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METHOD AND APPARATUS FOR DIGITAL FABRICATION AND STRUCTURE
MADE USING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to United States provisional patent application,
Serial No. 63/089,405, filed on October 8, 2020. This application is a continuation-in-part
of co-pending U.S. patent application Serial. No. 17/438,853, filed on September 13,

2021, which is a national stage application of Patent Cooperation Treaty (PCT) patent
application PCT/US2020/021378, filed on March 6, 2020, which claims priority to United
States provisional patent application, Serial No. 62/817,431, filed on March 12, 2019.
Priority to the provisional and non-provisional patent applications is expressly claimed,
and the disclosure of the provisional and non-provisional patent applications is hereby

incorporated herein by reference in its entirety and for all purposes.

TECHNICAL FIELD
[0002] The disclosed embodiments relate generally to solid freeform fabrication of
objects and more particularly, but not exclusively, to methods and apparatuses for digital

fabrication of high density objects using dynamic density control.

BACKGROUND
[0003] Additive manufacturing (AM), also known as solid freeform fabrication (SFF), 3D
printing (3DP), direct digital manufacturing (DDM), and solid imaging, has increasingly

become a widely adopted method of prototyping both visually demonstrative and
functional parts. In some instances, this has become a cost effective means for production
manufacturing as well. A wide variety of means for producing components based on
digital models exist, and all have reduced the time and cost required for a complete design
cycle, which has improved the pace of innovation in many industries.

[0004] Generally, SFF is accomplished in a layerwise fashion, where a digital model is
split into horizontal slices, and each slice is produced as a 2D image on a build surface.

The sequential fabrication of these slices produces an aggregate collection of thin layers
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which collectively compose the 3 dimensional object represented by the digital model. In
contrast to traditional fabrication techniques, such as Computer Numerically Controlled
(CNC) machining, injection molding, and other means, SFF has markedly reduced
production time and cost, and as such has been widely adopted for research and
development purposes where low volume production with traditional means would be
exceedingly expensive. Additionally, SFF devices generally require less expertise to
operate when compared to CNC machines. The cost of individual parts produced from
CNC machines is generally higher, owing to longer setup times and higher costs of
machine operation. CNC-produced parts will often have stronger and more detailed
features than SFF-produced parts, which may make them desirable for some
applications. Until SFF techniques can produce parts with the resolution and functionality
of CNC-produced parts, the usage of SFF in part production will remain constrained.
[0005] Powder Injection Molding (PIM) is a mass production technique which has been
widely adopted as a means of producing high precision components in materials which
would not traditionally be possible with other molding methods. A powder is blended with
aresin binder to form an injection feedstock, which is injected into a mold, similar to plastic
injection molding. The part produced is a powder composite part, called a “green” part.
The green part is subjected to a process called debinding, in which most of the binder is
removed. The resulting part is called a “brown” part. This brown part is then subjected to
thermal treatment to cause the powder particles to sinter together. The part shrinks during
this process, and voids between the powder particles are removed. They final result is a
part with near full density. Further post-processing may be utilized to achieve over 99.5%
density, depending on the composition of the powder feedstock that was utilized.

[0006] Some of the most common techniques for SFF include stereolithography (SLA),
selective deposition modeling (SDM), fused deposition modeling (FDM), and selective
laser sintering (SLS). These approaches vary in the type of materials they can use, the
manner in which layers are created, and the subsequent resolution and quality of parts
produced. Typically, layers are produced in a bulk material deposition method, or in a
selective material deposition method. In techniques that employ a bulk deposition method

for layer production, layer imaging is typically accomplished by a thermal, chemical, or an
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optical process. There is one technology, binder jetting, which utilizes inkjet print heads
to deposit binder into a powder bed to produce a part similar to the previously described
green part in a PIM process. This green part can be post-processed in the same manner
to produce a final component. Unfortunately, due to imperfections in the process of
producing the green part, the final components produced through this process often fail
to meet tolerances for high precision applications, particularly when it comes to surface
finish. Additionally, the precision and speed of the binder jetting process is limited.

[0007] The limitation of existing techniques for SFF poses restrictions on the structures
that can be made via SFF. Some microscale medical devices cannot be made with SFF
in a cost-effective manner, or cannot be made with SFF at all. Further, improvement of
existing medical devices cannot be made because fabrication techniques are not

available to implement those improvements.

SUMMARY

[0008] In accordance with a first aspect disclosed herein, there is set forth a method for
making a three-dimensional object, including:

homogenizing a build material including a blend of a powder material and a
photopolymer resin;

depositing the build material on a build platform; and

selectively processing the build material to form the three-dimensional object.
[0009] In some embodiments of the disclosed method, the homogenizing is during the
depositing, within a settling time prior to the depositing, or a combination thereof.
[0010] In some embodiments of the disclosed method, the selectively processing
includes at least partially curing at least a portion of the build material via irradiation.
[0011] In some embodiments of the disclosed method, the build material is densified
after being deposited on the build platform.
[0012] In some embodiments of the disclosed method, the build material is densified by
removing at least part of the photopolymer resin via differential pressure.
[0013] In some embodiments of the disclosed method, the depositing includes using a

slot die to produce one of more layers of the build material.
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[0014] In some embodiments of the disclosed method, the slot die is modified to
increase uniformity of one layer of the layers over a wider range of deviations in layer
flatness of a previously-deposited layer of the layers.
[0015] In some embodiments of the disclosed method, modifying of the slot die includes
enlarging a stable bead region of the slot die.
[0016] In some embodiments of the disclosed method,

the depositing includes producing a layer of the build material;

the selectively processing includes at least partially curing at least a portion of
the build material via irradiation, wherein the build material includes a photosensitive
component that changes state under the irradiation; and

repeating the depositing and the selectively processing to form the three-
dimensional object.
[0017] In some embodiments of the disclosed method, the state change includes a color
change that is detected to validate the curing.
[0018] In accordance with another aspect disclosed herein, there is set forth method for
making a three-dimensional object, including:

depositing a build material on a build platform;

densifying the build material;, and

selectively processing the build material to form the three-dimensional object.
[0019] In some embodiments of the disclosed method,

said depositing includes depositing a layer of the build material on the build
platform;

the densifying includes densifying the layer of the build material;

the selectively processing includes selectively processing the layer of the build
material; and

the method further includes repeating the depositing, the densifying, and the
selectively processing of one or more layers of the build material stacked on the layer to
form the three-dimensional object.
[0020] In some embodiments of the disclosed method, the build material includes a

blend of a powder material and a carrier fluid.
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[0021] In some embodiments of the disclosed method, the depositing includes
depositing the build material via slot die coating.

[0022] In some embodiments of the disclosed method, the depositing includes
depositing the build material via blade coating.

[0023] In some embodiments of the disclosed method, the depositing includes
depositing the build material via patch coating.

[0024] In some embodiments of the disclosed method, the densifying includes
increasing a loading density of the powder material in the build material.

[0025] In some embodiments of the disclosed method, the densifying includes removing
at least a portion of the carrier fluid from the build material.

[0026] In some embodiments of the disclosed method, the removing includes suctioning
at least the portion of the carrier fluid from the build material via the build platform.
[0027] In some embodiments of the disclosed method, the removing includes removing
at least the portion of the carrier fluid from the build material via applying ultrasound to
the build platform.

[0028] In some embodiments of the disclosed method, the removing includes thermally
evaporating at least the portion of the carrier fluid from the build material.

[0029] In some embodiments of the disclosed method, the carrier fluid includes a filler
material and a backbone material, wherein the removing includes removing at least a
portion of only the filler material.

[0030] In some embodiments of the disclosed method, removing includes removing at
least the portion of the filler material via evaporation.

[0031] In some embodiments of the disclosed method, the method further including,
before the selectively processing, settling the powder material via applying ultrasound to
the build platform.

[0032] In some embodiments of the disclosed method, the build material includes a
foam defining a plurality of bubbles therein.

[0033] In some embodiments of the disclosed method, the densifying includes

collapsing at least some of the bubbles in the foam.
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[0034] In some embodiments of the disclosed method, the collapsing includes applying
suction to the build material via the build platform.

[0035] In some embodiments of the disclosed method, the collapsing includes applying
ultrasound agitation to the build material.

[0036] In some embodiments of the disclosed method, the collapsing includes applying
heat to the build material.

[0037] In some embodiments of the disclosed method, the densifying includes applying
a densification fluid to the build material, the densification fluid reacting with the carrier
fluid to produce a gas product and reducing a fluid volume in the build material.

[0038] In some embodiments of the disclosed method, the carrier fluid includes a
photopolymer resin and the selectively processing includes at least partially curing at least
a portion of the build material via irradiation.

[0039] In some embodiments of the disclosed method, the at least partially curing
includes irradiating the build material in accordance with a two-dimensional slice of a
digital model of the three-dimensional object.

[0040] In some embodiments of the disclosed method, the selectively processing
includes depositing a supplemental build material on at least one target area of the build
material.

[0041] In some embodiments of the disclosed method, the densifying includes
densifying the build material such that the build material remains substantially wet after
densification.

[0042] In some embodiments of the disclosed method, the densifying includes
densifying the build material such that the build material defines a plurality of voids therein
and the powder material remains wet after densification.

[0043] In some embodiments of the disclosed method, the supplemental build material
is adapted to enable a curing reaction, solidification reaction, or a combination thereof,
for binding the powder material at the target area.

[0044] In some embodiments of the disclosed method, the target area is in accordance

with a two-dimensional slice of a digital model of the three-dimensional object.
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[0045] In some embodiments of the disclosed method, the supplemental build material
is adapted to enable a photocuring reaction for binding the powder material at the target
area.

[0046] In some embodiments of the disclosed method, the selectively processing
includes irradiating the build material in a non-selective manner.

[0047] In some embodiments of the disclosed method, the supplemental build material
includes a photocurable resin.

[0048] In some embodiments of the disclosed method, the supplemental build material
and the carrier fluid collectively provide a photocurable resin including a backbone resin
and a photoinitiator.

[0049] In some embodiments of the disclosed method, the supplemental build material
is adapted to enable a thermal curing reaction for binding the powder material at the target
area.

[0050] In some embodiments of the disclosed method, the selectively processing
includes heating the build material in a non-selective manner.

[0051] In some embodiments of the disclosed method, the supplemental build material
includes a thermally curable resin.

[0052] In some embodiments of the disclosed method, the supplemental build material
and the carrier fluid collectively provide a thermally curable resin including a backbone
resin and a thermal initiator.

[0053] In some embodiments of the disclosed method, the supplemental build material
is adapted to enable a passive curing reaction for binding the powder material at the target
area.

[0054] In some embodiments of the disclosed method, the supplemental build material
includes a passively-curable resin.

