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including a first lattice structure and a second lattice structure. The first lattice
structure includes a first matrix having a first length, a first width, and a first
height. The second lattice structure includes a second matrix having a second
-2 length, a second width, and a second height. The second length times two is
a factor of the first length, the second width times two is a factor of the first
width, and the second height times two is a factor of the first height.
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MULTISCALE DENSITY THRESHOLD MATRICES FOR 3D PRINTING

Background

[0001] Printing technologies may be used to create three-dimensional objects
from data output from a computerized modeling source. For example, a three-
dimensional object may be designed using a computer program (e.g., a
computer aided design (CAD) application), and the computer may output the
data of the design to a printing system capable of forming the solid three-
dimensional object. Solid free-form fabrication (or layer manufacturing) may be
defined generally as a fabrication technology used to build a three-dimensional
object using layer by layer or point-by-point fabrication. With this fabrication
process, complex shapes may be formed without the use of a pre-shaped die or

mold.

Brief Description of the Drawings

[0002] Figure 1A illustrates one example of a three-dimensional (3D) printed
object including tetrahedral matrices of two different scales.

[0003] Figure 1B illustrates one example of a 3D printed object including cubic
matrices of two different scales.

[0004] Figure 2 is a diagram illustrating one example of lattice scales of an
object as a function of spaciousness.

[0005] Figure 3A is a flow diagram illustrating one example of a method for
generating multiscale density threshold matrices for 3D printing.

[0006] Figure 3B is a flow diagram illustrating another example of a method for
generating multiscale density threshold matrices for 3D printing.

[0007] Figure 4 is a block diagram illustrating one example of a system for

generating multiscale density threshold matrices for 3D printing.
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[0008] Figure 5A illustrates one example of a density threshold matrix of scale
one.

[0009] Figure 5B illustrates one example of a density threshold matrix of scale
two.

[0010] Figure 5C illustrates one example of a density threshold matrix of scale
three.

[0011] Figure 6 is a flow diagram illustrating one example of a method for 3D
printing an object using multiscale density threshold matrices.

[0012] Figure 7 is a block diagram illustrating one example of a system for 3D

printing an object using multiscale density threshold matrices.

Detailed Description

[0013] In the following detailed description, reference is made to the
accompanying drawings which form a part hereof, and in which is shown by way
of illustration specific examples in which the disclosure may be practiced. Itisto
be understood that other examples may be utilized and structural or logical
changes may be made without departing from the scope of the present
disclosure. The following detailed description, therefore, is not to be taken in a
limiting sense, and the scope of the present disclosure is defined by the
appended claims. It is to be understood that features of the various examples
described herein may be combined, in part or whole, with each other, unless
specifically noted otherwise.

[0014] Variable density lattices are useful for filling the interiors of three-
dimensional (3D) printed objects for both reducing the weight of the object and
for thermal management during fabrication. One lattice size, however, may not
be appropriate for all interior volumes. Smaller or more confined interior
volumes may benefit from smaller lattice structures while larger or more open
interior volumes may benefit from larger lattice structures. For objects that have
both tight and spacious interior spaces, a change in lattice sizes within the same
object may be beneficial. Merely changing the size of the lattice structure within

an object, however, may result in a weak interface between the lattice
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structures. In general, the weak interface is due to the struts of one lattice
structure not attaching to struts of the other lattice structure. Therefore, the
shell of the 3D printed object enveloping these interiors will carry the entire
stress holding the object together. Without a shell, these structures would fall
apart and separate at the interface between the lattice structures.

[0015] Accordingly, as disclosed herein, a system for generating a set of
multiscale density threshold matrices and for rendering a multiscale 3D print is
described. Finer scaled versions of lattices of the set of multiscale density
threshold matrices are aligned with courser scaled versions of lattices to
maintain structural integrity and strength. Scale changes occur at the border of
the fundamental rectangular period of the lattices. Thus, 3D printed objects may
include lattices of different sizes while maintaining structural integrity and
strength.

