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POROUS STRUCTURE AND METHODS OF MAKING SAME

FIELD OF INVENTION

[0001] The present disclosure generally relates to porous structures produced by rapid
manufacturing technologies and methods of making same, and more particularly to

compensating for systematic error in the manufacturing process of same.

BACKGROUND

[0002] Certain medical implants and orthopedic implants require strength for weight
bearing purposes and porosity to encourage bone/tissue in-growth. For example, many
orthopedic implants include porous sections that provide a scaffold structure to
encourage bone in-growth during healing and a weight bearing section intended to render
the patient ambulatory more quickly. Rapid manufacturing technologies (RMT),
particularly direct metal fabrication (DMF) and solid free-form fabrication (SFF), have
been used to produce metal foam used in medical implants or portions of medical
implants. In general, RMT methods allow for structures to be built from 3-D CAD
models, including tessellated/triangulated solids and smooth solids. For example, DMF
techniques produce three-dimensional structures one layer at a time from a powder which
is solidified by irradiating a layer of the powder with an energy source such as a laser or
an electron beam. The powder is fused, melted or sintered, by the application of the
energy source, which is directed in raster-scan fashion to selected portions of the powder
layer. After fusing a pattern in one powder layer, an additional layer of powder is
dispensed, and the process is repeated with fusion taking place between the layers, until

the desired structure is complete.

[0003] While DMF can be used to provide dense structures strong enough to serve as

weight bearing structures in medical implants, the porous structures conventionally used
-1-
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employ arrangements with uniform, non-random, and regular features that create weak
areas where the struts of the three-dimensional porous structure intersect. Further,
conventional porous structures with uniform, non-random, and regular features that do -
not resemble trabecular bone structures. -The disclosures of International Application
Nos. PCT/US2010/046022, PCT/US2010/046032, and PCT/U52010/056602 address
these drawbacks by providing efficient methods to manufacture three dimensional
porous structures, and the structures themselves, with randomized scaffold structures that
provide for improved porosity without sacrificing the strength, improved strength
including seamless junctions between units, and improved connectivity, as well as
trabecular  features. The disclosures of International Application Nos.
PCT/US2010/046022, PCT/US2010/046032, and PCT/U52010/056602 are incorporated

herein by reference in their entirety.

[0004] The RMT build process, however, often does not precisely form the porous
structure according to the design input. In particular, due to the directionality of the
build process for rapid manufacturing machinery, objects built in the X-Y plane do not
necessarily look the same if built in either the Y-Z or X-Z planes. The Z-dimension (or
vertical direction) is more difficult to control when the build process plots in layers
oriented in the X-Y plane. In other words, an aperture oriented in the X-Z plane that is
supposed to have similar shape and size to another aperture in the X-Y plane takes on a

slightly different shape and size when it is built.

[0005] While this disparity is usually negligible in many cases, it is quite apparent when
the built structure itself is quite small, such as structures intended for biologic ingrowth.
Minor disparities caused by the RMT build process in the structures intended for biologic

ingrowth can result in structures that are not optimal for its purpose. For instance, the

2.
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structures can include struts that are predisposed to failure because they are thinner or more
elongated than as dictated by specification or the structure may not have the optimal porosity

because struts are thicker than specified, as well as the thinner or more elongated struts.

[0006] In light of the above, there is still a need for efficient methods to address directional
disparities of structures built by the RMT process or other manufacturing processes that
suffers from similar directional disparities, e.g., affected by relative proximity to a heat
source/sink or layer-by-layer build approach, particularly structures intended for biologic

ingrowth.

SUMMARY OF THE DISCLOSURE

[0007] One aspect of the present disclosure is to compensate for directional disparities in the
build process of RMT equipment by modifying the features of a structure relative to a heat

source/sink affecting the disparities during the build process of RMT equipment.

[0008] Another aspect of the present disclosure is to provide methods that allow features of a
structure built in one plane to have similar shape and size as those built in another plane in the

RMT equipment.

[0009] Another aspect of the present disclosure is to provide structures with features that have

been compensated for the directional disparities in the build process of RMT equipment.

[0010] According to the present invention, there is provided a method for fabricating a porous
structure comprising the steps of: creating a model of a porous structure, said creating step
comprising the steps of: defining at least one strut of said porous structure, wherein said at
least one strut comprises a first node, a second node, and a body between said first node and
said second node; assigning a local coordinate system to said at least one strut, said local

coordinate system having at least one direction perpendicular to the normal vector of a first
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plane; modifying a dimension of said at least one strut in said at least one direction, wherein

said modifying step does not affect any changes in said first plane; and fabricating the porous

structure according to the model by exposing fusible material to an energy source.

[0011] In one embodiment, the modifying step comprises the steps of: projecting a three-
dimensional volume of said at least one strut to said first plane such that said first and second
nodes lie in said first plane; applying a scaling factor to said dimension of said at least one
strut; and projecting said projected three-dimensional volume in said first plane back to an
original position. In another embodiment, the modifying step does not change the location of

at least one of said first node and said second node.

[0012] In one embodiment, the scaling factor is based at least on an error to be compensated in
a machine used to expose fusible material to an energy source. In another embodiment, the
first plane comprises a build plane of said machine. In another embodiment, the scaling factor
varies based at least on a distance relative to said build plane. In yet another embodiment, the

dimension is selected from the group consisting of thickness and length.

[0013] According to another aspect of the present disclosure, not claimed herein, there is
provided a method for fabricating a porous structure comprising the steps of: creating amodel
of a porous structure, said creating step comprising the steps of: defining at least one strut of
said porous structure, wherein said strut comprises a first node, a second node, and a body
between said first node and said second node; assigning a local coordinate system to said strut,
said local coordinate system having at least one direction perpendicular to the normal vector of
a first plane; modifying a dimension of said strut in said first plane; and fabricating the porous

structure according to the model by exposing fusible material to an energy source.