[0055] In some embodiments of the disclosed method, the supplemental build material
and the carrier fluid collectively provide a passively-curable resin including a backbone

resin and a thermal initiator.
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[0056] In some embodiments of the disclosed method, the supplemental build material
includes a wax that is molten during deposition and solidifies upon cooling at least via
heat absorption by the carrier fluid.
[0057] In some embodiments of the disclosed method, the supplemental build material
includes a monomer that is molten during deposition and cures upon deposition via
photocuring, thermal curing, passive curing, or a combination thereof.
[0058] In some embodiments of the disclosed method, the supplemental build material
is adapted to inhibit a curing reaction and the carrier fluid includes a curable material.
[0059] In some embodiments of the disclosed method, the target area is in accordance
with a complementary image of a two-dimensional slice of a digital model of the three-
dimensional object.
[0060] In some embodiments of the disclosed method, the supplemental build material
is adapted to inhibit a photocuring reaction, and the carrier fluid includes a photocurable
material.
[0061] In some embodiments of the disclosed method, the selectively processing
includes irradiating the build material in a non-selective manner.
[0062] In some embodiments of the disclosed method, the supplemental build material
includes a sintering inhibitor and the method further includes sintering the powder material
after the selectively processing.
[0063] In some embodiments of the disclosed method, the target area is in accordance
with a two-dimensional slice of a digital model of a support surface layer that is between
the three-dimensional object and a support structure.
[0064] In accordance with another aspect disclosed herein, there is set forth a system
for making a three-dimensional object, including means for executing the disclosed
method.
[0065] In accordance with another aspect disclosed herein, there is set forth an
apparatus for making a three-dimensional object, including:

a build platform;

a deposition module configured to translate across the build platform and deposit

a layer of a build material on the build platform or a previously deposited layer;
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a material delivery unit in communication with the deposition module; and

a reservoir for containing the build material and in communication with the
material delivery unit, the material delivery unit being configured to homogenize the build
material in the reservoir, to feed the build material from the reservoir to the deposition
module, or a combination thereof; and

a projection module for at least partially curing at least a portion of the deposited
layer, to define one layer of the three-dimensional object.
[0066] In some embodiments of the disclosed apparatus, the material delivery unit
includes at least one circulation pump for feeding the build material from the reservoir to
the deposition module.
[0067] In some embodiments of the disclosed apparatus, the material delivery unit
includes one or more homogenization pumps for continuously homogenizing the build
material in the reservoir.
[0068] In some embodiments of the disclosed apparatus, the build platform and the
reservoir are positioned such that the reservoir receives the build material exiting from
the deposition module, the build material draining from sides of the build platform, or a
combination thereof.
[0069] In some embodiments of the disclosed apparatus, the build platform includes a
build platform working surface defining a plurality of pores.
[0070] In some embodiments of the disclosed apparatus, the build material includes a
blend of a powder material and a photopolymer resin, the photopolymer resin of the
deposited layer of the build material being at least partially removed via the plurality of
pores such that the layer is densified.
[0071] In accordance with another aspect disclosed herein, there is set forth a method
for making a solid freeform fabrication system, including:

establishing a build platform;

constructing a build material unit for depositing a build material to the build
platform; and

building a selective processing unit for selectively processing the build material

to form a three-dimensional object.
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[0072] In some embodiments of the disclosed method,
the build material unit is configured to deposit a layer of the build material on the
build platform and densify the layer of the build material;
the selective processing unit is configured to selectively process the layer of the
build material; and
the build material unit and the selective processing unit are configured to
collectively and repeatedly perform depositing, densifying, and selectively processing of
one or more layers of the build material stacked on the layer to form the three-dimensional
object.
[0073] In some embodiments of the disclosed method, the build material includes a
blend of a powder material and a carrier fluid.
[0074] In some embodiments of the disclosed method, the build material unit is coupled
with the build platform and configured to remove at least a portion of the carrier fluid from
the build material via the build platform.
[0075] In some embodiments of the disclosed method, the carrier fluid includes a
photopolymer resin and the selectively processing unit is configured to at least partially
cure at least a portion of the build material via irradiation.
[0076] In accordance with another aspect disclosed herein, there is set forth a system
for making a solid freeform fabrication system, including means for executing the
disclosed method.
[0077] In accordance with another aspect disclosed herein, there is set forth an
apparatus for irradiating an image onto an imaging surface with high resolution, including:
an array of illumination source groups aligned in a scan direction,
each illumination source group including an array of illumination source
subsets aligned in a cross-scan direction,
each illumination source subset including a plurality of illumination sources,
the illumination sources within each illumination source subset being
distributed in the scan direction and being shifted in the cross-scan direction by an offset
distance that is greater than zero and no greater than a width of each illumination source

in the cross-scan direction; and

10
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projection optics located between the array of illumination source groups and the
imaging surface and configured to project irradiation from the array of illumination source
groups on the imaging surface,

the imaging surface defining an array of pixel areas thereon, each pixel area
including an array of images each being imaged by at least one of the illumination
sources,

the irradiation being translated in the scan direction such that the array of
illumination source groups images the pixel areas, with each pixel area being entirely
imaged at least by one of the illumination source subsets.
[0078] In some embodiments of the disclosed apparatus, a number of the pixel areas in
the cross-scan direction is no greater than a number of the illumination source subsets in
each illumination source group.
[0079] In some embodiments of the disclosed apparatus, the offset distance is equal to
the width of each illumination source in the cross-scan direction.
[0080] In some embodiments of the disclosed apparatus, the offset distance is smaller
than the width of each illumination source in the cross-scan direction.
[0081] In some embodiments of the disclosed apparatus, the array of illumination source
groups is integrated on a micro-light-emitting-diode (microLED) chip, each illumination
source including a microLED.
[0082] In some embodiments of the disclosed apparatus, the microLED chip and the
projection optics simultaneously translate in the scan direction relative to the imaging
surface.
[0083] In some embodiments of the disclosed apparatus, the microLED chip translates
in the scan direction relative to the imaging surface and the projection optics is static
relative to the imaging surface.
[0084] In some embodiments of the disclosed apparatus, the apparatus further
comprising at least one refractive element configured to rotate about an axis parallel to
the cross-scan direction and located between the imaging surface and the microLED chip,
the refractive element being configured to translate the irradiation from the microLED chip

in the scan direction.

11
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[0085] In some embodiments of the disclosed apparatus, a selected illumination source
subset includes a faulty illumination source, and an area of the imaging surface
corresponding to the faulty illumination source is imaged by a non-faulty illumination
source in another illumination source subset aligned with the selected illumination source
subsets in the scan direction.
[0086] In accordance with another aspect disclosed herein, there is set forth a system
for making a three-dimensional object, comprising:
a build material unit for depositing one or more layers of a photocurable material; and
the disclosed apparatus for curing each of the layers in accordance with a slice of a digital
model of the three-dimensional object.
[0087] In accordance with another aspect disclosed herein, there is set forth a method
for curing a photocurable material, comprising:

irradiating the photocurable material with an array of illumination source groups
aligned in a scan direction,

each illumination source group including an array of illumination source subsets
aligned in a cross-scan direction,

each illumination source subset including a plurality of illumination sources,

the illumination sources within each illumination source subset being distributed
in the scan direction and being shifted in the cross-scan direction by an offset distance
that is greater than zero and no greater than a width of each illumination source in the
cross-scan direction; and

the photocurable material defining an array of pixel areas thereon, each pixel
area including an array of images each being imaged by at least one of the illumination
sources; and

translating irradiation from the array of illumination source groups in the scan
direction such that the array of illumination source groups images the pixel areas, with
each pixel area being entirely imaged at least by one of the illumination source subsets.
[0088] In accordance with another aspect disclosed herein, there is set forth a needle

for entering skin of a biological body, comprising a tip section that is porous.

12
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[0089] In some embodiments of the disclosed needle, the tip section does not define a
lumen passing through the tip section.
[0090] In some embodiments of the disclosed needle, the tip section defines a plurality
of pores therein and one or more passages among the pores for a fluid to flow through
the tip section.
[0091] In some embodiments of the disclosed needle, the tip section defines a plurality
of pores of a size smaller than a size of a solid component of blood, such that the solid
component does not pass the pores.
[0092] In some embodiments of the disclosed needle, the plurality of pores each has a
diameter between 100 nanometers and 10 microns.
[0093] In accordance with another aspect disclosed herein, there is set forth a
microneedle for entering skin of a biological body, comprising a tip section defining one
or more pores opening in a direction perpendicular to an insertion direction of the needle
during operation.
[0094] In some embodiments of the disclosed needle, each of the pores has a diameter
between 100 nanometers and 50 microns, the needle is shorter than 3 mm. and the tip
section has a length ranging from 10 microns to 250 microns and has a tip radius no
larger than 10 microns.
[0095] In accordance with another aspect disclosed herein, there is set forth an
apparatus for making a three-dimensional object, comprising:

a build platform;

a deposition module configured to deposit a plurality of layers of a build material
on the build platform or previous deposited layers;

a selective processing unit for modifying at least a portion of at least some of the
deposited layers, to define the three-dimensional object,

wherein the build material includes a blend of a powder material and a liquid
component, the liquid component of the build material being at least partially removed
from the deposited layer such that the layer is densified.
[0096] In some embodiments of the disclosed apparatus, the liquid component includes

a photopolymer resin.

13
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[0097] In some embodiments of the disclosed apparatus, the selective processing unit
is configured to irradiate the photopolymer resin.
[0098] In accordance with another aspect disclosed herein, there is set forth an
apparatus for making a three-dimensional object, comprising:

a build platform;

a deposition module configured to deposit a plurality of layers of a build material
on the build platform or previous deposited layers;

a selective processing unit for modifying at least a portion of at least some of the
deposited layers, to define the three-dimensional object,

wherein the build platform defines a build platform working surface defining a
plurality of pores,

wherein the build material includes a blend of a powder material and a liquid
component, the liquid component of the build material being at least partially removed
from the deposited layer via the plurality of pores such that the layer is densified.
[0099] In some embodiments of the disclosed apparatus, the liquid component includes
a photopolymer resin.
[0100] In some embodiments of the disclosed apparatus, the selective processing unit
is configured to irradiate the photopolymer resin.
[0101] In accordance with another aspect disclosed herein, there is set forth a method
for making a three-dimensional object, comprising:

making at least one part and a part tray respectively using the disclosed method;
sintering the part tray, a geometry of the sintered part tray being complementary to a
geometry of the part that is before sintering;

loading the part into the part tray; and

sintering the part in the part tray.
[0102] In some embodiments of the disclosed method, the loading includes loading the
part into the part tray via vacuum suction applied through the part tray.
[0103] In some embodiments of the disclosed method, the sintering the part tray

includes sintering the part tray such that the sintered part tray is porous and define pores

