up-sampled from a lower level of the image 
pyramid, these neighborhoods do not accurately represent 
the material at the current level of the Markov Random Field 65 

(MRF). Additional passes of sampling are required by using 
the neighborhoods from the current level of resolution. 

borhood orientation matching the target orientation. 
A system includes a memory to store a plurality of 

instructions and a processor to execute the instructions to 
generate a plurality of reference neighborhoods from a 
sample material structure, determine tensors for the plurality 
of reference neighborhoods associated with a material prop­
erty, determine a neighborhood orientation for each of the 
reference neighborhoods based on the tensors, define a 
plurality of target neighborhoods for a target structure, each 
target neighborhood having a target orientation associated 
with the material property, and generate a synthesized struc­
ture corresponding to the target structure by selecting a 
reference neighborhood for each target neighborhood having 
a neighborhood orientation matching the target orientation. 
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In some embodiments, certain aspects of the techniques 
described herein may be implemented by one or more 
processors of a processing system executing software. The 
software comprises one or more sets of executable instruc­
tions stored or otherwise tangibly embodied on a non- 5 

transitory computer readable storage medium. The software 
can include the instructions and certain data that, when 
executed by the one or more processors, manipulate the one 
or more processors to perform one or more aspects of the 
techniques described above. The non-transitory computer 10 

readable storage medium can include, for example, a mag­
netic or optical disk storage device, solid state storage 
devices such as flash memory, a cache, random access 
memory (RAM), or other non-volatile memory devices, and 
the like. The executable instructions stored on the non- 15 

transitory computer readable storage medium may be in 
source code, assembly language code, object code, or other 
instruction format that is interpreted or otherwise executable 
by one or more processors. 

A non-transitory computer readable storage medium may 20 

include any storage medium, or combination of storage 
media, accessible by a computer system during use to 
provide instructions and/or data to the computer system. 
Such storage media can include, but is not limited to, optical 
media (e.g., compact disc (CD), digital versatile disc 25 

(DVD), Blu-Ray disc), magnetic media (e.g., floppy disc, 
magnetic tape or magnetic hard drive), volatile memory 
( e.g., random access memory (RAM) or cache), non-volatile 
memory ( e.g., read-only memory (ROM) or Flash memory), 

12 
above may be altered or modified and all such variations are 
considered within the scope of the disclosed subject matter. 
Accordingly, the protection sought herein is as set forth in 
the claims below. 

What is claimed is: 
1. A method, comprising: 
generating a plurality of reference neighborhoods from a 

sample material structure; 
determining tensors for the plurality of reference neigh­

borhoods associated with a material property; 
determining a neighborhood orientation for each of the 

reference neighborhoods based on the tensors; 
defining a plurality of target neighborhoods for a target 

structure, each target neighborhood having a target 
orientation associated with the material property; and 

generating a synthesized structure corresponding to the 
target structure by selecting a reference neighborhood 
for each target neighborhood having a neighborhood 
orientation matching the target orientation. 

2. The method of claim 1, wherein generating the plurality 
of reference neighborhoods comprises: 

dividing the sample material structure into a plurality of 
discrete elements; and 

generating a reference neighborhood for each discrete 
element including a set of adjacent discrete elements. 

3. The method of claim 1, wherein determining tensors for 
the plurality of reference neighborhoods comprises deter­
mining the tensors using a two-point correlation function. 

4. The method of claim 1, further comprising aligning the 
neighborhood orientation of each reference neighborhood 
with a reference orientation and aligning the target orienta­
tion of each target neighborhood to align with the reference 
orientation prior to selecting the reference neighborhood for 

or microelectromechanical systems (MEMS)-based storage 30 

media. The computer readable storage medium may be 
embedded in the computing system (e.g., system RAM or 
ROM), fixedly attached to the computing system (e.g., a 
magnetic hard drive), removably attached to the computing 
system (e.g., an optical disc or Universal Serial Bus (USB)­
based Flash memory), or coupled to the computer system via 

35 each target neighborhood. 

a wired or wireless network ( e.g., network accessible storage 
(NAS)). 