[0014] In one embodiment, the first plane comprises a build plane of said machine and the

modifying step comprises the steps of: projecting a three-dimensional volume of said at least
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one strut to said first plane such that said first and second nodes lie in said first plane; applying
a scaling factor to said dimension of said at least one strut; and projecting said three-
dimensional volume in said first plane back to an original position. In another embodiment,
the modifying step comprises the steps of: transforming said local coordinate system to a
coordinate system of said first plane; applying a scaling factor to said dimension of said at
least one strut; and transforming said coordinate system of said first plane to said local
coordinate system. In another embodiment, the modifying step comprises the steps of:
assigning an additional local coordinate system associated with at least one new node to said
at least one strut, transforming said at least one strut in said local coordinate system and said
additional local coordinate system to a coordinate system of said first plane; applying a scaling
factor to said dimension of said at least one strut, said scaling factor corresponds at least to
said additional local coordinate system; and transforming said at least one strut in said
additional coordinate system of said first plane to said local coordinate system. In these
embodiments, the scaling factor may vary based at least on a distance relative to said build

plane.

[0015] In one embodiment, the modifying step is based at least on an error to be compensated
in a machine used to expose fusible material to an energy source. In another embodiment, the
first plane comprises a build plane of said machine. In another embodiment, the scaling factor

varies based at least on a distance relative said first plane.

[0016] Other advantages and features will be apparent from the following detailed description
when read in conjunction with the attached drawings. The foregoing has outlined rather
broadly the features and technical advantages of the present invention in order that the detailed
description of the invention that follows may be better understood. Additional features and
advantages of the invention will be described hereinafter which form the subject of

embodiments of the invention. It should be appreciated by those skilled in the art that the
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conception and specific embodiment disclosed may be readily utilized as a basis for modifying
or designing other structures for carrying out the same purposes of the present invention. It
should also be realized by those skilled in the art that such equivalent constructions do not
depart from the spirit and scope of the invention as set forth in the appended claims. The
novel features which are believed to be characteristic of the invention, both as to its
organization and method of operation, together with further objects and advantages will be
better understood from the following description when considered in connection with the
accompanying figures. It is to be expressly understood, however, that each of the figures is
provided for the purpose of illustration and description only and is not intended as a definition

of the limits of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] For a more complete understanding of the disclosed methods and apparatuses,
reference should be made to the embodiments illustrated in greater detail in the accompanying

drawings, wherein:

[0018] FIGS. 1A and 1B illustrate an exemplary effect on a porous structure from affine
scaling;
[0019] FIG. 2 illustrates a strut having a local coordinate system that is separate from a

machine coordinate system according to the aspects of the present disclosure;

[0020] FIG. 3 illustrates a first embodiment to scale a strut according to the aspects of the

present disclosure;
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[0021] FIG. 4 illustrates a second embodiment to scale a strut according to the aspects of

the present disclosure;

[0022] FIG. 5 illustrates a third embodiment to scale a strut according to the aspects of

the present disclosure;

[0023] FIGS. 6 and 7 illustrate exemplary ways to implement the third embodiment of

F1G. 5;
[0024] FIG. 8A illustrates the XY plane of a structure;

[0025] FIG. 8B is a scanning clectron microscope (SEM) image of the XY planc (as

shown in FIG. 8A) of a portion of a porous structure taken at 25X magnification;

[0026] FIG. 8C is a scanning electron microscope (SEM) image of the XY plane (as
shown in FIG. 8A) of a portion of the porous structure of FIG. 8B taken at 100X

magnification;
[0027] FIG. 9A illustrates the Z plane of the structure of FIG. 8A;

[0028] FIG. 9B is a scanning electron microscope (SEM) image of the Z plane (as shown

in FIG. 9A) of a portion of the porous structure of FIG. 8B taken at 25X magnification;

[0029] FIG. 9C is a scanning electron microscope (SEM) image of the Z plane (as shown
in FIG. 9A) of a portion of the porous structure of FIG. 8B taken at 100X magnification;

and

[0030] FIG. 10 shows a graph of the average thickness of various struts of the porous

structure of FIG. 8B in the XY plane and the Z plane.

[0031] It should be understood that the drawings are not necessarily to scale and that the

disclosed embodiments are sometimes illustrated diagrammatically and in partial views.

-7 -
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In certain instances, details which are not necessary for an understanding of the disclosed
methods and apparatuses or which render other details difficult to perceive may have
been omitted. It should be understood, of course, that this disclosure is not limited to the

particular embodiments illustrated herein.

DETAILED DESCRIPTION

[0032] The present disclosure provides for methods to address directional disparities in
the free-form fabrication machinery that manufacture porous structures. Preferably, the
improved porous structures of the present invention are formed by using a free-form
fabrication method, including rapid manufacturing techniques (RMT) such as direct
metal fabrication (DMF). Typically in RMT or free-form fabrication, a model, or
calculations defining the desired structure, or a computer readable file of the desired
structure, is provided to a computer-aided machine or apparatus that has an energy
source such as a laser beam to melt or sinter powder to build the structure one layer at a

time according to the provided model.

[0033] Detaileé descriptions of selective laser sintering technology may be found in U.S.
Patent Nos. 4,863,538; 5,017,753; 5,076,869; and 4,944,817, the disclosures of which are
incorporated by reference herein in their entirety. Current practice is to control the
manufacturing process by computer using a mathematical model created with the aid of a
computer. Consequently, RMT such as selective laser re-melting and sintering
technologies have enabled the direct manufacture of solid or 3-D structures from a

variety of materials.