14
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having a size smaller than a size of each of the at least one part, the vacuum suction
being applied through the pores.
[0104] In some embodiments of the disclosed method,

the making includes making a plurality of parts; and

the loading includes loading the plurality of parts into the part tray simultaneously.
[0105] In accordance with another aspect disclosed herein, there is set forth a method
for making a three-dimensional object, comprising:

making a tool and a part respectively using the disclosed method; and

modifying a geometry of the part using the tool.
[0106] In some embodiments of the disclosed method, the modifying includes:
submerging the tool and the part in an electrolytic solution; and
applying an electric current across the tool and the part to remove at least a portion of
material from the part.
[0107] In some embodiments of the disclosed method, the making the tool includes
determining, in a digital model, a geometry of the tool as complementary to one or more
surfaces of a targeted geometry for the part to determine required surfaces of the tool for
imparting the targeted geometry to the part.
[0108] In some embodiments of the disclosed method, the tool is porous.
[0109] In some embodiments of the disclosed method, the making the tool includes
controlling a porosity of the tool via controlling a sintering temperature of the tool.
[0110] In some embodiments of the disclosed method, the tool defines pores of a size
such that a geometry of the pores is not imparted to the part via the modifying, and such
that the electrolytic solution flows via at least some of the pores during the modifying.
[0111] In accordance with another aspect disclosed herein, there is set forth a method
for making a three-dimensional object, comprising:

making at least one part and a part tray respectively using solid freeform
fabrication;

sintering the part tray, a geometry of the sintered part tray being complementary
to a geometry of the part that is before sintering;

loading the part into the part tray; and

15
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sintering the part in the part tray.
[0112] In some embodiments of the disclosed method, the loading includes loading the
part into the part tray via vacuum suction applied through the part tray.
[0113] In some embodiments of the disclosed method, the sintering the part tray
includes sintering the part tray such that the sintered part tray is porous and define pores
having a size smaller than a size of each of the at least one part, the vacuum suction
being applied through the pores.
[0114] In some embodiments of the disclosed method,

the making includes making a plurality of parts; and

the loading includes loading the plurality of parts into the part tray simultaneously.
[0115] In accordance with another aspect disclosed herein, there is set forth a method
for making a three-dimensional object, comprising:

making a tool and a part each using solid freeform fabrication; and

modifying a geometry of the part using the tool.
[0116] In some embodiments of the disclosed method, the modifying includes:
submerging the tool and the part in an electrolytic solution; and
applying an electric current across the tool and the part to remove at least a portion of
material from the part.
[0117] In some embodiments of the disclosed method, the making the tool includes
determining, in a digital model, a geometry of the tool as complementary to one or more
surfaces of a targeted geometry for the part to determine required surfaces of the tool for
imparting the targeted geometry to the part.
[0118] In some embodiments of the disclosed method, the tool is porous.
[0119] In some embodiments of the disclosed method, the making the tool includes
controlling a porosity of the tool via controlling a sintering temperature of the tool.
[0120] In some embodiments of the disclosed method, the tool defines pores of a size
such that a geometry of the pores is not imparted to the part via the modifying, and such

that the electrolytic solution flows via at least some of the pores during the modifying.
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[0121] Further features of the subject invention will become more readily apparent from
the following detailed description of the invention taken in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0122] Preferred embodiments of the subject invention will be described hereinbelow

with reference to the drawings, wherein

[0123] Figure 1 is an elevated right perspective view of a machine for solid freeform
fabrication according to an embodiment of the presently disclosed subject matter.

[0124] Figure 2 is an elevated left perspective view of the machine in Figure 1.

[0125] Figure 3 is a sectional view of the machine in Figure 1.

[0126] Figure 4 is a sectional view of the machine in Figure 2.

[0127] Figure 5 is an elevated perspective view of a material deposition system as used
in the machine in Figure 1.

[0128] Figure 6 is a sectional view of the material deposition system in Figure 5.

[0129] Figure 7 is a sectional view of a portion of the material deposition system in Figure
5 in afirst configuration.

[0130] Figure 8 is a sectional view of a portion of the material deposition system in Figure
5 in a second configuration.

[0131] Figure 9 is a sectional view of a portion of the material deposition system in Figure
5 in a third configuration.

[0132] Figure 10 is a sectional view of a portion of the material deposition system in Figure
5 in a fourth configuration.

[0133] Figure 11 is a perspective view from below of a first pumping system from the
machine in Figure 1.

[0134] Figure 12 is a perspective view from below of a second pumping system from the
machine in Figure 1.

[0135] Figure 13 is a schematic representation of a first step of a materials handling

process that may be used by the machine in Figure 1.
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[0136] Figure 14 is a schematic representation of a second step of a materials handling
process that may be used by the machine in Figure 1.

[0137] Figure 15 is a schematic representation of a third step of a materials handling
process that may be used by the machine in Figure 1.

[0138] Figure 16 is an elevated perspective view of an implementation of a build platform
as used in the machine in Figure 1.

[0139] Figure 17 is a sectional view of the build platform in Figure 16.

[0140] Figure 18 is an elevated perspective view of the build platform in Figure 16 with a
partially completed build.

[0141] Figure 19 is an elevated perspective view of the build platform in Figure 16 with a
completed build.

[0142] Figure 20 is an elevated perspective view of a first configuration of a system for
treating a finished build on the build platform in Figure 16.

[0143] Figure 21 is a sectional view of the system in Figure 20.

[0144] Figure 22 is an elevated perspective view of the top section of the build platform
in Figure 16 with a completed build.

[0145] Figure 23 is an elevated perspective view of the top section of the build platform
in Figure 16 with a completed build after the completion of a process for removing excess
material.

[0146] Figure 24 is a perspective view from below of a first configuration of a system for
removing a batch of printed parts for sintering.

[0147] Figure 25 is a perspective view from below of a second configuration of a system
for removing a batch of printed parts for sintering.

[0148] Figure 26 is a sectional view of the system in Figure 25.

[0149] Figure 27 is a schematic representation of a first step in a part finishing process
that may utilize parts and/or tooling produced by the machine in Figure 1.

[0150] Figure 28 is a schematic representation of a second step in a part finishing process
that may utilize parts and/or tooling produced by the machine in Figure 1.

[0151] Figure 29 is a schematic representation of a third step in a part finishing process

that may utilize parts and/or tooling produced by the machine in Figure 1.

18



WO 2022/076902 PCT/US2021/054293

[0152] Figure 30 is an exemplary diagram illustrating a system for solid freeform
fabrication of an object.

[0153] Figure 31 is an exemplary top-level flow chart illustrating an embodiment of a
method for solid freeform fabrication based on the system of Figure 30.

[0154]Figure 32 is an exemplary diagram illustrating an alternative embodiment of the
system of Figure 30, wherein object includes one or more layers.

[0155] Figure 33 is an exemplary flow chart illustrating an embodiment of a method for
solid freeform fabrication based on the system of Figure 32.

[0156] Figure 34 is an exemplary flow chart illustrating an alternative embodiment of the
method for solid freeform fabrication based on the system of Figure 32, wherein the
method includes densifying build material.

[01567]Figures 35A and 35B are exemplary diagrams illustrating another alternative
embodiment of the system of Figure 32, wherein build material before and after applying
an ultrasound unit is shown, respectively.

[01568]Figures 36A and 36B are exemplary diagrams illustrating another alternative
embodiment of the system of Figure 32, wherein build material before and after applying
an ultrasound unit is shown, respectively, and wherein the ultrasound unit settles powder.
[0159]Figure 37 is an exemplary diagram illustrating yet another alternative embodiment
of the system of Figure 32, wherein the system includes an evaporation unit.

[0160] Figures 38A-38C are exemplary diagrams illustrating an exemplary process of
densifying build material in the system of Figure 32.

[0161]Figures 39A and 39B are exemplary diagrams illustrating another alternative
embodiment of the system of Figure 32, wherein build material before and after applying
a densification fluid is shown, respectively.

[0162] Figure 40 is an exemplary flow chart illustrating an alternative embodiment of the
method for solid freeform fabrication based on the system of Figure 30, wherein the
method is based upon irradiation.

[0163]Figure 41 is an exemplary diagram illustrating yet another alternative embodiment

of the system of Figure 32, wherein the system includes a selective deposition unit.
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[0164] Figures 42A and 42B are exemplary diagrams illustrating the system of Figure 41,
wherein deposition of a supplemental build material on dry and wet powder is shown,
respectively.

[0165] Figure 43 is an exemplary flow chart illustrating another alternative embodiment
of the method for solid freeform fabrication based on the system of Figure 30, wherein
the method includes depositing a supplemental build material.

[0166]Figure 44 is an exemplary diagram illustrating an alternative embodiment of the
system of Figure 41, wherein the object forms based upon a target area.

[0167]Figure 45 is an exemplary diagram illustrating another alternative embodiment of
the system of Figure 41, wherein the object forms based upon a non-target area.

[0168] Figure 46 is an exemplary diagram illustrating yet another alternative embodiment
of the system of Figure 41, wherein the object forms based upon a support surface layer.
[0169] Figures 47-56 are various detail drawings illustrating an embodiment of the system
of Figure 41.

[0170]Figure 57 is an exemplary diagram illustrating an embodiment of a fabrication
system, wherein the system includes an imaging unit.

[0171]Figure 58 is an exemplary diagram illustrating an embodiment of the imaging unit
of Figure 57, wherein the imaging unit includes a plurality of illumination source groups.
[0172]Figure 59 is an exemplary diagram illustrating image groups produced by the
imaging unit of Figure 58.

[0173] Figure 60 is an exemplary diagram illustrating a pixel area produced by the imaging
unit of Figure 58.

[0174]Figure 61 is an exemplary diagram illustrating an alternative embodiment of the
imaging unit of Figure 57, wherein the imaging unit includes a plurality of illumination
source groups, wherein a size of the illumination source is different between Figure 61
and Figure 58.

[0175]Figure 62 is an exemplary diagram illustrating image groups produced by the
imaging unit of Figure 58.

[0176] Figure 63 is an exemplary diagram illustrating a pixel area produced by the imaging

unit of Figure 58.
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[0177]Figure 64 is an exemplary diagram illustrating an array of images produced by
another alternative embodiment of the imaging unit of Figure 57.

[0178] Figure 65 is an exemplary diagram illustrating an array of images produced by yet
another alternative embodiment of the imaging unit of Figure 57, wherein a size of the
image is different between Figures 65 and Figure 64.

[0179]Figures 66-70 are exemplary diagrams illustrating various embodiments of the
system of Figure 57.

[0180] Figure 71 is an exemplary diagram illustrating an embodiment of a part made by
the system of Figure 30.

[0181] Figure 72 is an exemplary diagram illustrating an alternative embodiment of the
part of Figure 71, wherein the part defines pores therein.

[0182] Figure 73 is an exemplary diagram illustrating another alternative embodiment of
the part of Figure 71, wherein the part defines pores in a tip section.

[0183] Figure 74 is an exemplary diagram illustrating an embodiment of a part made by
the system of Figure 30, wherein the part is configured to enter a blood vessel.

[0184] Figure 75 is an exemplary diagram illustrating an alternative embodiment of the
part of Figure 74, wherein the part defines pores in a tip section.

[0185] Figure 76 is an exemplary diagram illustrating an embodiment of a part made by
the system of Figure 30, wherein the part defines one or more pores oriented in a lateral
direction.

[0186] Figure 77 is an exemplary diagram illustrating an embodiment of a microneedle
array made by the system of Figure 30.

[0187] Figure 78 is an exemplary diagram illustrating an embodiment of a control system
for controlling the system of Figure 30.