[0016] Figure 1A illustrates one example of a 3D printed object 100 including
tetrahedral matrices of two different scales. The 3D printed object 100 includes
a first lattice structure 102 and a second lattice structure 112 coupled to the first
lattice structure 102. Struts of first lattice structure 102 directly contact struts of
second lattice structure 112 to maintain the structural integrity and strength
between first lattice structure 102 and second lattice structure 112. First lattice
structure 102 includes a plurality of first matrices 104 (e.g., eight in Figure 1A).
Each first matrix 104 has a first length as indicated at 106, a first width as
indicated at 108, and a first height as indicated at 110. Second lattice structure
112 includes a plurality of second matrices 114 (e.g., 64 in Figure 1A). Each
second matrix 114 has a second length as indicated at 116, a second width as
indicated at 118, and a second height as indicated at 120.

[0017] In this example, the second length 116 of each second matrix 114 is one
half the first length 106 of each first matrix 104. The second width 118 of each
second matrix 114 is one half the first width 108 of each first matrix 104.
Likewise, the second height 120 of each second matrix 114 is one half the first
height 110 of each first matrix 104. Therefore, the second length 116 times two

is a factor of the first length 106, the second width 118 times two is a factor of



WO 2018/022035 PCT/US2016/044223

the first width 108, and the second height 120 times two is a factor of the first
height 110.

[0018] In other examples, 3D printed object 100 may include a plurality of further
lattice structures where each further lattice structure includes a plurality of
further matrices. Each further matrix has a length, a width, and a height. The
length of the further matrix times two is a factor of the first length 106, the width
of the further matrix times two is a factor of the first width 108, and the height of
the further matrix times two is a factor of the first height 110. Accordingly, struts
of the further lattice structure directly contact struts of first lattice structure 102
and/or second lattice structure 112 to maintain the structural integrity and
strength of object 100.

[0019] Figure 1B illustrates one example of a 3D printed object 130 including
cubic matrices of two different scales. The 3D printed object 130 includes a first
lattice structure 132 and a second lattice structure 152 coupled to the first lattice
structure 132. Struts of first lattice structure 132 directly contact struts of
second lattice structure 152 to maintain the structural integrity and strength
between first lattice structure 132 and second lattice structure 152. First lattice
structure 132 includes a plurality of first matrices 134 (e.g., eight in Figure 1B).
Each first matrix 134 has a first length as indicated at 136, a first width as
indicated at 138, and a first height as indicated at 140. Second lattice structure
152 includes a plurality of second matrices 154 (e.g., 64 in Figure 1B). Each
second matrix 154 has a second length as indicated at 156, a second width as
indicated at 158, and a second height as indicated at 160.

[0020] In this example, the second length 156 of each second matrix 154 is one
half the first length 136 of each first matrix 134. The second width 158 of each
second matrix 154 is one half the first width 138 of each first matrix 134.
Likewise, the second height 160 of each second matrix 154 is one half the first
height 140 of each first matrix 134. Therefore, the second length 156 times two
is a factor of the first length 136, the second width 158 times two is a factor of
the first width 138, and the second height 160 times two is a factor of the first
height 140.
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[0021] In other examples, 3D printed object 130 may include a plurality of further
lattice structures where each further lattice structure includes a plurality of
further matrices. Each further matrix has a length, a width, and a height. The
length of the further matrix times two is a factor of the first length 136, the width
of the further matrix times two is a factor of the first width 138, and the height of
the further matrix times two is a factor of the first height 140. Accordingly, struts
of the further lattice structure directly contact struts of first lattice structure 132
and/or second lattice structure 152 to maintain the structural integrity and
strength of object 130.

[0022] Figure 2 is a diagram illustrating one example of lattice scales of an
object 200 as a function of spaciousness. Figure 2 illustrates a two-dimensional
slice of an object where the extent of lattice periods are outlined. An actual
shape of the lattice is not shown. The density lattice is represented by an X by
Y repeating period depicted by the thicker lines in Figure 2. The group of
periods indicated at 202 are scale = 1, which represent the largest scale
structure where a single instance of the lattice fills each X by Y period. The
group of periods indicated at 204 are scale = 2, which represent a 2 by 2
smaller version of the largest scale structure such that four instances of the
lattice fills each X by Y period. Likewise, the group of periods indicated at 206
are scale = 3, which represent a 4 by 4 smaller version of the largest scale
structure such that 16 instances of the lattice fills each X by Y period. In this
example, the larger lattices fill the more spacious area and the smaller lattices
fill the less spacious area. A partial lattice may fill the area near the edge of the
object as indicated at 208. Structural integrity is achieved by forcing scale
changes at the border of the fundamental X by Y period as illustrated in Figure 2
and by making smaller versions of the lattice with the same shape as larger
versions of the lattice.