[0034] Due to the machinery arrangement of a heat source/sink and building of one layer
or plane at a time, controlling the build process in the direction perpendicular to the layer

or plane is more difficult. As such, features of a structure in the direction perpendicular
-8-
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to the building plane do not match up with the model as well as the features that are in
the building plane. For example, FIGS. 8A-8C, 9A-9C, and 10 demonstrate this
directional discrepancy for one particular RMT machine. Referring to FIGS. 8B-8C and
9B-9C, the struts built in the XY plane (shown in FIGS. 8B-8C) by this machine have a
different surface roughness and appearance from the struts built in the Z plane (shown in
FIGS. 9B-9C), where the struts in the Z plane are rougher and appear “fuzzier.”
Referring to FIG. 10, the struts in the Z plane built by this machine is slightly thicker, on
average about 50 microns thicker, than struts built in the XY plane, even though both

sets of struts should have the same thickness according to the input model.

[0035] As such, each RMT machinery often has a systemic disparity factor. For
instance, strut thickness can be affected by laser intensity, which may be proportional to
the distance from the laser (e.g., heat source). In addition, the build-platform of the
equipment can also act as a heat sink, as well as the structure being built. For example,
parts closer to a heat sink are more likely to have the correct dimension. Also, the
relative complexity of heat flow from the heat source to the heat sink also contributes to
the directional disparities of the machinery. In a porous metal structure, it is at least
more difficult for the vibrating molecules of the struts to heat up adjacent molecules of

metal if they are not solidly bonded, so heat dissipation is reduced.

[0036] While not intending to be limited by theory, there are several possible
explanation for the systematic directional disparities. For instance, if the heat is too high,
the melt pool can lose its shape and flattens out. In that case, adjacent materials bond to
one another, making the part thicker than desired according to the model. On the other
hand, if the heat is too low, the bond between layers possibly, and also between adjacent

particles in the X-Y plane, can be less than optimal, thereby producing thinner than

-9._
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desired struts according to the model. Depending on the surface roughness (based on
some of the other factors mentioned), the cleaning process used to get excess powder out
may affect the shape and size of porous apertures. This is particularly applicable if the
underside is very rough (high surface area) and an etch technique is used (more sensitive

to high surface area).

[0037] In the preferred embodiment, the term “heat source’ generally refers to the laser,
the term “heat zone” generally refers to the layer of powder being fused, and the term
“heat sink™ generally refers to the build platform or a built feature that serves the same
purpose. In addition, as mentioned above, heat flows associated with the heat sink also
affect the build disparity. For instance, a poor heat flow region may receive only 80% of
the intended heat, which may result in a 20% reduction compared to the model.
Likewise, a medium heat flow region receives 90% of the intended heat, thereby yielding
a 10% reduction in size as compared to the model, and a high or optimal heat flow region
receives the full heat, thereby yielding a built feature according to the model or slightly
thicker. A poor heat flow region is generally further away from the build platform than
the medium and high heat regions. The medium heat region is further away from the
build platform than the high heat region. The high heat region is closest to the build

platform.

[0038] One potential solution is to compensate for this disparity for the particular RMT
machinery. For instance, if it is known that the RMT machine in use builds structure in
the perpendicular plane thicker than the model by a certain percent, then an operator can
manually compensate for this disparity by modifying the model or instructing the
machine to build structures in the perpendicular direction thinner than the model by that

percent. This approach is suitable for large structures. However, it can create problems

-10 -
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in smaller structures that require precise dimensions, such as structures intended to
promote and/or support tissue ingrowth. For instance, a strut that is too thin would be
predisposed to failing, and a strut that is too thick or elongated would not provide a pore

size that is in the optimal range for tissue ingrowth.

[0039] Referring to FIG. 1A, structure 10 has strut 12 with length A and a thickness B.
If a particular machine usually builds thickness B of strut 12 thinner than as specified by
the input model, three-dimensional software applications that create or assist in creating
the input model for RMT machinery can allow for applying affine scale factors to an
input model to account for certain build directional disparity in the RMT machinery,
such as a thinner strut 12 than specified. Unfortunately, any adjustment made to
thickness B of strut 12 through affine scaling results in changes to the locations ot the
pores, such as pore 14, in structure 10. For instance, referring to FIG. 1B, when an affine

scaling factor y is applied to increase thickness B of strut 12, resulting in thickness B’,

length A is also affected by the same factor v, resulting in length A’. In other words, the

affine scaling can be represented as follows:
A’ =yA B’ =vB

[0040] Accordingly, the affine scaling results in an increase to structure 10 in FIG. 1B.
As structure 10 grows, the location of pore 14 changes, which is reflected in the greater
length A’. As such, this type of affine scaling couples the changes in B’, which are
desired, to changes in A’, which are not desired. The global scaling effects of affine
scaling introduce unwanted distortions to the whole structure when only local scaling is
desired The change in location or dimension of pore 14 may have minimal effects if

structure 10 is a larger structure used in macro applications. However, if structure 10 is a

-11 -
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smaller structure that requires precise dimensions, such as structures intended to promote
and/or support tissue ingrowth, any minor change or movement from the ideal
dimensions of an input model can result in significant structural defects that render
structure 10 ineffective for its intended application. For instance, after the affine scaling,
after the affine scaling, pore 14 may be greater than the desired optimal pore size that

promotes tissue growth.

[0041] An example of a larger structure used in macro applications generally includes
situations where the features of interest are larger than about 1 mm - 2 mm. In addition,
the term “large” generally refers to the ratio between a dimension and its tolerance. For
instance, if the directional disparity is on the order of 0.050 to 0.25 mm and the tolerance
is +/- 0.3 mm, then it is unlikely compensation is necessary as the disparity falls within
the accepted tolerance range. On the other hand, if the tolerance is +/- 0.1 mm for the

same directional disparity, then the error is undesirable and compensation is needed.

[0042] The present disclosure also provides methods to compensate for directional
disparities inherent in the free-form fabrication machinery or other machinery processes
that suffer from similar directional disparities with minimal unintended distortions to the
modified structure. In one embodiment, the modified feature does not grow
proportionally, instead, the process adds one or more layers of material to compensate
for the disparity. In another embodiment, the layer of material is often less than 1/10™ of

a millimeter.