[0188] It should be noted that the figures are not drawn to scale and that elements of
similar structures or functions are generally represented by like reference numerals for
illustrative purposes throughout the figures. It also should be noted that the figures are
only intended to facilitate the description of the preferred embodiments. The figures do
not illustrate every aspect of the described embodiments and do not limit the scope of the

present disclosure.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0189] Embodiments described herein generally relate to devices and methods for the

solid freeform fabrication of objects from a great variety of materials. Exemplary materials
can include materials such as metal, plastic, ceramic, and/or composite materials
comprising combinations of one or more types of material.

[0190] Stereolithography (SLA) fabrication utilizes photopolymer resin and a polymerizing
source of radiation to produce three dimensional objects. Some approaches have been
developed to use a slurry feedstock to produce powder composite parts which may then
be further processed to produce solid metal or ceramic components. Many of these
approaches have inherent design tradeoffs between speed and part quality. Figures 1-4
show a system (100) designed to overcome these restrictions.

[0191] This system can be used to process any mixture of photopolymer resin and
powder. In some embodiments, the mixture can be in the form of a slurry. In some cases,
a powder composite component may be produced by this method which is then post-
processed to remove the polymer binder and to sinter the powder material into a solid
component. The powder material can be metal or ceramic or any combination of
sinterable material(s).

[0192] In an exemplary embodiment, this system includes a material deposition system
(130) and, optionally, one or more air blades (140,150) for depositing material and
controlling where on the build platform working surface (162) material is allowed to
accumulate. In various embodiments, processes as set forth in the disclosure can be
performed on an active working surface (167). The active working surface (167) can
include a surface to which material is being or will be deposited. In some embodiments,
the active working surface (167) can include the build platform working surface (162), for
example, during deposition of the first layer. Additionally and/or alternatively, the active
working surface (167) can include the outermost deposited layer, for example, when each
subsequent layer after the first layer is deposited. In some embodiments, the deposition
system (130) may be mounted on linear guides (103,105) to allow for linear translation of

the deposition system (130) across the build platform working surface (162). In general,
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it is understood that any system which achieves motion of the deposition system (130)
relative to the build platform working surface (162) such that material is deposited on the
active working surface (167) is considered within the scope of the presently disclosed
subject matter. After material is deposited, a projection module (108) is used to at least
partially cure at least a portion of the deposited layer, to define one layer of a printed part
or array of printed parts. This layer image may be obtained by calculated the intersection
of a horizontal plane and a three-dimensional digital representation of an object.
Additionally, this image may be modified to have a lattice structure, or have other support
features added, including but not limited to, non-contact support features, wherein said
support features are designed in the layer image(s) with a gap separating the support
features from the parts being printed, as will be described in more detail in subsequent
figures. It may be sufficient to utilize generally accepted methods for generating layer
images, or it may be necessary to include any combination of the previously listed
modifications. This process is repeated until the build is complete.

[0193] The process may be monitored by a camera (104) which may provide data for
feedback in a configuration utilizing closed loop control and/or may provide data for quality
control purposes. In particular, for certain photopolymer resin formulations, a color
change may be observed during the curing process to control and/or validate the
completeness of the curing process. For example, some resin formulations containing
phosphine-based photoinitiators may convert from a transparent or light translucent
yellow color to a darker yellow color during curing. In this instance, the build area may be
illuminated with a particular wavelength of light that corresponds to a change in absorption
by the resin during curing. The emergent light from the build area may be imaged with a
camera (104) and the brightness of this wavelength measured in the camera image may
be used to validate the curing process. In some embodiments, a brightness level may be
measured by control software using data from the camera to determine the degree of
curing that has occurred. In a control configuration, this may be used to determine when
to stop the curing process after a threshold value of brightness is observed by the camera
and detected by the control software. In an alternate embodiment, a brightness level may

be measured and stored as quality control data. Additional metadata may be added to
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indicate whether this level exceeded a pre-determined minimum value to confirm that
adequate curing has occurred. Further, a range of acceptable values may be compared
to the brightness level observed by the camera and measured by control software to
determine if the layer has been adequately cured but not over-cured.

[0194] When using the slurry of photopolymer resin and powder as a feedstock, it may
be useful to homogenize the material, such as by means including but not limited to
circulating, agitating, and/or stirring this material to limit the degree to which the powder
material can settle out of the slurry and/or form agglomerates which can compromise the
quality of a layer of material or of a printed part or array of parts as a whole. While the
use of dispersed powders in slurries is common in industry, it is worth noting that many
slurries use nanoparticles which may be incorporated into a stable suspension which
does not require constant homogenization to maintain material quality and uniformity. In
many cases of additive manufacturing, larger (for example, with diameter ranging from
0.5 micron to 50 microns) and denser particles (for example, metals and/or ceramic) may
be used, which makes it much more difficult to create a stable suspension. Exemplary
particles used in various embodiments can range from 1.5 grams per cubic centimeter
(g/cm?3) to 20 g/cm? or from 1.5 g/cm?3 to 25 g/cm3. In a suspension there may be a settling
time that represents the time (for example, 30 seconds) from when a homogenization
process stops until the slurry or suspension is no longer homogenized enough to be
dispensed to form a layer of acceptable quality. By continuously homogenizing the slurry
during the build process, higher quality and more repeatable results can be achieved than
if all suspensions were only pre-mixed. In various embodiments, the settling time of the
disclosed processes can be significantly shorter than the time to settle for many existing
slurries that use nanoparticles. Exemplary settling time can range from 1 second to 5
minutes, and that makes homogenization necessary for some practical fabrication
processes as disclosed. The specific settling time can depend on the size and/or density
of particles and property of the fluid (such as viscosity). For example, the settling time
can be shorter when the fluid viscosity is lower and can be longer when the fluid viscosity
is higher. For example, the settling time for a metal material in a low viscosity fluid can

be 2 seconds. In another example, settling time for various types of metal materials can
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be 10 seconds, 30 seconds, or 5 minutes, respectively. In another example, the settling
time for a ceramic material can be 2 minutes.

[0195] In various embodiments, continuously homogenizing can use homogenizing
means without stop during the printing process. Additionally and/or alternatively,
continuously homogenizing may use homogenizing means at least immediately prior to
and/or during deposition of build materials, with possible pauses at other times. In some
embodiments, if there are pauses in the process, the pause times between stopping
homogenizing and layer deposition need to be less than the settling time. In various
embodiments, this circulation can be achieved with a set of pumps
(110,112,114,116,118). Four of these pumps (110,112,114,116) are homogenization
pumps, while one pump (118) is used for circulation and to feed material to the deposition
module (130). As will be shown in further figures, the outflow from the feed pump (118)
flows through a tube (for example, an exit port 121 shown in Figure 11) which may be
connected to the inflow (for example, an input line 132 shown in Figure 5) for the
deposition module (130). While the full tubing circuit is not depicted, it may be understood
from the figures that such a connection is readily achievable. During the printing process,
the slurry reservoir (102) can be filled with slurry. The homogenization pumps
(110,112,114,116) may be configured to homogenize slurry within their respective zones,
such that inflow and outflow occur in proximity to a given pump. Additionally and/or
alternatively, the homogenization pumps (110,112,114,116) can be configured to
circulate the slurry around the reservoir (102) such that the outflow of one homogenization
pump is directed toward the inflow of another. As will be shown in further figures, the
exemplary homogenization pumps (110,112,114,116) may be hammer mill pumps, which
can create a localized toroidal flow in homogenization processes. In some embodiments,
additional features (not depicted) may be added to direct output flow from a pump in a
particular direction, such as a shroud or other flow diversion structure as can be
implemented in impeller pump systems. In some embodiments, the reservoir (102) is
comprised of an inner wall, outer wall, and bottom surface, which collectively comprise
an annular reservoir for receiving excess slurry from the deposition module (130) and any

excess slurry that drains from the sides of the build platform (160). When the deposition
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module (130) is positioned over the reservoir (102), slurry can exit the deposition module
(130) and fall back into the reservoir (102). If the deposition module (130) is translated
across the build platform working surface (162), this will produce a layer of material for
printing. An exemplary printing process may include translating the deposition module
(130) across the build platform working surface (162) in one direction to produce the layer
of material upon the active working surface (167), followed by processing the layer of
material with the projection module (106), followed by lowering the build platform (160)
by the thickness of one layer, and translating the deposition module (130) back across
the build platform working surface (162) to produce another layer of material which may
then be processed by the projection module (106). This configuration of pumps and style
of pumps is intended to be illustrative but not restrictive; any suitable circulation and
homogenization systems that provide material to a deposition module (130) are
understood to be included in the present specification. In some embodiments, translation
of the deposition module (130) may be achieved by any combination of linear actuator(s),
rotary actuator(s) driving screw drives or belt drives, or any other method for achieving
linear motion that is generally understood by those knowledgeable in the relevant art.
Additionally, in some embodiments, the control of pump motors, build platform motion,
and deposition module motion may be achieved through standard means. Although
Figures 1-4 show the system (100) as including a pump system that includes the pumps
(110,112,114,116,118) each with a function as set forth above for illustrated purposes
only, the system (100) can implement such function(s) with a material delivery unit (108)
with any suitable components and/or structures, without limitation. An exemplary material
delivery unit (108) can include any suitable types of pumps, conveyors, vacuum, fan,
turbine, mixer, blender, processor, and/or a combination thereof. Although Figures 1-4
show the system (100) as including the pumps (110,112,114,116,118) each with a
function as set forth above for illustrated purposes only, the system (100) can include one
pump, or any suitable number (more or fewer than five) of uniform and/or different pumps,
without limitation. The functions of the pump(s) can be implemented via any
configurations and/or combinations. In one example, one or more of the pumps can each

provide functions of homogenization and circulation. In another example, one or more
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pumps can be homogenization pumps and one or more other pumps can be circulation
pumps.

[0196] In one configuration, the deposition module (130) may be a slot die, the details of
which are shown in Figures 5 and 6. The slot die functions by pumping slurry through an
input line (132) into a central cavity (131) and out between two opposing surfaces
(133,134). Two vacuum zones (137,138) may be used to improve the deposition process,
as will be described in Figure 8, by applying vacuum pressure through the right vacuum
line (135) or left vacuum line (136).

[0197] As will be further explained below, it may be desirable to limit where on the build
platform working surface (162) the deposited material is allowed to accumulate. In one
instance, it may be desirable to restrict deposited material from accumulating on the
infeed/outfeed edges (or surfaces, or zones) (164, 166) (shown in Figures 16 and 17) of
the build platform working surface (162). Air blades (140,150) comprised of inlet lines
(142,152) feeding into central cavities (144,154) and allowing air to flow out through exit
slots (146,156) may be used to blow excess material off of the build platform working
surface (162) and back into the reservoir (102) for reuse on subsequent layers.