[0023] Figure 3A is a flow diagram illustrating one example of a method 250 for
generating multiscale density threshold matrices for 3D printing. In one
example, method 250 is performed by a processor, such as processor 402,
which will be described with reference to Figure 4. At 252, method 250 includes

specifying dimensions of a fundamental rectangular period of a density
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threshold matrix and specifying a maximum number of scales to generate. At
254, method 250 includes generating a density threshold matrix for each scale
based on the fundamental rectangular period to provide the set of multiscale
density threshold matrices.

[0024] Figure 3B is a flow diagram illustrating another example of a method 300
for generating multiscale density threshold matrices for 3D printing. In one
example, method 300 is performed by a processor, such as processor 402,
which will be described with reference to Figure 4. At 302, method 300 includes
specifying dimensions of a fundamental rectangular period (e.g., X by Y by Z) of
a density threshold matrix and specifying a maximum number of scales (Smax)
to generate. The maximum number of scales should be greater than one to
generate multiscale density threshold matrices for an object having more than
one lattice structure. In one example, each of the dimensions of the
fundamental rectangular period is a factor of two to the power of the maximum
number of scales minus one (i.e., 25Max~1) - At 304, method 300 includes
initializing a scale value to one and initializing a matrix size to the dimensions of
the fundamental rectangular period.

[0025] At 306, method 300 includes repeating 308, 310, 312, and 314 until the
scale value is greater than the maximum number of scales. At 308, method 300
includes generating a single threshold matrix having a size corresponding to the
matrix size. At 310, method 300 includes replicating the single threshold matrix
based on the scale value to provide one density threshold matrix of the set of
multiscale density threshold matrices. In one example, replicating the single
threshold matrix includes replicating the single threshold matrix by two to the
power of the maximum number of scales minus one (i.e., 25Max~1) for each
dimension of the single threshold matrix.

[0026] At 312, method 300 includes reducing the matrix size by dividing each
dimension of the matrix size by two. At 314, method 300 includes setting the
scale value equal to the scale value plus one. Method 300 then returns to 308
and the process is repeated until the scale value is greater than the maximum
number of scales. In one example, the set of multiscale density threshold

matrices define a set of tetrahedral matrices or a set of cubic matrices. In other
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examples, the set of multiscale density threshold matrices may define a set of
matrices having another suitable shape.

[0027] Figure 4 is a block diagram illustrating one example of a system 400 for
generating multiscale density threshold matrices for 3D printing. System 400
may implement method 300 previously described and illustrated with reference
to Figure 3B. Additional details for generating multiscale density threshold
matrices for 3D printing are also described with reference to system 400.

[0028] System 400 includes a processor 402 and a machine-readable storage
medium 406. Processor 402 is communicatively coupled to machine-readable
storage medium 406 through a communication path 404. Although the following
description refers to a single processor and a single machine-readable storage
medium, the description may also apply to a system with multiple processors
and multiple machine-readable storage mediums. In such examples, the
instructions may be distributed (e.g., stored) across multiple machine-readable
storage mediums and the instructions may be distributed (e.g., executed by)
across multiple processors.

[0029] Processor 402 includes one or more central processing units (CPUs),
microprocessors, and/or other suitable hardware devices for retrieval and
execution of instructions stored in machine-readable storage medium 406.
Processor 402 may fetch, decode, and execute instructions 408-420 to
generate a set of multiscale density threshold matrices for 3D printing.