[0043] According to one aspect of the present disclosure, one way of addressing the
directional disparities involves non-uniform affine scaling, such as perform scaling only
in the direction that needs compensation, e.g., the Z direction. One way of performing

non-uniform scaling involves compressing or expanding the lattice of pores of the model
-12-
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of a structure. In the preferred embodiment, expanding the structure in the Z-direction is
the same as shrinking the structure in the X-Y direction and scaling up the strut or the
entire structure until the X-Y directions appear unchanged. Likewise, shrinking the
structure or strut in the Z-direction is the same as expanding in the X-Y direction , then

scaling down the strut or structure until the X-Y directions appear unchanged.

[0044] After compression or expansion, the struts of model can then be defined to give
the structure thickness and form. In one embodiment, the pores preferably appears
oblong and compréssed (or elongated) in the Z-direction. The model can then be scaled
the Z direction so that the pores end up in their original location and the struts are
proportionally thickened. This approach requires modification of the entire pore

structure or lattice when only a portion of the structure needs to be modified.

[0045] According to another aspect of the present disclosure, another way of addressing
the directional disparities involves scaling certain portions of the structure individually
by decoupling the global or overall scaling effects on the whole structure from the

desired local scaling effects on the particular portions.

[0046] One embodiment to decouple the global scaling effects from the local scaling
effects involve assigning local coordinate systems to certain portions of a structure in
which local scaling is desired. In the preferred embodiment, one axis of the local
coordinate system is oriented along the body of the strut and another axis is generally in
the direction of the distortion, e.g., Z direction. Other coordinate systems that are
reversible can be used to achieve the decoupling effect, as long as they allow the struts to
be returned to their original locations. The local coordinates assigned allow these certain
portions to be scaled in the desired direction (e.g., the direction perpendicular to the build

plane, such as the Z direction), using linear algebra, by an optimal or desired amount to
-13 -



10

15

20

WO 2013/112586 PCT/US2013/022748

compensate for the machinery discrepancy. After the local coordinates are assigned, the
three-dimensional (3D) volume of these portions is projected to the build plane, e.g., the
transverse or X-Y plane, such that the locations of these portions to be scaled lie within
that plane. These portions are then modified (e.g., increase or decrease in thickness) in
the desired direction, e.g., Z-direction, by the optimal or desired amount to compensate
for the machinery built discrepancy in that direction. After the portions are modified in
the transverse plane, the scaled portions are projected back to their original positions
where the scaled portions are larger or smaller (as desired) in the Z-direction independent
of the build plane (e.g., X-Y direction). Accordingly, the local scaling does not change
the locations of these scaled portions with respect to the whole structure, thereby

minimizing the unwanted distortions to the structure during the scaling process.

[0047] In another embodiment, instead of projecting the 3D volume of the portions to be
scaled to the transverse plane, these portions can be transformed to the transverse plane.
In the preferred embodiment, a transformation is a rotation and translation that positions
the new coordinate system and all associated objects in line with the other coordi‘nate
system, usually called the “global” coordinate system. Once in the transverse plane, the
thickness of the portions can be modified (e.g., increase or decrease) as desired in the
direction perpendicular to the build plane. The scaled portions are then transformed back
to their original positions where the scaled portions are larger or smaller (as desired) in
the Z-direction independent of the build plane (e.g., X-Y direction). In this embodiment,
except in the X-Y plane of the local coordinate system, other regions of the scaled
portions can appear slightly distorted in the build plane (e.g., X-Y plane of the machine
coordinate system). Because the particular features are scaled in the Z direction when in

the transverse plane or in the global coordinate system, the features can appear slightly

-14 -
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distorted in the Z direction when the inverse transformation occur. In one embodiment,
the angle of the strut with respect to the global coordinate system dictates the slight
distortion, e.g., the extent of the dilation/shrink factor applied in the Z-direction. For
instance, if the thickness is increased 10%, a horizontal strut is increased to 110% of its
thickness. However, for a strut that is at 45 degrees to horizontal, the thickness is
increased to 105% of its thickness, and a vertical strut remains unchanged. In other
embodiments, rather than compensating by a certain percentage, a fixed value (e.g., 50 or
150 microns) can be assigned to compensate for the increase or decrease in strut

thickness or length, as desired.

[0048] Alternatively, the local scaling effects can be performed without creating global
changes by moving the z-coordinate of the points that define the strut/porous structure in
the model based on the direction of the features requiring modification with respect to
the horizontal direction. For instance, if the surface of a strut is faceted and those facets
are parallel to the build platform, then the coordinates can be moved normal to the
surface the full offset. On the other hand, if the facets are perpendicular to the build
platform, then the coordinates do not move normal to their surfaces. This embodiment
does not require that the struts be defined in mbdel. Implementing local scaling through
moving of the z-coordinate can require a significant amount of computational resource,

as well as manipulating a three-dimensional file of the structure.

[0049] According to another aspect, the present disclosure addresses directional
discrepancy in the RMT machinery particularly due to the relative distance of a portion
with respect to the heat source/sink in the RMT machinery. In certain instances, portions
of a structure tend to be built thicker closer to the heat source as compared to portions

that are farther away, even though the input model dictates the same thickness regardless
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of the distance from the heat source. Similarly, portions of a structure may be thicker if
further from the heat sink than portions that are closer to the heat sink. To compensate
for the discrepancy due to the build distance with respect to the heat source, a gradient
scaling factor or a step-wise dilation can be used. The gradient scaling factor can be a
constant or varied depending on the machine or application. For instance, a structure can
have a scaling gradient of 80% of the thickness of the input model at or near the heat
source gradually increasing to 100% at a sufficient distance away from the heat source.
Alternatively, the portion at or near the heat source can be modified according to the
aspects of the present disclosure to be built at 80% the thickness, 85% at about 100
microns away from the heat source, 90% at about 200 microns away from the heat
source, and so on. These numbers are merely exemplary as the scaling gradient or step-
wise dilation is preferably selected based at least upon the specific directional

discrepancy and/or operation conditions of the particular machinery used.