[0198] Figures 7-10 depict the process by which a slot die may be used in the deposition
module (130) and modifications that may be made to improve the performance of such a
slot die system. Figure 7 depicts a standard slot die exit path, where slurry (201) is
permitted to pass between opposing faces (133,134) of the slot die, before forming a bead
with leading (202) and trailing (204) menisci which in turn produces a layer (206) of
deposited material. A volume of the bead between the leading (202) and trailing (204)
menisci can define a stable bead region of the bead. In this depiction and in Figures 8-
10, the slot die is moving to the left and leaving a layer (206) of material behind it. As is
understood in slot die coating, when operating conditions are fixed and the process
occurs at atmospheric pressure, there is a limitation in the ratio of bead height to layer
height. In this instance, the height of the bead is considered to be the height of the leading
meniscus (202). This ratio may be increased, as shown in Figure 8, by exposing the
leading meniscus (202) to vacuum pressure, producing a thin layer while still maintaining

high clearance between the slot die and the substrate, and lowering shear stress on the

27



WO 2022/076902 PCT/US2021/054293

substrate. The increase in the ratio of bead height to layer height can be at least partially
due to a forward shift in the bead under exposure to vacuum pressure. There is also a
shift in the velocity profile within the bead, which is the primary factor in determining shear
stress, as flow within the bead is typically laminar. These features are generally
understood in existing applications for slot die coating, and may be advantageously
applied in some embodiments. In some embodiments, vacuum pressure can be provided
by the left vacuum zone (138) as shown in the previous figure.

[0199] In some embodiments, conditions (flow rate, traverse speed, etc.) may be
controlled to provide a stable bead during deposition, which will in turn produce a very
uniform layer (206). If, however, there are deviations in a previous layer, there can be
some compensation for these deviations by virtue of the nature of the slot die deposition
process. A low area on a previous layer, will lead to a larger gap between the slot die and
the substrate (200) which in this instance, is the previous layer. This larger gap will draw
more material from the bead and produce a thicker layer (206) which will at least partially
compensate for the low area. The converse behavior will be seen with high areas. The
limitation to this behavior is at least partially determined by the size of the bead; if too
much material is drawn from the bead, the leading meniscus (202) will no longer be stable,
and air bubbles may be incorporated into the layer (206). Conversely, if too little material
is used from the bead, the leading meniscus (202) may extend too far beyond the slot die
and cause wetting on the angled external surface of the slot die. This additional material
may cause imperfections in the layer (206) directly and may also produce residual
material that may drip onto the next layer, causing imperfections in the next layer as the
slot die moves across the build platform in the opposite direction.

[0200] Figures 9 and 10 show modifications to the opposing surfaces (133,134) that
define the slurry (201) flow path in order to increase the size of the bead without
fundamentally altering other aspects of the deposition process in order to introduce
greater deviation tolerance in the system. If the ratio of flow rate to the linear speed of
the deposition module (130) (shown in Figure 6, for example) is kept within a range that
prevents excess flow from making the bead become too large, the leading meniscus (202)

can be prevented from extending too far beyond the slot die and from resulting in wetting
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on the angled external surface of the slot die. Chamfers (210,212) or fillets (214,216)
may be added to the slot die surfaces (133,134) to this end; additionally and/or
alternatively, other cutout shapes may be used to produce the desired effect. The
chamfers (210,212), fillets (214,216) and/or other cutout shapes formed on the slot die
surfaces (133,134) can expand the size of an opening defined at end regions of the slot
die surfaces (133,134) and the stable bead region can be enlarged. The inventor has
discovered that the increasing bead size can increase stability and/or uniformity of
deposition by the deposition module (130). Conventional slot die coating applications
only coat a single layer, such as a coating on a sheet of paper to make the paper glossy,
for example, or a limited number on the order of 5 or fewer of successive layers, such as
multiple colors or coatings. In contrast, the disclosed system (100) (shown in Figures 1-
4) can use slot die coating in SFF. When depositing a plurality of layers including, for
example, hundreds or thousands of layers, it is important to make sure the system (100)
is stable over such a high level of repetition. Therefore, by modifying the slot die to
increase stability in SFF application, the system (100) solves a problem that is uniquely
present in the application for SFF and that does not necessarily exist in other applications
of slot die coating. Exemplary number of layers needed for making a three-dimensional
object can be equal to, or on the order of, 10, 20, 50,100,200,500,1000. Such a number
is significantly greater than any other techniques using slot die coating. Thus, using slot
die coating in SFF can encounter unique technical problems that have not been
encountered or resolved in conventional slot die coating techniques. The methods and
systems as set forth in the present disclosure can solve such technical problems.

[0201] Figure 11 depicts a circulation pump (118) which may be used to feed the
deposition module (130) previously depicted. This pump (118) may contain an outer
shroud (120), a rotor (119) and an exit port (121). In this configuration, this pump (118)
can be an impeller pump, which may run continuously to cycle slurry through the
deposition module (130). Figure 12 depicts a homogenization pump (110) containing a
shroud (115) with exit slots (117) and a rotor (111) with a pumping slot (113). In this
configuration, the homogenization pump (110) can be a hammer mill, which uses

centrifugal pumping motion to drive collisions between suspended particles in the slurry
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and the exit slots (117) of the shroud (115). This has the effect of breaking up powder
agglomerates and homogenizing the slurry. Continuously circulating slurry through these
pumps can aid in maintaining slurry quality and preventing settling and/or agglomeration.
[0202] Figures 13-15 show a schematic representation of a material handling method that
may be used in the aforementioned systems. As will be described in further figures, the
build platform working surface (162) may be porous to allow fluid flow through the
platform. In this configuration, a low density blend of powder (310) and resin (312) is
deposited on the active working surface (167). Vacuum pressure is applied to the slurry
through the porous build platform working surface (162), and if present, previously-
deposited layers, to remove excess resin (312) and increase the effective powder loading
density of the slurry, thus densifying the powder (310). In an extreme case, as shown in
Figure 15, all excess resin (312) may be removed such that resin (312) is only found at
tangent points between powder particles (310). In the case where not all resin (312) is
removed (for example, as shown in Figure 14), layers may be imaged using a lattice
structure to allow for fluid flow and fluid removal from subsequent layers. Stated
somewhat differently, the layers can be imaged in accordance with a lattice pattern.
Advantageously, resin in un-imaged area of a layer can be removed, such that fluid paths
can be opened in the layer. If the lattice size and borders are designed appropriately, for
example being mostly solid with few or no holes, the lattice can trap uncured powder
within the three-dimensional part, enabling a solid part to be created by the sintering
process, despite lattice having been used during exposure. In the instance depicted in
Figure 15, it can be unnecessary to use these lattice imaging techniques; fluid paths within
the part can be available even when using solid curing images, because this fluid
evacuation process can leave an inherently porous structure.

[0203] The value of densifying a deposited layer is that it allows for the use of a low
viscosity feedstock during deposition which may be deposited rapidly, while producing a
high density printed part that is highly homogenous. If a feedstock with low powder loading
were used, it may not sinter properly, as there are minimum requirements for the density
of a printed part to be able to achieve high density after sintering. If a feedstock with a

high powder loading were used, the viscosity would be very high, and the layer deposition
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(and thus printing) process would be very slow. Additionally, metal powder in particular
tends to settle out of a slurry rapidly, and in a layer of material with low powder loading,
this can produce a printed layer with more powder in the bottom section of a layer than in
the top section of a layer. This effect can impact the mechanical properties of a sintered
part, producing a part that is weaker when tensile loads are applied in the vertical direction
as compared with load application in any horizontal direction. Densifying the layer
removes any density variation in the layer, producing isotropic sintered parts. Additionally,
a higher density printed part, will shrink less during sintering, making it possible to control
dimensional tolerances to a greater degree. Further, if the slurry is deposited on a porous
substrate without applying vacuum pressure, the layer may densify as fluid is absorbed
passively into the substrate, but such a process of densification can occur very slowly as
compared to when the process is assisted by vacuum pressure. Additionally, the speed
of this densification process can decrease significantly and may cease altogether as
additional layers are deposited.

[0204] In some embodiments, the suction process can be controlled and/or validated by
imaging with the camera (104) (shown in Figure 1). The active working surface (167) can
be illuminated (and/or irradiated) by a light source that is absorbed by the resin material
and reflected by the powder material, and the emergent light can be imaged by the
camera (104) to determine the relative amount of resin and powder in a given build layer.
This data obtained based on imaging by the camera (104) can be used as feedback to
control the level of vacuum pressure applied during densification. For instance, a very
high vacuum pressure can be initially applied, and as the amount of resin in the layer
decreases, the vacuum pressure can be decreased to maintain the resin level in the layer
at a stable target value. In some embodiments, the maximum vacuum pressure
(approximately 14.7 psi in a non-limiting example) may not necessarily be adequate to
achieve layer densification at a desired rate. In this instance, it can be desirable for the
entire build process to be enclosed in a hermetic container which can be pressurized to
increase the effective differential pressure proximal to the active working surface (167)
relative to the pressure proximal to the side of the build platform working surface (162) in

the direction opposite to the active working surface (167). In various embodiments,
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“vacuum pressure”’ can be understood to mean the magnitude of applied differential
pressure described herein. For example, a “high vacuum pressure” can include a high
differential pressure.

[0205] Figures 16 and 17 show a build platform (160) with a build platform working surface
(162) that may be used in the previously described systems. The build platform working
surface (162) may be removable, and can have a central porous region (165) as well as
infeed/outfeed surfaces (164,166). As previously described, the porous region (165)
allows for the densification of slurry deposited on the build platform working surface (162)
or the active working surface (167). Given that densification may not occur in the
infeed/outfeed zones (164,166), this further elucidates the benefits of using air blades to
remove excess material, as previously described.

[0206] The build platform (160) may also have an open cavity with a porous top surface
(161). In this instance, the porous region (165) of the build platform working surface (162)
may have pores that are small enough to prevent printed parts from falling through, but
are large enough to allow powder to flow through, whereas the porous top surface (161)
of the build platform (160) may have smaller pores that allow resin to flow through, but
not powder. In some embodiments, a size (for example, a diameter) of each pore of the
porous region (165) can be smaller than a size of each of the printed parts and greater
than a size of the powder, whereas a size (for example, a diameter) of each pore of the
porous top surface (161) can be smaller than the size of the powder. During the printing
process, powder and resin can fill the pores of the build platform working surface (162)
but powder will not fall into or below the build platform (160). The build platform working
surface (162) with the porous region (165) can allow for the removal of the build platform
working surface (162) to clean excess material (for example, the powder contained within
uncured resin material) from a batch of parts and/or off of the build platform working
surface (162), which will be described further in subsequent figures. During the cleaning
process, excess unbound powder can fall through the build platform working surface
(162), thus facilitating the cleaning process. During cleaning, only unbound powder and
resin can be removed, because the pores defined in the build platform working surface

(162) can be smaller than the printed parts and/or support structure. In various
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embodiments, the unbound powder can include the portion of the powder blended with
the resin where the resin is not exposed to UV light and is not solid. The unbound powder
can include the portion of the powder blended with the resin where the resin is exposed
to UV light and is solid.