[0030] Processor 402 may fetch, decode, and execute instructions 408 to start
the generation of the set of multiscale density threshold matrices. Processor
402 may fetch, decode, and execute instructions 410 to initialize the generation
of the set of multiscale density threshold matrices. First, the dimensions of the
fundamental rectangular period of the density threshold matrix (X, Y, Z) and the
maximum number of scales (Smax) to generate are specified. To be sure that
the structures will be symmetric, each of the three dimension sizes (X, Y, Z)
should be factors of 25Max~1_ For example, for a 3-scale system X, Y, and Z
should be divisible by 4. Processor 402 initializes three matrix size variables

(Xs, Ys, Zs) to be equal to the respective dimensions of the fundamental
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rectangular period as follows: Xs = X, Ys =Y, and Zs = Z. Processor 402 also
sets a scale variable (S) to one as follows: S = 1.

[0031] Processor 402 may fetch, decode, and execute instructions 412 to make
a single threshold matrix of size (Xs, Ys, Zs) to provide UNITHRESHOLD(x, v,
z). UNITHRESHOLD(x, y, z) may be provided by first generating a density rank
matrix and then normalizing the density rank matrix to generate a density
threshold matrix. The density rank matrix may be described as a periodic 3D
matrix of size X by Y by Z (i.e., (X, Y, Z)), where each element is an integer
indicating the order that the element will turn on a voxel with increasing density.
The density rank matrix may be referred to herein as a rectangular periodic
matrix, where the density rank matrix provides a rectangular period that tiles all
of three-dimensional space. The density rank matrix may provide for the
rendering of a variable density 3D object. The density rank matrix may be
applied to objects for which the interior needs less material or weight, while still
maintaining the object strength.

[0032] The density threshold matrix may be described as a matrix for which the
rank values in the density rank matrix are converted to threshold values
normalized to a range of values used in a continuous density 3D input object.
The density threshold matrix may be the same size as the density rank matrix
(iLe., (X, Y, Z)). The 3D input object may be described as any object that is to
be printed and includes a three-dimensional shape. The 3D input object may
include discrete space values that describe the density at each point of the
object, from empty space, represented by zero, to solid, represented by a
maximum value.

[0033] Processor 402 may fetch, decode, and execute instructions 414 to
replicate UNITHRESHOLD(x, y, z) by 251 x 251 x 251 to provide one of the set
of multiscale density threshold matrices, THRESHOLDI[S](X, y, z). For the first
iteration of instructions 414 when S = 1, the UNITHRESHOLD(x, y, z) matrix
already fills (X, Y, Z) and the replication is 1x1x1.

[0034] Processor 402 may fetch, decode, and execute instructions 416 to
reduce the matrix size by one half in each dimension and increase the scale
variable by one as follows: Xs = Xs/2, Ys = Ys/2, Zs = Zs/2, and S =S + 1.
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Processor 402 may fetch, decode, and execute instructions 418 to determine
whether S is greater than Smax. If S is greater than Smax, then processor 402
may fetch, decode, and execute instructions 420 to end the generation of the
set of multiscale density threshold matrices.

[0035] If S is not greater than Swmax, then processor 402 may fetch, decode, and
execute instructions 412 and the process is repeated to generate the next
density threshold matrix of the set of multiscale density threshold matrices. The
process repeats until all of the density threshold matrices of size (X, Y, Z) are
generated. These matrices are a set of numbers between zero and one, with
some predetermined number of precision bits, that represent the order in which
voxels will be printed when compared to the continuous input density values.
As these sets of numbers may be difficult to visualize, Figures 5A-5C described
below illustrate the first three scales of density threshold matrices by depicting
structures that could be rendered by those sets of numbers, respectively.

[0036] As an alternative or in addition to retrieving and executing instructions,
processor 402 may include one or more electronic circuits comprising a number
of electronic components for performing the functionality of one or more of the
instructions in machine-readable storage medium 406. With respect to the
executable instruction representations (e.g., boxes) described and illustrated
herein, it should be understood that part or all of the executable instructions
and/or electronic circuits included within one box may, in alternate examples, be
included in a different box illustrated in the figures or in a different box not
shown.

[0037] Machine-readable storage medium 406 is a non-transitory storage
medium and may be any suitable electronic, magnetic, optical, or other physical
storage device that stores executable instructions. Thus, machine-readable
storage medium 406 may be, for example, random access memory (RAM), an
electrically-erasable programmable read-only memory (EEPROM), a storage
drive, an optical disc, and the like. Machine-readable storage medium 406 may
be disposed within system 400, as illustrated in Figure 4. In this case, the
executable instructions may be installed on system 400. Alternatively, machine-

readable storage medium 406 may be a portable, external, or remote storage
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medium that allows system 400 to download the instructions from the
portable/external/remote storage medium. In this case, the executable
instructions may be part of an installation package.