[0050] In a specific embodiment of a method for changing the shape of the features of a
structure to account for variations in the direction perpendicular to the building plane or
layer, the feature needing change, e.g., a strut, is isolated and scaled individually to avoid
unwanted distortions to other features of the structure, such as pores. This is preferably
achieved by decoupling the global scaling effects on the entire structure through affine
scaling of the struts from the local scaling effects desired on the individual features or

struts.

[0051] In one embodiment, there is a structure model input for the RMT machine with
ideally placed struts and nodes to define the desired pores configuration as if the machine
would build the features of the structure according to the model without any build

disparity. In a specific embodiment, referring to FIG. 2, strut 200 preferably comprises
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first end 202, second end 204, and continuous elongated body 206 between first end 202
and second end 204. Body 206 has a selected or predetermined thickness and a length.
In the preferred embodiment, first end 202 and second end 204 serve as the nodes of strut
200 where a node can comprise an intersection between one end of a first strut and the
body of a second strut, intersection between one end of a first strut and one end of a
second strut, and/or an intersection between one end of a strut and any other portion of

the overall structure.

[0052] In the interest of clarity and keeping things simple, only strut 200 of a larger
structure (not shown) is provided in the figures and discussed herein for exemplary
purposes. It is understood that the various aspects of the present disclosure are
applicable to modify a plurality of struts or various portions of a structure to be built by
RMT machinery. In one embodiment, strut 200 is defined as if the RMT machine can
produce perfect parts ever time as dictated by the input model without any directional
discrepancy. In the preferred embodiment, defining the ideal strut includes identifying
all surfaces and/or volume for each region between the nodes. For instance, this includes
defining certain properties of body 206 of strut 200. These properties include strut
diameter, longitudinal shape, cross-sectional shape, sizes, shape profiles, strut thickness,
material characteristics, strength profiles, or other properties. This is the ideal input

model of strut 200.

[0053] Referring to FIG. 2, in one embodiment, the ideal model of strut 200 is assigned
local or node coordinate system 208 which is different from machine coordinate system
210. Local or node coordinate system 208 allows for scaling of strut 200 to compensate
for the build directional discrepancy of the particular machine without introducing

unwanted distortions to the larger structure (not shown) of which strut 200 is a part. For
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instance, a particular RMT machine can have a systematic dilation problem, such as a
build directional discrepancy in the direction perpendicular to the build plane where the
machine tends to produce a structure with thicker struts or other features that are thicker
near the heat source and thinner in the direction perpendicular to the build plane moving
away from the heat source. The relative distance to a heat sink or the heat flow can also

contribute to the systematic dilation error of the machinery, as discussed above.

[0054] One way of minimizing unwanted distortions in the compensation process is to
maintain the locations of struts 202 and 204 while modifying the thickness of body 206
of strut 200 through the use of local coordinate system 208. Preferably, linear algebra is

used to scale the thickness of body 206.

[0055] Referring to FIG. 3, in one embodiment, the 3D volume of strut 200 is projected
to a plane where no changes are desired such that nodes 202 and 204 lie in that plane.
The projection is shown as arrow 212. When strut 200 is projected to the new plane, it
still retains certain 3D properties. In one embodiment, this plane is the build plane or
machine coordinate system 210 such as the transverse or X-Y plane in which, in some
instances, the energy absorbed from the heat source of the machine by the portions of the
structure in that plane is substantially the same. Body 206 has the same thickness 214
prior to the projection as the thickness 216 when strut 200 is projected to the plane with
machine coordinate system 210. Once in this plane, body 206 is dilated or shrunk as
appropriate to compensate for the build directional discrepancy of the particular machine,
resulting in body 206°. For instance, if the machine exhibits a tendency to build thicker
struts of about 25% toward the heat source in the direction perpendicular to the build
plane (e.g., Z-direction), then a 80% scaling factor may be applied in this perpendicular

direction to achieve a thickness of about 100% as dictated by the input model rather than
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the greater thickness of 125%. The compensation addresses the systematic error of the
manufacturing process by performing the opposite effect to the input data. The scaling
factor may be applied in a gradient fashion or step-wise fashion as discussed above,
depending on the build discrepancies exhibited by the particular machine. After the
desired scaling factor has been applied, strut 200 is projected back to its original
position, indicated by arrow 218. Strut 200, now with body 206’, is respectively scaled
in the Z-direction (or the direction needing compensation) independent of the X-Y
direction (or the build plane). When strut 200 is scaled in the build plane having
machine coordinate system 210 and projected back to local coordinate system 208, the
locations of nodes 202 and 204 do not change. As such, the scaling of the thickness of
body 206 occurs locally and does not cause any unwanted distortions to the locations of
nodes 202 and 204. In this embodiment, strut 200 is scaled with respect to machine

coordinate system 210.

[0056] Although not wanting to be bound by theory, the following example provides a
general analogy of the projection process described above. The strut can be considered a
loaf of bread that is sliced according to a first coordinate system, which results in slices
that are angled. To project the loaf of bread to a second plane, the slices are placed next
to one other as if they belonged in é nice straight loaf. In this new plane, the new loaf
will look shorter and larger than before it was sliced in the first coordinate. In the new
loaf of the second coordinate system, each slice may have different heights depending on
how even the loaf was before the slicing. The slices of the new loaf in the second
coordinate system (i.e., new plane) is stretched in the desired direction by the desired

amount. The slices are then projected back into the first coordinate system where the

-19 -



10

15

20

WO 2013/112586 PCT/US2013/022748

slices are placed next to each other in their angled position, the whole loaf is now

stretched in the desired direction.