[0207] Figures 18 and 19 depict the build platform (160) and build platform working
surface (162) during a build process. A partially finished build is shown in Figure 18,
comprising a part cake (a collection of parts and/or support structures and uncured
material) (170) with partially finished parts (190) and support structure (192). In this
instance, a densified build material (520) (shown in Figure 30) (for example, deposited in
the form of a slurry) can provide adequate support for the printed parts (190), and as
such, the support structure (192) is not bonded to the parts (120) and does not necessarily
serve the purpose of certain traditional support materials or structures. In various
embodiments, being bonded can include being fixedly and/or rigidly attached, connected,
or adhered. Stated somewhat differently, even if the support structure (192) can contact
and/or touch the parts (190) at selected locations of the parts (190) to hold the parts (190)
in place, the support structure (192) is not attached, connected, or adhered to the parts
(190) in a fixed manner because there can be a gap between the parts (190) and the
support structure (192) that are created during the printing process. In some
embodiments, the gap can be defined by modifying the layer image(s) inputted to the
projection module (106). For example, modifying the layer image(s) can include defining
one or more image pixels between the support structures (192) and the parts (190). The
support structure (192) can serve to maintain the positioning of the parts (190) during a
post processing, possibly including a wash process and/or removal for sintering.

[0208] Figures 20 and 21 show a system and method for pre-treating a part cake (170)
before any additional steps to remove excess material and sinter parts are taken. It may
be advantageous to remove any uncured resin from the part cake (170) prior to further
treatment, as it may help facilitate the process of fluidizing (and/or loosening) unbound
powder and removing this powder. In some embodiments, the removal of the uncured
resin does not necessarily result in a visible change in an appearance of the part cake
(170). In this instance, a shroud (180) is placed around the part cake (170). The shroud
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(180) may be filled with a solvent, which may be suctioned through the part cake (170),
through the same system used for layer densification during the print process. This may
involve running the pre-treatment process within the printer itself, or at a separate station,
which may have its own suction system, or may involve removing the build platform (160)
from the printer entirely. Any and all forms of modularity involving moving the build
platform working surface (162) or build platform (160) or other components within any of
the aforementioned systems in order to facilitate these secondary processes are
understood to be within the scope of the disclosed subject matter.

[0209] Figure 22 depicts the build platform working surface (162) and part cake (170)
removed from the printer after the completion of a build. This may be done before or after
the aforementioned pre-treatment process, or may not involve the pre-treatment process.
As previously mentioned, the porosity in the build platform working surface (162) may be
such that powder is permitted to flow through it, but parts are still held on top of it. As
such, this assembly may be placed in a cleaning bath with a cleaning solution, which may
subject the part cake (170) to sonication, heat, flow of the cleaning solution induced by a
pumping system, stirring, etc. in order to fluidize unbound powder and remove any excess
material including the unbound powder. The end result of such a process is shown in
Figure 23, with parts (190) held in place by support structures (192) though not
necessarily bonded to the support structures (192). In some embodiments, the part (190)
and/or the support structure (192) can each be internally bound, but the part (190) is not
bonded to the support structure (192) at any location on the part (190).

[0210] Figures 24-26 depict a system and method for removing parts (190) in preparation
for sintering. A vacuum module (196) may have a porous ceramic tray (194) mounted
within it, with geometry that matches the top of the parts (190) and provides support to
those parts (190) during sintering. Vacuum suction may be applied through the part tray
(194) to remove parts (190) from their support structures (192). This part tray (194) may
then be inverted and loaded into a furnace for sintering. In some embodiments, parts
(190) may be printed upside down (or in any other desired orientation), such that when
the part tray (194) is inverted, they are in a desirable orientation for sintering. This ceramic

part tray (194) may also be printed and sintered using the previously described system,
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with its geometry determined to be a complementary geometry to the down-facing
surfaces of a part or collection of parts, after an optimal orientation of these parts for
sintering has been determined. Since the sintering temperature of ceramics is significantly
higher than for metal materials, a printed ceramic tray may be reused many times to run
batches of metal parts. In this manner, a low cost tool may be obtained that automates
part handling for production runs of metal parts, increasing the total efficiency of the
process for producing metal parts through the previously described system, particularly
through a reduction in labor costs. In some embodiments, the part tray (194) can define
pores therein with a size smaller than a size of each of the parts (190). For example, by
adjusting a sintering cycle to reduce peak temperature and/or soak time, a controlled level
of porosity in the part tray (194) can be achieved. By using the porous part tray (194), a
plurality of parts (190) can be loaded in the part tray (194) simultaneously.
Conventionally, when parts are very small (for example, with a size on the order of
millimeter), human operation is needed for loading the parts manually, and one by one,
for sintering. Such operation is inefficient and prone to errors. In contrast, the disclosed
method set forth above can advantageously load the parts (190) in an efficient and
accurate manner. Speed and volume of manufacturing can thus be significantly
improved.

[0211] Figures 27-29 depict a system and method for refining specific geometries of
printed parts in a manner that is scalable and cost effective. In some instances, it may be
desirable to produce parts that have sharp points or edges, and these points or edges
may be in areas that are not readily reachable with standard sharpening methods, or
there may be a large number of such areas that require refinement, such that traditional
methods would not be cost effective when there is a need for a high quantity of parts to
be produced. In this instance, traditional methods may be replaced by electrochemical
machining using a printed tool (410), where the geometry of this tool (410) has been
determined to sharpen all relevant features in a single process. In this instance, a part
(400) with a dull point (402) is depicted. By extrapolating from the desired final geometry
(404,406,408), the tool geometry (412,414) may be determined. The desired final

geometry of the part (400), or a targeted geometry, can include a geometry of the part
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(400) that is a goal of the modifying the part (400) via the electrochemical machining. In
this instance, the modified surfaces (404,406,408) are directly impacted by the portions
(412,414) of the tool (410) that are closest to the part (400), which is where the current
density during electrochemical machining will be highest, thus determining what material
is removed. Depending on current level, the proximity of tool geometry to part geometry,
and in some cases the waveform used during machining, features of the tool (410) which
are further away from the part (400) can have a negligible effect on a shape of the part
(400) and thus can be ignored in determining the geometry of the tool (410). This provides
a straightforward method for determining tool geometry based on the feature(s) which
need modification on a particular part (400). This method may be applied to many features
on a part or array of parts. A printed tool (410) may be used to refine a part (400) or a
plurality of parts (400) simultaneously, thus providing a method to achieve very fine
geometries in a scalable and cost effective manner. In some embodiments, the part (400)
can have a plurality of features that require modification. The tool (410) can be printed
with a plurality of features that have a geometry complementary to a geometry of the
plurality of features of the part (400), and/or have other suitable geometry, to modify all
desired features of the part (400) simultaneously. This can be extrapolated to provide a
method for modifying a plurality of parts (400) with a plurality of tools (410), one part (400)
with a plurality of tools (410), and/ or a plurality of parts (400) with a single tool (410). The
geometry of the tool (410) can be automatically generated by modeling software, after a
user has specified which surfaces require treatment. By modifying a plurality of parts
(400) simultaneously, the process can become highly scalable and can be cost effectively
implemented in high volume manufacturing.

[0212] Additionally and/or alternatively, it may be desirable to produce a porous tool (410)
such that electrolytic fluid may be flowed through it to remove waste material during an
electrochemical machining process. A tool (410) with pores (not shown) that are large
enough to allow electrolyte flow and small enough to produce a uniform current density
in the relevant region between the tool (410) and the part (400) can be suitable for this
type of electrochemical machining process, because the pores can allow for optimal

thermal control of the tool (410) as well as direct electrolyte flow at a working surface of
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the part (400) to efficiently clear away any increase in ion concentration during the
machining process. In some embodiments, the pores can be less than half of the mean
diameter of the powder particles, and/or can be approximately an order of magnitude
smaller than the mean diameter of powder particles. Additionally and/or alternatively, the
pores can be at least 50 nanometers (nm) in diameter. While it can be desirable to achieve
the highest density possible when sintering a printed three-dimensional object, if porosity
is desired in some embodiments, the sintering cycle may be adjusted to reduce peak
temperature and soak time in order to achieve a controlled level of porosity in the final
three-dimensional object. The previously described electrochemical machining process
may be further improved by sintering the part (400) to maximum density, sintering the tool
(410) to a lower density such that the tool (410) has a specified porosity that is high
enough to allow fluid to flow through it, and flowing electrolyte through the tool (410) while
applying a current to remove material from the part (400). In some embodiments, the
porosity can be high such that the pores are of the size(s) as set forth above, and/or the
pores internally connect to form passages and/or networks in the tool (410). In some
embodiments, with the size(s) as set forth above, the pores can be sufficiently small such
that the pores can have a negligible effect on the geometry of the part (400) in the
electrochemical machining process. In some embodiments, the pores can be uniformly
distributed through the tool (410), such that heat generated in the electrochemical
machining process can be uniformly and efficiently dissipated away from the tool (410)
via the pores, thus achieving uniform cooling. Additionally and/or alternatively, the
increase in ion concentration in proximity to the tool (410) can be cleared away uniformly
and efficiently. In contrast, any conventional tools for electrochemical machining process,
even if made with openings of certain structures, cannot achieve the uniformity of
porosity, and thus the effective electrochemical machining process, as accomplished by
the method set forth above.

[0213] Turning to Figure 30, an exemplary diagram of a system (101) is shown as
including a build platform (163). In some embodiments, the system (101) can include the
system (100) (shown in Figure 1 for example). In some embodiments, the build platform

(163) can include the build platform (160) (shown in Figures 1 and 17, for example). The
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system (101) can include a build material unit (500) and a selective processing unit (600).
The build material unit (500) is configured to dispose a build material (520) on the build
platform (163). An exemplary build material unit (500) can include the deposition module
(130) (shown in Figure 1), and/or any other suitable components associated with the
disposing of the build material (520). An exemplary build material (520) can include the
slurry (201) (shown in Figure 7), or the blend of the powder (or powder material) (310)
(shown in Figure 13) and the resin (312) (shown in Figure 13).

[0214] The selective processing unit (600) is configured to selectively process the build
material (520) such that a portion of the build material (520) can form a three-dimensional
object (800). Selective processing can include applying at least one process that modifies
only a selected portion of the build material (520) such that one or more characteristics
of the selected portion can be different from the characteristics of the rest of the build
material (520). In one embodiment, the selective processing unit (600) can modify a
photosensitive material by irradiating the selected portion. In one embodiment, the
selective processing unit (600) can modify a photosensitive material by irradiating all
areas except the selected portion. In one embodiment, the selective processing unit (600)
can modify an ability of the selected portion to be cured, solidified, sintered, or a
combination thereof. In one example, the selective processing unit (600) can modify the
selected portion of the build material (520) such that the selected portion can be cured
(or sintered) while the unmodified portion of the build material (520) cannot be cured (or
sintered). Upon the modifying, the selected portion can form the three-dimensional object
(800) after any other optional and/or suitable post-processing. In another example, the
selective processing unit (600) can modify the selected portion of the build material (520)
such that the selected portion cannot be cured (or sintered) while the unmodified portion
of the build material (520) can be cured (or sintered). Upon the modifying, the rest of the
build material (520), excluding the selected portion, can form the three-dimensional object
(800) after any other optional and/or suitable post-processing. The selective processing
unit (600), and/or any other suitable equipment, can apply additional process(es) as

needed to achieve or complete the curing (and/or sintering).
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[0215] In another embodiment, the selective processing unit (600) can modify a state of
matter of the selected portion. For example, the selective processing unit (600) can cure
and/or solidify at least the selected portion of the build material (520) in accordance with
a shape of the three-dimensional object (800). An exemplary selective processing unit
(600) can include the projection module (106) (shown in Figure 1).