[0038] Figure 5A illustrates one example of an X by Y by Z density threshold
matrix 500 of scale one. Density threshold matrix 500 includes a single matrix.
Figure 5B illustrates one example of an X by Y by Z density threshold matrix
502 of scale two. Density threshold matrix 502 includes 2 by 2 by 2 smaller
matrices of size Xs = X/2 by Ys = Y/2 by Zs = Z/2. Thus, density threshold
matrix 502 includes eight matrices. Figure 5C illustrates one example of an X
by Y by Z density threshold matrix 504 of scale three. Density threshold matrix
504 includes 4 by 4 by 4 smaller matrices of size Xs = X/4 by Ys = Y/4 by Zs =
Z/4. Thus, density threshold matrix 504 includes 64 matrices. While Figures
5A-5C illustrate tetrahedral matrices, other suitably shaped matrices may be
used.

[0039] Figure 6 is a flow diagram illustrating one example of a method 600 for
3D printing an object using multiscale density threshold matrices. In one
example, method 600 is performed by a processor, such as processor 702,
which will be described with reference to Figure 7. At 602, method 600 includes
receiving a set of multiscale density threshold matrices, a matrix size, density
data of each voxel of an object to be printed, and a set of scales that specifies
the scale for each voxel of the object to be printed.

[0040] In one example, the density data of each voxel of the object to be printed
includes a value between zero and one where zero indicates an empty space
and one indicates a solid space. The set of scales may specify a first scale for
each voxel of a first portion of the object to be printed and a second scale for
each voxel of a second portion of the object to be printed where the first portion
is more spacious than the second portion. Each density threshold matrix of the
set of multiscale density threshold matrices may define struts that may directly
contact struts of each of the other density threshold matrices.

[0041] At 604, method 600 includes repeating 606, 608, 610, and 612 to step
through the object to be printed in discrete blocks having a size equal to the

matrix size. At 606, method 600 includes determining a starting voxel of each
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block. At 608, method 600 includes setting a scale of each block based on the
starting voxel of each block and the set of scales. At 610, method 600 includes
stepping through each voxel of each block. At 612, method 600 includes at
each voxel, determining whether to generate the voxel based on the density
data of the voxel and the density threshold matrix for the set scale of the
corresponding block.

[0042] In one example, wherein determining whether to generate the voxel
includes determining whether the density data for the voxel is greater than a
corresponding threshold value in the density threshold matrix for the set scale.
In response to a determination that the density data is greater than the
corresponding threshold value in the density threshold matrix for the set scale,
the method includes indicating generation of the voxel. In response to a
determination that the density data is less than or equal to the corresponding
threshold value in the density threshold matrix for the set scale, the method
includes indicating not to generate the voxel.

[0043] Figure 7 is a block diagram illustrating one example of a system 700 for
3D printing an object using multiscale density threshold matrices. System 700
may implement method 600 previously described and illustrated with reference
to Figure 6. Additional details for 3D printing an object using multiscale density
threshold matrices are also described with reference to system 700.

[0044] System 700 includes a processor 702 and a machine-readable storage
medium 706. Processor 702 is communicatively coupled to machine-readable
storage medium 706 through a communication path 704. Although the following
description refers to a single processor and a single machine-readable storage
medium, the description may also apply to a system with multiple processors
and multiple machine-readable storage mediums. In such examples, the
instructions may be distributed (e.g., stored) across multiple machine-readable
storage mediums and the instructions may be distributed (e.g., executed by)
across multiple processors.

[0045] Processor 702 includes one or more CPUs, microprocessors, and/or
other suitable hardware devices for retrieval and execution of instructions stored

in machine-readable storage medium 706. Processor 702 may fetch, decode,
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and execute instructions 708 and 710 to 3D print an object using multiscale
density threshold matrices.

[0046] For single-scale 3D density printing, an input object may be described by
continuous-tone values that describe the density. Solid portions have a value of
one, empty spaces have a value of zero, and values between zero and one
describe various levels of density. During the rendering process, a single
density threshold matrix is periodically replicated and compared against the
input values.