[0057] Referring to FIG. 4, in another embodiment, strut 200 can be scaled with respect
to local coordinate system 208. In particular, strut 200 is transformed, as indicated by
arrow 212, to a plane where no changes are desired, such as the transverse plane as
described above. In the preferred embodiment, this transformation is achieved using
transformation matrices, such as [T] and [T]", where [T] = rotate and/or translate to
machine coordinate system 210, as indicated by arrow 212, and [T]'1.=_ rotate and
transform to node coordinate system 208, as indicated by arrow 214. When strut 200 is
transformed to the plane having machine coordinate system 210, local coordinate system
208 of strut 200 is the same as machine coordinate system 210. An exemplary
transformation matrix that can be used is kinematic matrix; however, other suitable
transformation matrices can also be used. In other embodiments, Cardan angles, Euler
angles, or any other method of rotating and translating to the desired position can be
used. After strut 200 is transformed to the plane having machine coordinate system 210,
the thickness of body 206 can be scaled as desired according to whether the machine
discrepancies dictate increasing or decreasing the thickness of body 206. Scaling or
modifying of at least one dimension of body 206 results in body 206 with the changed
dimension. After the desired scaling is performed, strut 200’ is transformed back to local
coordinate system 208, as indicated by arrow 214. Strut 200 is scaled with respect to
local coordinate system 208 in this embodiment. Strut 200, now with body 206, has a
new thickness as compared to body 206 prior to the scaling where the locations of nodes
202 and 204 remains less distorted than they would have been had an affine factor been
applied.
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[0058] In some instances, when more than one strut is present in a structure, the
machinery discrepancies may require scaling of the thickness of one strut as well as
scaling of the length of that strut. The various aspects of the present disclosure can be
employed to individually address the different directional requirements without coupling
the changes to the overall structure. Referring to FIG. 5A, there is structure 500 with
strut 502 having thickness 504 and length 506, which is scaled according to the aspects
of the present disclqsure into structure 500 of FIG. 5B with strut 502 having thickness
504’ and length 506°. An exemplary process to scale thickness 504 of strut 502 is
depicted in FIG. 6, and an exemplary process to scale length 506 of strut 502 is depicted
in FIG. 7. In the preferred embodiment, the scaling of thickness 504 occurs
independently of length 506. In other words, the decoupled scaling can be represented as

follows:
504’ =vy504 506’ = £506
wherey# € andy,Ecanbe>1,<1,0or=1.

[0059] Referring to FIG. 6, a first step to compensating for a known build error in the
manufacturing process of structure 500 depicted in FIG. 5 comprises defining nodes 508
and 510 of strut 502 This includes defining the locations of nodes 508 and 510 with
respect to structure 500 and/or the distance between nodes 508 and 510. The process
further comprises the step of identifying all surfaces and/or volume for each region
between nodes 508 and 510. For instance, this includes defining certain properties of
body 512 of strut 502. These properties include strut diameter, longitudinal shape, cross-
sectional shape, sizes, shape profiles, strut thickness, material characteristics, strength

profiles, or other properties.
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[0060] The process further includes assigning local coordinate system 514 to strut 502,
which is different from machine coordinate system 516. In the preferred embodiment,
the machine coordinate system 516 is the coordinate system of the feature that is the
primary heat sink of the machine, e.g., the coordinate system within the machine that
dictates this systematic build error needing correction. The locations of nodes 508 and
510 is maintained while thickness 504 is scaled, thereby introducing the opposite effect
to the input data of the machine to counter the systematic error of the manufacturing
process with minimal unwanted distortions to structure 500. The thickness
compensation can be achieved with respect to the coordinate system of the machine or

with respect to the local coordinate system, as discussed above.

[0061] To scale thickness 504 relative to local coordinate system 514, strut 502 is
transformed to a plane where no changes are desired, such as the transverse planc as
described above having machine coordinate system 516. In the preferred embodiment,
this transformation is achieved using transformation matrices, such as [T] and [T]",
where [T] = rotate and/or translate to machine coordinate system 516, as indicated by
arrow 518, and [T]"IE rotate and transform to node coordinate system 514, as indicated
by arrow 520. An exemplary transformation matrix that can be used is kinematic matrix.
Thickness 504 is scaled in machine coordinate system 516 as desired, resulting in
thickness 504°. The scaling factor is preferably based at least on whether the machine
build discrepancies dictate increasing or decreasing the thickness of body 512. After the
desired scaling is performed, strut 502 is transformed back to local coordinate system
514, as indicated by arrow 520. After strut 502 is scaled, it has new thickness 504’ as

compared to the old thickness 504.
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[0062] To scale thickness 504 relative to machine coordinate system 516, the 3D volume
of strut 502 is projected to a plane where no changes are desired such that nodes 202 and
204 lie in that plane. In one embodiment, this plane is the build plane or machine
coordinate system 516 such as the transverse or X-Y plane as discussed above. Once in
this plane, body 512 is dilated or shrunk as appropriate to compensate for the build
directional discrepancy of a particular machine. The compensation addresses the
systematic error of the manufacturing process by performing the opposite effect to the
input data. The scaling factor may be applied in a gradient féshion or step-wise fashion
as discussed above, depending on the build discrepancies exhibited by the particular
machine. After thickness 504 is modified as desired, strut 502 is projected back to its
original position, in which thickness 504’ is larger or smaller in the direction needing

compensation independent of the build plane.