[0216] Turning to Figure 31, an exemplary flow chart of an embodiment of a method
(700) of making the three-dimensional object (800) is shown. The build material (520)
can be disposed, at (720), on the build platform (163). The build material (520) can be
selectively processed, at (740), to form the three-dimensional object (800).

[0217] Turning to Figure 32, the build material (520) is shown as including one or more
layers (522). The layers (522) can extend in an x direction and a y direction
(perpendicular to the plane of the figure) and stacked in a z direction. Each of the layers
(522) can be selectively processed. In accordance with the selective processing, a
portion of each of the layer (522) can form a layer (820). The layers (820) of the layers
(522) can stack to form the object (800).

[0218] Turning to Figure 33, an exemplary flow chart of an alternative embodiment of
the method (700) is shown. A layer (522) of the build material (520) can be disposed, at
(720A), on the build platform (163). The layer (522) can be an initial and/or first layer of
build material (520). The layer (522) can be selectively processed, at (740A), to form a
layer (820) of the three-dimensional object (800). The disposing and the selective
processing can be repeated, at (760), for one or more layers 820 that are stacked. Stated
somewhat differently, (760) can include repeating the disposing and the selective
processing for a selected number of times, each time for a subsequent layer (522)
stacking on a previous layer (522).

[0219] In various embodiments, the build material (520) can include a mixture and/or
blend of the powder (310) (shown in Figure 35A, for example) and a carrier fluid (320)
(shown in Figure 35A, for example). An exemplary carrier fluid (320) can include the resin
(312) (shown in Figure 13). The blend can be in the form of a slurry (201) (shown in

Figure 7, for example). In some embodiments, the build material can further include a

39



WO 2022/076902 PCT/US2021/054293

gas (or a gas phase) composed of bubbles which can be blended with the fluid and solid
components of the build material (520).

[0220] In one embodiment, the layer (522) of the build material (520) can be disposed
via slot die coating.

[0221] Additionally and/or alternatively, the layer (522) of the build material (520) can
be disposed via blade coating. Blade coating, particularly for various disclosed process
which can involve repeating layer disposition and processing many times, may be
advantageous as it has self-leveling characteristics. Stated somewhat differently, the
height of the surface produced by a given layer disposition can be largely unaffected by
irregularities in a prior layer.

[0222] Additionally and/or alternatively, the layer (522) of the build material (520) can
be disposed via patch coating. Patch coating can include utilizing a slot die or other similar
implement, wherein the flow of the build material (520) can be interrupted at selected
intervals to only deposit material within a specific target area. For example, the build
material (520) can be deposited over an array of sub-areas. Utilizing patch coating can
limit material waste.

[0223] Additionally and/or alternatively, the layer (522) of the build material (520) can
be disposed via continuous flow coating. In some embodiments, the continuous flow
coating can include utilizing a slot die or other similar implement, wherein the flow of the
build material (520) is not interrupted, and the build material (520) can be deposited over
an entire work area.

[0224] Turning to Figure 34, an exemplary flow chart of an alternative embodiment of
the method (700) is shown. The layer (522) of the build material (520) can be densified,
at (730A). The densifying at (730A) can be after the disposing at (720A) and before the
selectively processing at (740A). The densifying can be implemented using any suitable
apparatus including, for example, the build material unit (500) (shown in Figure 30), the
selective processing unit (600) (shown in Figure 30), the build platform (163) (shown in
Figure 30), and/or any other apparatus. The disposing, the densifying and the selective
processing can be repeated, at (760). Stated somewhat differently, 760 can include

repeating the disposing, the densifying and the selective processing for a selected
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number of times, each time for a subsequent layer (522) stacking on a previous layer
(522). Although a process of forming the build material (520) or layer (522) are described
using different terms such as disposing, depositing, or coating in various embodiments
for illustrated purposes only, the features of process of forming the build material (520) or
layer (522) are set forth via the description in each embodiment and are not limited solely
by which of the terms disposing, depositing, or coating is used. In some embodiments,
disposing, depositing, coating and/or other suitable terms describing forming the build
material (520) or layer (522) on the active working surface (167), can be interchangeable.
[0225] The densifying can include increasing a loading density (or loading percentage)
of the powder (310) (shown in Figure 35A, for example) in the disposed layer (522).
Stated somewhat differently, densifying the build material (520) can include increasing a
proportion of the powder (310) in the build material (520) that is deposited. In some
embodiments, the densifying can include at least partially removing the carrier fluid (320)
(shown in Figure 35A, for example) from the blend. In one embodiment, vacuum pressure
and/or differential pressure can be applied to the layer (522) through the porous build
platform working surface (162) (shown in Figures 13-15) to remove the carrier fluid (320).
Stated somewhat differently, the vacuum pressure and/or differential pressure can be
created between the build platform working surface (162) and the side of the build
platform (163) opposite to the build platform working surface (162).

[0226] Turning to Figures 35A and 35B, the build material (520) before and after
applying ultrasound is shown, respectively. The system (101) can include an ultrasound
unit 540. In various embodiments, the ultrasound unit 540 can be integrated with, and/or
coupled with, the build platform (163). The ultrasound unit 540 can generate ultrasound
waves. The ultrasound unit 540 can have a direct mechanical connection with the build
platform (163) via an acoustically conductive medium (not shown) such that the
ultrasound waves can be transmitted to the build platform (163) to result in ultrasound
agitation of the build platform (163). Exemplary acoustically conductive medium can
include a solid and/or a liquid. The ultrasound unit 540 can apply ultrasound to the
disposed layer (522) and densify the layer (522). The ultrasound can disintegrate the

carrier fluid (320) into droplets and thus accelerate evaporation of the carrier fluid (320).
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By using the ultrasound unit 540, the build material (520) can be densified in a simplified
manner.

[0227] Additionally and/or alternatively, the ultrasound can agitate the powder (310) and
thus settle the powder (310), such that the powder (310) sinks by gravity proximally to the
build platform (163) and becomes more closely packed. Uniformity of the powder (310)
can thus be improved. By using the ultrasound unit 540, the powder (310) in the build
material (520) can be settled in a novel manner. Uniformity of the disposed layer (522)
can thus be improved. It is to be noted that ultrasound has not conventionally been used
to remove fluid from a slurry to increase slurry density, or to settle powder that is deposited
via the slurry.

[0228] Turning to Figures 36A and 36B, the build material (520) before and after
applying ultrasound is shown, respectively. The powder (310) is settled via the
ultrasound, but the carrier fluid (320) is not necessarily significantly reduced. In various
embodiments. the ultrasound can be applied for settling the powder (310) regardless of
how the build material (520) is densified. For example, the carrier fluid (320) can be
removed in a manner that does not necessarily use ultrasound, but the ultrasound can be
applied for settling the powder (310). Advantageously, when a selected carrier fluid (320)
is not easily reduced by the ultrasound, another method, such as evaporation or suction,
can be applied to remove the carrier fluid (320) in a more expedited manner.

[0229] Turning to Figure 37, the system (101) is shown as including an evaporation unit
560. The evaporation unit 560 can apply heat to the disposed layer (522) and evaporate
the carrier fluid (320). The evaporation unit 560 can apply heat via conduction,
convection, radiation, or a combination thereof. The radiation can include any suitable
type of radiation including, for example, microwave, laser, infra-red (IR), and/or any other
optical radiation. In various embodiments, the evaporation process may only be utilized
to the extent that a majority of fluid is removed from the material layer, but an adequate
amount is left within the layer such that it may be used during the selective processing
(740) (shown in Figure 31). In this regard, the carrier fluid (320) can serve the additional

purpose of being processed selectively to define the part being built.
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[0230] In one embodiment, the evaporation can be applied to a multi-component system
that includes a filler and a backbone. In this embodiment, a filler material may require
less energy to evaporate than a backbone material, and the backbone material may
remain in the layer (522) after the evaporation process is complete. The backbone
material may be further processed during the selective processing (740) to define the part
being built.

[0231] Turning to Figure 38A, the build material (520) is shown as being a foam. Stated
somewhat differently, the carrier fluid (320) can define a plurality of bubbles therein. The
bubbles can be introduced into the build material (520) by adding a suitable bubble
generator and/or foaming agent, churning the build material (520) via the build material
unit (500) (shown in Figure 30) prior to deposition, or a combination thereof. In one
embodiment, the build material (520) can include the slurry (201) (shown in Figure 7), so
the bubbles can be introduced into the slurry (201).

[0232] Turning to Figure 38B, the carrier fluid (320) is shown without the bubbles. In
some embodiments, densifying of build material (520) can include collapsing and/or
breaking down at least some of the bubbles. Upon collapsing the bubbles, air volume in
the build material (520) can be reduced or eliminated, the amount of the powder (310)
per unit volume of the build material (520) can be increased, and the build material (520)
can be densified. In one embodiment, the bubbles can collapse by suction. For example,
the suction can be applied to the build material (520) directly and/or via a low or differential
pressure through the build platform (163). Stated somewhat differently, the low or
differential pressure can be established between the sides of the build platform (163) that
are respectively proximal to and distal from the build material (520). In another
embodiment ultrasonic agitation may be applied to collapse the bubbles. In another
embodiment, heat may be applied to collapse the bubbles. Additionally and/or
alternatively, the bubbles can collapse naturally (that is, without suction) over a period of
time. In any of these embodiments, the relative volume of air in the original build material
may be high enough such that the collapsed layer has a certain amount of porosity

remaining after the powder (310) has settled into a dense layer.
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[0233] Turning to Figure 38C, the carrier fluid (320) is shown as further reduced. Thus,
the number and/or size of voids can increase between the powder (310) wetted by carrier
fluid (320), so porosity in the build material (520) can be increased. Such reduction of the
carrier fluid (320) can be implemented via any suitable densification methods as set forth
above including, but not limited to, collapsing of the bubbles. Although Figures 38B and
38C show no bubbles for illustrative purposes only, the bubbles can exist in the carrier
fluid (320) at any stage of densification even if the total amount of the bubbles is reduced.
[0234] Turning to Figure 39A, the system (101) is shown as including a densification
fluid deposition unit (510). The densification fluid deposition unit (510) can apply a
densification fluid (340) to the build material (520). In various embodiments, the
densification fluid (340) can react with the carrier fluid (320) to produce one or more
products that are in a gas state. For example, the densification fluid (340) can include an
acidic component, and the carrier fluid (320) can include a carbonate, or vice versa. In
various embodiments, the densification fluid (340) can be uniformly applied to the build
material (520). The densification fluid (340) can be applied in any suitable manner. In
one embodiment, the densification fluid (340) can be deposited via spraying.
Advantageously, the layer (520) can react with the densification fluid (340) at all locations
and be densified in a uniform manner. Although Figure 39A shows the densification fluid
(340) as being separated from the carrier fluid (320) for illustrative purposes only, the
densification fluid (340) can be miscible with the carrier fluid (320) to chemically react with
the carrier fluid (320), without limitation.