[0047] In the multiscale run-time system illustrated in Figure 7, the inputs to the
system include the set of multiscale density threshold matrices,
THRESHOLDIS](x, y, z), the matrix size (X, Y, Z), the continuous-tone input
object, INPUT(x, y, z), and the input scale, SCALE(x, y, z). The input scale is
an integer between 1 and Swmax that specifies the scale intended for each
location (x, y, z). One criteria that may be used to determine the scale at each
location is the spaciousness of the volume at each location.

[0048] Processor 702 may fetch, decode, and execute instructions 708 to step
through the entire object in discrete blocks of size (X, Y, Z). The starting point
for each block is (xo, yo, zo) suchthat xo =0, X, 2X, ...; yo=0,Y, 2Y, ...; and zo
=0, Z, 2Z,... for each block, respectively. Processor 702 may fetch, decode,
and execute instructions 710 to process each block including instructions 712,
714,716, and 718. Processor 702 may fetch, decode, and execute instructions
712 to set the scale for the block. The scale (S) for the entire block is set based
on the value of the scale at the starting point (xo, yo, zo) such that S = SCALE((xo,
yo, Zo). In this way, the scale is prevented from changing inside the block so
that no structural discontinuity is formed.

[0049] Processor 702 may fetch, decode, and execute instructions 714 to step
through all the voxels in the block based on internal block coordinates (x', y', Z').
Thus, x'=0,1, ... X-1;y'=0,1, ... Y-1;and 2 =0, 1, ... Z-1 to step through
each voxel in the block. Processor 702 may fetch, decode, and execute
instructions 716 to find input coordinates (x, y, z) for each voxel in the block
based on the starting point (xo, yo, zo) of the block and the internal coordinates

(X', y,2Z). Thus,x=xo+x;y=yo+y,;andz=2z0+2Z"
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[0050] Processor 702 may fetch, decode, and execute instructions 718 to build
the output. For each voxel of the block, if INPUT(x, vy, z) is greater than
THRESHOLDI[S](X', y', Z), then the output, OUTPUT(X, y, z) = 1 to indicate
generation (e.g., printing) of the voxel. If INPUT(x, y, z) is not greater than
THRESHOLDI[S](X', y', 2), then OUTPUT(X, y, z) = 0 to indicate not to generate
the voxel. The OUTPUT(x, y, z) for the voxel may then be provided to a suitable
3D printer to fabricate that voxel of the object. Processing of the object is
complete when all blocks of the object have been processed. System 700 may
be used to generate a multiscale output where the structural integrity is
preserved at the interface between scales.

[0051] As an alternative or in addition to retrieving and executing instructions,
processor 702 may include one or more electronic circuits comprising a number
of electronic components for performing the functionality of one or more of the
instructions in machine-readable storage medium 706. With respect to the
executable instruction representations (e.g., boxes) described and illustrated
herein, it should be understood that part or all of the executable instructions
and/or electronic circuits included within one box may, in alternate examples, be
included in a different box illustrated in the figures or in a different box not
shown.

[0052] Machine-readable storage medium 706 is a non-transitory storage
medium and may be any suitable electronic, magnetic, optical, or other physical
storage device that stores executable instructions. Thus, machine-readable
storage medium 706 may be, for example, RAM, an EEPROM, a storage drive,
an optical disc, and the like. Machine-readable storage medium 706 may be
disposed within system 700, as illustrated in Figure 7. In this case, the
executable instructions may be installed on system 700. Alternatively, machine-
readable storage medium 706 may be a portable, external, or remote storage
medium that allows system 700 to download the instructions from the
portable/external/remote storage medium. In this case, the executable
instructions may be part of an installation package.

[0053] Although specific examples have been illustrated and described herein, a

variety of alternate and/or equivalent implementations may be substituted for the
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specific examples shown and described without departing from the scope of the
present disclosure. This application is intended to cover any adaptations or
variations of the specific examples discussed herein. Therefore, it is intended

that this disclosure be limited only by the claims and the equivalents thereof.
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CLAIMS

1. A three-dimensional (3D) printed object comprising:

a first lattice structure comprising a first matrix, the first matrix having a
first length, a first width, and a first height; and

a second lattice structure comprising a second matrix, the second matrix
having a second length, a second width, and a second height,

wherein the second length times two is a factor of the first length, the
second width times two is a factor of the first width, and the second height times

two is a factor of the first height.