[0063] Referring to FIG. 7, in one embodiment, length 506 can be modified with
minimal unwanted distortions introduced to structure 500 depicted in FIG. 5A by scaling
the locations of node 508 and/or node 510 in machine coordinate system 516 to maintain
thickness 504 and transforming strut 502 back to local coordinate system 514. Before
strut 502 is transformed to machine coordinate system 516, it is assigned new nodes 508’
and 510°, which have their own local coordinate system 522. Both local coordinate
systems 514 and 522 are transformed to machine coordinate system 516 using
transformation matrices [ T], which is described above, for the original locations of nodes
508 and 510 and [Thew] for the new locations of nodes 508’ and 510°, where [Thew] =
rotate and/or translate from local coordinate system 522 to machine coordinate system
516. The transformation using [T] and [Thew] is indicated by arrow 524. Referring to
FIG. 7, after strut 502 is transformed to machine coordinate system 516, as shown, local
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coordinate system 514, local coordinate system 522, and machine coordinate system 516
match up to one another. After scaling is performed in the machine coordinate system
516 to provide strut 502 with new length 506’ and new corresponding nodes 518 and
520, only new local coordinate system 522 is transformed back to machine coordinate
system 514 using [Tyew] ', Where [Tpoew]” = rotate and transform from machine coordinate
system 516 to node coordinate system 522, as indicated by arrow 526. This
transformation results in the compensation scaling of length 506’ in the data to be
inputted to the machine for manufacturing. After scaling ;ll’ld transformation back to
local coordinate 522, strut 502 has new nodes 508’ and 510°, which reflect the changes
in length 506 as compared to old nodes 508 and 510, while thickness 504 remains the

same.

[0064] Alternatively, the projection method described with respect to FIG. 3 can also be
used to compensate for the length of strut 502. In this embodiment, except in the X-Y
plane of the build plane, other regions of the scaled (i.e., lengthened or shortened)
portions can appear slightly distorted. The angle of the strut with respect to the build
plane dictates the slight distortion, e.g., the extent of the dilation/shrink factor applied in
the Z-direction. For instance, a length scaling of a horizontal strut using the projection
method achieves the full effect of the length scaling while a vertical strut does not
receive any lengthening effect, rather it gets th'icker. The length of a strut that is at an
angle can be scaled based the knowledge of that angle and the lengthening percent so
that a vertical strut does not receive any length scaling while a horizontal one receives
the full amount. In between, the scaling factor applied to the length of a strut at an angle

can be altered accordingly, such as by the cosine of the angle times the full amount of the
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scaling factor applied to a horizontal strut. The “horizontal”” and “vertical” references are

made with respect to the heat source of the particular machine.

[0065] In one embodiment, if an object is scaled in the Z direction without affecting
features in the X or Y direction, then scaling in the X or Y direction can be performed
independeﬁtly. In the preferred embodiment, it may be desirable to identify whether the
strut most aligns with X or Y and then using the angle between the projected strut in the
X-Y plane and the closest axis. The lengthening procedure can be applied in that

direction and proportional to the angle calculated.

[0066] The order of modification or compensation, e.g., thickness or length, preferably
does not matter. The embodiments of the present disclosure make the local coordinate
system and global coordinate systems align. Therefore, many of the issues with order

disappear.

[0067] The process of compensating for the build discrepancy of a machine can be done
before the defined struts are written to a computer file to be read by the RMT machine.
Alternatively, it can be done simultaneously as the struts are being defined. In another
embodiment, the compensation for systematic error of the manufacturing process can be
done after the ideal model has been converted to a computer readable file for the RMT
machine and transferred to the machine, where machinery settings are added. In the

preferred embodiment, the compensation is performed after the struts are defined.

[0068] According to another embodiment, a computer program product can be employed
to implement or execute the embodiments of the present disclosure. For example, the
computer program product preferably comprises a non-transitory computer readable

medium having code to assign local coordinate systems to certain portions of a structure
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in which local scaling is desired. The medium also includes code to project the three-
dimensional (3D) volume of these portions to the build plane, e.g., the transverse or X-Y
plane, such that the locations of these portions to be scaled lie within that plane. The
medium further includes code to modify these portions (e.g., increase or decrease in
thickness or length or any other dilation compensations desired) in the desired direction,
e.g., Z-direction, by the optimal or desired amount to compensate for the machinery built
discrepancy in that direction. The medium also includes code to project the scaled
portions back to their original positions after the portions are modified in the transverse

plane.

[0069] In another embodiment, the medium also includes code to transform to the
transverse plane. The medium also includes code to modify the dimensions of the
portions as desired (i.e., in the direction perpendicular to the build plane) in the
transverse plane. The medium also includes code to transform the scaled portions back
to their original positions where the scaled portions are larger or smaller (as desired) in

the Z-direction independent of the build plane (e.g., X-Y direction).

[0070] According to a further embodiment, there is a system that includes a processor
coupled to a memory, in which the processor is configured to implement or execute the
embodiments of the present disclosure. For example, the processor is configured to
assign local coordinate systems to certain portions of a structure in which local scaliﬁg is
desired. The processor is also configured to project the three-dimensional (3D) volume
of these portions to the build plane, e.g., the transverse or X-Y plane, such that the
locations of these portions to be scaled lie within that plane. The processor is further
configured to modify these portions (e.g., increase or decrease in thickness or length or

any other dilation compensations desired) in the desired direction, e.g., Z-direction, by
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the optimal or desired amount to compensate for the machinery built discrepancy in that
direction. The processor is also configured to project the scaled portions back to their

original positions after the portions are modified in the transverse plane.

[0071] In another embodiment, The processor is also configured to transform to the
transverse plane. The processor is also configured to modify the dimensions of the
portions as desired (i.e., in the direction perpendicular to the build plane) in the
transverse plane. The processor is also configured to transform the scaled portions back
to their original positions where the scaled portions are larger or smaller (as desired) in

the Z-direction independent of the build plane (e.g., X-Y direction).

[0072] The embodiments of the systems of the present invention may include one or
more computer systems to implement the various methods of the present invention. One
exemplary computer system may include a central processing unit (CPU), which rhay be
any general-purpose CPU. The present invention is not restricted by the architecture of
the CPU or other components of the systems of the present invention as long as the CPU
and other components support the inventive operations as described herein. The CPU
may execute the various logical instructions according to embodiments of the present
invention. For example, the CPU may execute the code to determine the various

embodiments as described above.