Note that not all of the activities or elements described 
above in the general description are required, that a portion 40 

of a specific activity or device may not be required, and that 
one or more further activities may be performed, or elements 
included, in addition to those described. Still further, the 
order in which activities are listed are not necessarily the 
order in which they are performed. Also, the concepts have 45 

been described with reference to specific embodiments. 
However, one of ordinary skill in the art appreciates that 
various modifications and changes can be made without 
departing from the scope of the present disclosure as set 
forth in the claims below. Accordingly, the specification and 50 

figures are to be regarded in an illustrative rather than a 
restrictive sense, and all such modifications are intended to 

5. The method of claim 1, further comprising: 
down-sampling the reference neighborhoods and the tar­

get neighborhoods prior to generating the synthesized 
structure; 

up-sampling the synthesized structure; and 
repeating the generating of the synthesized structure after 

the up-sampling. 
6. The method of claim 1, further comprising: 
generating a tool path for an additive manufacturing tool 

based on the synthesized structure; and 
fabricating the synthesized structure in the additive manu­

facturing tool using the tool path. 
7. The method of claim 1, further comprising: 
generating tool parameters for a manufacturing tool based 

on the synthesized structure; and 
fabricating the synthesized structure in the manufacturing 

tool using the tool parameters. 
be included within the scope of the present disclosure. 

Benefits, other advantages and solutions to problems have 
been described above with regard to specific embodiments. 
However, the benefits, advantages, solutions to problems 
and any feature( s) that may cause any benefit, advantage or 
solution to occur or become more pronounced are not to be 
construed as a critical, required or essential feature of any or 

8. The method of claim 1, wherein determining the 
neighborhood orientation for each of the reference neigh-

55 borhoods comprises: 

all the claims. Moreover, the particular embodiments dis- 60 

closed above are illustrative only, as the disclosed subject 
matter may be modified and practiced in different but 
equivalent manners apparent to those skilled in the art 
having the benefit of the teachings herein. No limitations are 
intended to the details of construction or design herein 65 

shown, other than as described in the claims below. It is 
therefore evident that the particular embodiments disclosed 

generating a tensor matrix for each tensor; 
determining a dominant Eigenvector of the tensor matrix; 

and 
determining the neighborhood orientation based on the 

dominant Eigenvector. 
9. The method of claim 8, wherein determining the 

dominant Eigenvector comprises performing an Eigenvalue 
decomposition on the tensor matrix. 

10. The method of claim 9, wherein the tensor matrix 
comprises a Mandel notation tensor matrix. 

11. The method of claim 10, wherein the material property 
comprises stiffness. 
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12. A system, comprising: 
a memory to store a plurality of instructions; and 
a processor to execute the instructions to generate a 

plurality of reference neighborhoods from a sample 
material structure, determine tensors for the plurality of 5 

reference neighborhoods associated with a material 
property, determine a neighborhood orientation for 
each of the reference neighborhoods based on the 
tensors, define a plurality of target neighborhoods for a 
target structure, each target neighborhood having a 10 

target orientation associated with the material property, 
and generate a synthesized structure corresponding to 
the target structure by selecting a reference neighbor­
hood for each target neighborhood having a neighbor- 15 
hood orientation matching the target orientation. 

13. The system of claim 12, wherein the processor is to 
generate the plurality of reference neighborhoods by divid­
ing the sample material structure into a plurality of discrete 
elements and generating a reference neighborhood for each 20 

discrete element including a set of adjacent discrete ele­
ments. 

14 
16. The system of claim 12, wherein the processor is to 

down-sample the reference neighborhoods and the target 
neighborhoods prior to generating the synthesized structure, 
up-sample the synthesized structure, and repeat the gener-
ating of the synthesized structure after the up-sampling. 

17. The system of claim 12, further comprising a manu­
facturing tool to fabricate the synthesized structure, wherein 
the processor is to generate a tool path for the manufacturing 
tool based on the synthesized structure, and the manufac-
turing tool is to fabricate the synthesized structure using the 
tool path. 

18. The system of claim 12, further comprising a manu-
facturing tool to fabricate the synthesized structure, wherein 
the processor is to generate tool parameters for the manu­
facturing tool based on the synthesized structure, and the 
manufacturing tool is to fabricate the synthesized structure 
in the manufacturing tool using the tool parameters. 

19. The system of claim 12, wherein the processor is to 
determine the neighborhood orientation for each of the 
reference neighborhoods by generating a tensor matrix for 
each tensor, determining a dominant Eigenvector of the 
tensor matrix, and determining the neighborhood orientation 
based on the dominant Eigenvector. 14. The system of claim 12, wherein the processor is to 

determine tensors for the plurality of reference neighbor­
hoods using a two-point correlation function. 

15. The system of claim 12, wherein the processor is to 
align the neighborhood orientation of each reference neigh­
borhood with a reference orientation and align the target 
orientation of each target neighborhood to align with the 
reference orientation prior to selecting the reference neigh­
borhood for each target neighborhood. 

20. The system of claim 19, wherein the processor is to 

25 
determine the dominant Eigenvector by performing an 
Eigenvalue decomposition on the tensor matrix. 

21. The system of claim 20, wherein the tensor matrix 
comprises a Mandel notation tensor matrix. 

22. The system of claim 12, wherein the material property 
comprises stiffness. 

* * * * * 