2. The 3D object of claim 1, wherein struts of the first lattice structure

directly contact struts of the second lattice structure.

3. The 3D object of claim 1, further comprising:

a plurality of further lattice structures, each further lattice structure
comprising a further matrix, the further matrix having a length, a width, and a
height,

wherein the length of the further matrix times two is a factor of the first
length, the width of the further matrix times two is a factor of the first width, and

the height of the further matrix times two is a factor of the first height.

4. The 3D object of claim 1, wherein the first lattice structure comprises a
tetrahedral matrix, and

wherein the second lattice structure comprises a tetrahedral matrix.

. The 3D object of claim 1, wherein the first lattice structure comprises a
cubic matrix, and

wherein the second lattice structure comprises a cubic matrix.
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6. A method to generate a set of multiscale density threshold matrices for
three-dimensional printing, the method comprising:

specifying, via a processor, dimensions of a fundamental rectangular
period of a density threshold matrix and specifying a maximum number of
scales to generate; and

generating, via the processor, a density threshold matrix for each scale
based on the fundamental rectangular period to provide the set of multiscale

density threshold matrices.

7. The method of claim 6, wherein generating the density threshold matrix
for each scale based on the fundamental rectangular period to provide the set of
multiscale density threshold matrices comprises:
initializing, via the processor, a scale value to one and initializing a matrix
size to the dimensions of the fundamental rectangular period; and
via the processor, repeating until the scale value is greater than the
maximum number of scales:
generating a single threshold matrix having a size corresponding
to the matrix size;
replicating the single threshold matrix based on the scale value to
provide one density threshold matrix of the set of multiscale density
threshold matrices;
reducing the matrix size by dividing each dimension of the matrix
size by two; and

setting the scale value equal to the scale value plus one.

8. The method of claim 7, wherein each of the dimensions of the
fundamental rectangular period is a factor of two to the power of the maximum

number of scales minus one.

9. The method of claim 7, wherein replicating the single threshold matrix

comprises replicating the single threshold matrix by two to the power of the
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maximum number of scales minus one for each dimension of the single

threshold matrix.

10.  The method of claim 7, wherein the set of multiscale density threshold

matrices defines a set of tetrahedral matrices or a set of cubic matrices.

11. A method for printing a three-dimensional object, the method comprising:
receiving, via a processor, a set of multiscale density threshold matrices,
a matrix size, density data of each voxel of an object to be printed, and a set of
scales that specifies the scale for each voxel of the object to be printed; and
stepping, via the processor, through the object to be printed in discrete
blocks having a size equal to the matrix size, for each block:
determining a starting voxel of each block;
setting a scale of each block based on the starting voxel of each
block and the set of scales;
stepping through each voxel of each block; and
at each voxel, determining whether to generate the voxel based on
the density data of the voxel and the density threshold matrix for the set

scale of the corresponding block.

12. The method of claim 11, wherein determining whether to generate the
voxel comprises:

determining whether the density data for the voxel is greater than a
corresponding threshold value in the density threshold matrix for the set scale;
and

in response to a determination that the density data is greater than the
corresponding threshold value in the density threshold matrix for the set scale,
indicating generation of the voxel; and

in response to a determination that the density data is less than or equal
to the corresponding threshold value in the density threshold matrix for the set

scale, indicating not to generate the voxel.



WO 2018/022035 PCT/US2016/044223

18

13. The method of claim 11, wherein the density data of each voxel of the
object to be printed comprises a value between zero and one where zero

indicates an empty space and one indicates a solid space.

14.  The method of claim 11, wherein the set of scales specifies a first scale
for each voxel of a first portion of the object to be printed and a second scale for
each voxel of a second portion of the object to be printed, the first portion being

more spacious than the second portion.

15. The method of claim 11, wherein each density threshold matrix of the set
of multiscale density threshold matrices define struts that may directly contact

struts of each of the other density threshold matrices.
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