[0073] In addition, the exemplary computer system may also include random access
memory (RAM), which may be SRAM, DRAM, SDRAM, or the like. The embodiments
may also include read-only memory (ROM) which may be PROM, EPROM, EEPROM,
or the like. The RAM and ROM hold user and system data and programs, as is well

known in the art.
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[0074] The exemplary computer system also includes input/output (I/O) adapter,
communications adapter, user interface adapter, and display adapter. I/O adapter, user
interface adapter, and/or communications adapter may, in certain embodiments, enable a
user to interact with the computer system in order to input information and obtain output

information that has been processed by the computer system.

[0075] The I/O adapter preferably connects to one or more storage device(s), such as one
or more of hard drive, compact disc (CD) drive, floppy disk drive, tape drive, etc. to the
exemplary computer system. The storage devices may be utilized when the RAM is
insufficient for the memory requirements associated with storing data for operations of
the elements described above (e.g., clam adjudication system, etc.). The
communications adapter is preferably adapted to couple the computer system to a
network, which may enable information to be input to and/or output from the computer
system via the network (e.g., the Intemet or other wide-area network, a local-area
network, a public or private switched telephony network, a wireless network, any
combination of the foregoing). The user interface adapter couples user input devices,
such as keyboard, pointing device, and microphone and/or output devices, such as
speaker(s) to the exemplary computer system. The display adapter is driven by the CPU
to control the display on the display device, for example, to display the model of the

structures to be modified by the various embodiments as described above.

[0076] It shall be appreciated that the present invention is not limited to the architecture
of the exemplary computer system. For example, any suitable processor-based device
may be utilized for implementing the various elements described above (e.g., software
for presenting the user interfaces, claim adjudication system, etc.), including without

limitation personal computers, laptop computers, computer workstations, and multi-
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[0076] It shall be appreciated that the present invention is not limited to the architecture of the
exemplary computer system. For example, any suitable processor-based device may be
utilized for implementing the various elements described above (e.g., software for presenting
the user interfaces, claim adjudication system, etc.), including without limitation personal
computers, laptop computers, computer workstations, and multi-processor servers. Moreover,
embodiments of the present invention may be implemented on application specific integrated
circuits (ASICs) or very large scale integrated (VLSI) circuits. In fact, persons of ordinary
skill in the art may utilize any number of suitable structures capable of executing logical

operations according to the embodiments of the present invention.

[0077] Although the present invention and its advantages have been described in detail, it
should be understood that various changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as defined by the appended
claims. Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the process, machine, manufacture, composition of matter, means,
methods and steps described in the specification. As one of ordinary skill in the art will
readily appreciate from the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or achieve substantially the same
result as the corresponding embodiments described herein may be utilized according to the
present invention. Accordingly, the appended claims are intended to include within their
scope such processes, machines, manufacture, compositions of matter, means, methods, or

steps.

[0078] Throughout this specification and the claims which follow, unless the context
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requires otherwise, the word "comprise", and variations such as "comprises” and
"comprising”, will be understood to imply the inclusion of a stated integer or step or group of
integers or steps but not the exclusion of any other integer or step or group of integers or steps.
[0079] The reference in this specification to any prior publication (or information derived from
it), or to any matter which is known, is not, and should not be taken as an acknowledgment or
admission or any form of suggestion that that prior publication (or information derived from
it) or known matter forms part of the common general knowledge in the field of endeavour to

which this specification relates.
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CLAIMS
What is claimed is:
1. A method for fabricating a porous structure comprising the steps of:

a. creating a model of a porous structure, said creating step comprising the
steps of: defining at least one strut of said porous structure, wherein said at
least one strut comprises a first node, a second node, and a body between
said first node and said second node;

b. assigning a local coordinate system to said at least one strut, said local
coordinate system having at least one direction perpendicular to the normal
vector of a first plane;

c. modifying a dimension of said at least one strut in said at least one
direction, wherein said modifying step does not affect any changes in said
first plane; and

d. fabricating the porous structure according to the model by exposing fusible
material to an energy source.

2. The method of claim 1, wherein the modifying step does not change the location of
at least one of said first node and said second node.

3. The method of claim 1, wherein the first plane comprises a build plane of said
machine.

4. The method of claim 1, wherein the dimension is selected from the group
consisting of thickness and length.

5. The method of claim 1, wherein the modifying step comprises the steps of:
projecting a three-dimensional volume of said at least one strut to said first plane

such that said first and second nodes lie in said first plane; applying a scaling factor
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-32-
to said dimension of said at least one strut; and projecting said projected three-
dimensional volume in said first plane back to an original position.
The method of claim 5, wherein the scaling factor is based at least on an error to be
compensated in a machine used to expose fusible material to an energy source.
The method of claim 1, wherein the first plane comprises a build plane of said
machine and wherein the modifying step comprises the steps of: projecting a three-
dimensional volume of said at least one strut to said first plane such that said first
and second nodes lie in said first plane; applying a scaling factor to said dimension
of said at least one strut; and projecting said projected three-dimensional volume in
said first plane back to an original position.
The method of claim 1, wherein the modifying step comprises the steps of:
transforming said local coordinate system to a coordinate system of said first plane;
applying a scaling factor to said dimension of said at least one strut; and
transforming said coordinate system of said first plane to said local coordinate
system.
The method of claim 1, wherein the modifying step comprises the steps of:
assigning an additional local coordinate system associated with at least one new
node to said at least one strut; transforming said at least one strut in said local
coordinate system and said additional local coordinate system to a coordinate
system of said first plane; applying a scaling factor to said dimension of said at
least one strut, said scaling factor corresponds at least to said additional local
coordinate system; and transforming said at least one strut in said additional
coordinate system of said first plane to said local coordinate system.
The method of any one of claims 7 to 9, wherein the scaling factor varies based at

least on a distance relative to said build plane.
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11. The method of claim 1,wherein the modifying step is based at least on an error to

be compensated in a machine used to expose fusible material to an energy source.
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