[0235] Turning to Figure 39B, a volume of the carrier fluid (320) and the densification
fluid (340) is shown as being significantly reduced, in comparison with Figure 39A. Stated
somewhat differently, upon the reaction between the densification fluid (340) and the
carrier fluid (320), fluid volume in the build material (520) is reduced, the amount of the
powder (310) per unit volume of the build material (520) can be increased, and the build
material (520) can be densified.

[0236] Turning to Figure 40, an exemplary flow chart of an alternative embodiment of
the method (700) is shown. The build material (520) can be disposed, at (722), on the

build platform (163), and can optionally be densified using methods described herein.
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The build material (520) can include a photosensitive material. The photosensitive
material can change its chemical composition and/or properties when exposed to
electromagnetic radiation. At least a portion of the photosensitive material can be
modified, at (742), via irradiation. In various embodiments, the selective processing unit
(600) (shown in Figure 30) can irradiate the photosensitive material. In one embodiment,
the modified portion can form at least a part, or a layer (820) (shown in Figure 32), of the
three-dimensional object (800) (shown in Figure 32). For example, the photosensitive
material can include the resin (312) (shown in Figure 13). The resin (312) can be cured
by irradiation of UV (ultraviolet) light, for example. Thus, the portion of the resin (312)
being irradiated can be solidified and form a layer (820) of the three-dimensional object
(800). The build material (520) can be irradiated in accordance with a 2D image
corresponding to a slice of the digital model of the three-dimensional object (800).

[0237] Turning to Figure 41, the selective processing unit (600) is shown as including a
selective deposition unit (620). The selective deposition unit (620) can be configured to
deposit a supplemental build material (360) on one or more target areas (524) on the
build material (520). Non-target areas (526) are areas of the build material (520) with no
deposition of the supplemental build material (360). Properties of the target area (524)
can be different from the properties of non-target area (526). An exemplary property can
include ability to cure, ability to sinter, or a combination thereof. In various embodiments,
the supplemental build material (360) can include a fluid. The selective deposition unit
(620) can deposit the supplemental build material (360) in any suitable manner. In one
embodiment, the selective deposition unit (620) can deposit the supplemental build
material (360) via jetting and/or ink jetting.

[0238] The build material (520) is shown as the powder (310) wetted with the carrier
fluid (320). The amount of the carrier fluid (320) can be small such that the build material
(520) can define voids 380 between the particles of the powder (310). In various
embodiments, the build material (520) can be densified to reduce the amount of the carrier
fluid (320) to a suitable extent such that the powder (310) can be wetted with the carrier
fluid (320) but define the voids 380 to accommodate more material (so as to

accommodate the supplemental build material (360)). In various embodiments, the
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densification can be limited by a tap density of the powder (310). The tap density can be
controlled by the particle size distribution and morphology of the powder (310). One goal
of the densification process can be to get as close as possible to the tap density.

[0239] The resolution of the SFF can be affected by how precisely the target areas (524)
can be defined by the deposition and/or wetting of the supplemental build material (360)
on the build material (520). In various embodiments, the size of the droplet and the
reaction kinetics of the binder activation reaction can be designed to optimize resolution,
among other characteristics.

[0240] Turning to Figure 42A, the system (101) is shown as depositing the supplemental
build material (360) on the powder (310) without the carrier fluid (320). Stated somewhat
differently, the powder (310) can be dry. The supplemental build material (360) is shown
to form a bead on top of the powder (310) because the supplemental build material (360)
does not readily wet the powder (310). As a result, it takes a certain amount of waiting
time for the supplemental build material (360) to soak into the powder (310). In many
SFF processes, small droplets are desired because large droplets impact the dry powder
layer with force and results in cratering in the powder (310). Small droplets may also be
desirable to achieve high resolution. The cratering reduces resolution of the formed 3D
object and adversely impacts the density of the powder within the part as well as the
uniformity of powder packing within the part. However, effects of surface tension are
significant for smaller droplets and thus small droplets require a long waiting time to wet
the powder (310). At least for the above reason, conventional binder jetting process is
impractical for high resolution SFF.

[0241] Turning to Figure 42B, the system (101) is shown as depositing the supplemental
build material (360) on the powder (310) blended with a suitable amount of the carrier
fluid (320). Stated somewhat differently, the powder (310) can be wet. The supplemental
build material (360) is shown as soaking into the voids (380) promptly, in contrast to
Figure 42A. Stated somewhat differently, the carrier fluid (320) can facilitate wetting of
the supplemental build material (360). As a result, it takes no waiting time, or only a short
waiting time, for the supplemental build material (360) to soak into the powder (310).

Therefore, the supplemental build material (360) can be deposited in very small droplets
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without significantly increasing soak time. Thus, high resolution of SFF can be achieved
in @ manufacturing process that is practical and cost effective.

[0242] Turning to Figure 43, an exemplary flow chart of an alternative embodiment of
the method (700) is shown. The build material (520) can be disposed, at (724), on the
build platform (163). The build material can include the powder material (310) and the
carrier fluid (320) ), and can optionally be densified using methods described herein. The
supplemental build material (360) can be deposited, at (742), on one or more target areas
(524) on the build material (520). Although the method (700) as set forth in Figure 40 can
achieve high resolution SFF, the high resolution is achieved via irradiation and such a
method is not necessarily compatible with all kinds of the build materials (520). For
example, when the powder material (310) includes certain reactive metals, such as
titanium, the powder material (310) may react with the photosensitive (or photocurable)
material, thus adversely affecting the sintering process. For example, most photocurable
materials have some oxygen content; the oxygen can be pulled from the polymer during
sintering and react with metal to form an oxide which can be damaging to the final
properties of the sintered metal. In contrast, the method (700) as set forth in Figure 43
can implement the high resolution SFF with a great variety of binder materials when there
is no suitable photosensitive (or photocurable) material available for the build material
(520).

[0243] Turning to Figure 44, the three-dimensional object (800) is shown as being
formed based upon the target areas (524). In some embodiments, the supplemental build
material (360) can induce and/or facilitate a curing reaction and/or state change.
Examples of the supplemental build material (360) can include azo compounds or organic
peroxides to facilitate thermal free radical polymerization, and/or basic aqueous solutions
in the case of curing a cyanoacrylate binder. Any polymerization initiator that is
appropriate for a given binder material that may be in the carrier fluid (320) is understood
to be within the scope of this embodiment. Thus, the powder (310) can be bound in the
target areas (524). In one embodiment, the powder (310) in the target areas (524) can

form at least a part, or the layer (820), of the three-dimensional object (800). The
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supplemental build material (360) can be deposited in accordance with a 2D image
corresponding to a slice of the digital model of the three-dimensional object (800).
[0244] In one embodiment, the curing reaction can include a photocuring reaction. The
photocuring reaction can be induced by irradiation including, for example, UV light
irradiation. For example, an entire layer (522) of the build material (520) can be irradiated
in a non-selective manner. In one example, the supplemental build material (360) can
include a photocurable resin. The photocurable resin can include a backbone resin and
a photoinitiator. In another example, the supplemental build material (360) can include
the backbone resin, and the carrier fluid (320) can include the photoinitiator. In yet
another example, the carrier fluid (320) can include the backbone resin, and the
supplemental build material (360) can include the photoinitiator. In general, in this and
other embodiments, there may be a plurality of components, all of which can be needed
in order to create or enable a chemical reaction and/or state change, wherein one or more
of these components can be contained in the carrier fluid (320), and the remaining
components can be contained in the supplemental build material (360).

[0245] In another embodiment, the curing reaction and/or state change can include a
thermal curing reaction and/or state change. The thermal curing can be induced by
temperature change (for example, exposure to heat). For example, an entire layer (522)
of the build material (520) can be heated in a non-selective manner. In one example, the
supplemental build material (360) can include a thermally curable resin. The thermally
curable resin can include a backbone resin and a thermal initiator. In another example,
the supplemental build material (360) can include the backbone resin, and the carrier fluid
(320) can include the thermal initiator. In yet another example, the carrier fluid (320) can
include the backbone resin, and the supplemental build material (360) can include the
thermal initiator.

[0246] In yet another embodiment, the curing reaction can include a passive curing
reaction. The passive curing reaction can occur in a suitable environment and complete
within a period of time. In one example, the supplemental build material (360) can include
a passively-curable resin. The passively-curable resin can include a backbone resin and

an initiator. In another example, the supplemental build material (360) can include the

48



WO 2022/076902 PCT/US2021/054293

backbone resin, and the carrier fluid (320) can include the initiator. In yet another
example, the carrier fluid (320) can include the backbone resin, and the supplemental
build material (360) can include the initiator. In yet another embodiment, the
supplemental build material can include a binder material which is in a liquid state during
deposition but which becomes solid shortly after deposition. In this embodiment, the
carrier fluid (320) does not chemically interact with the supplemental build material (360).
This may be achieved through the use of a supplemental build material (360) such as a
wax, and/or other polymer, which can be melted within the selective deposition unit (620)
and cooled upon deposition. The carrier fluid (320) may be selected to optimize its ability
to absorb thermal energy from the supplemental build material (360). An exemplary
carrier fluid (320) can include one or more components having a high thermal capacity.
For example, the carrier fluid (320) can include water and/or oil.

[0247] In some embodiments, the supplemental build material (360) can include a
binder that does not react with the carrier fluid (320). In one embodiment, the
supplemental build material (360) can include a wax (and/or polymer). The build material
(520) can be deposited at elevated temperature such that the wax can be in a molten
state. Upon cooling, the wax can be in solid state. In one embodiment, the carrier fluid
(320) can include a component capable of absorbing thermal energy from the wax, so
solidification of the wax can be expedited. The wax can thus bind the powder (310).
[0248] Additionally and/or alternatively, the supplemental build material (360) can
include a monomer. In one embodiment, the monomer can be solid at room temperature.
An exemplary monomer can include norbornene. The build material (520) can be
deposited at elevated temperature such that the monomer can be in a molten state. Upon
deposition, the monomer can polymerize and/or solidify via a polymerization process
including, for example, irradiation, chemical treatment and/or thermal treatment. The
polymer can thus bind the powder (310) and binding strength can be increased via the
polymerization. In some embodiments, the resultant polymer can decompose during
sintering.

[0249] Additionally and/or alternatively, the supplemental build material (360) can be

deposited in a lattice structure. Before depositing the supplemental build material (360),
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the fluid paths within the part can be available even when using solid curing images,
because the densification process can leave an inherently porous structure. However,
after deposition of the supplemental build material (360), any material binding the powder
(310) may block fluid flow. Thus, the supplemental build material (360) can be deposited
using the lattice structure to allow for fluid flow and fluid removal from subsequent layers.
[0250] Turning to Figure 45, the three-dimensional object (800) is shown as being
formed based upon the non-target area (526). In some embodiments, the carrier fluid
(320) (shown in Figure 35A, for example) can include a curable material and the
supplemental build material (360) can inhibit a curing reaction and/or state change of the
curable material. An unlimiting example may include the use of an acrylate or
methacrylate resin and photoinitiator as the carrier fluid (320), and a solution of any known
free radical photoinhibitor as the supplemental build material (360), such as bis[2-(o-
chlorophenyl)-4,5-diphenylimidazole] or other similar species which is complementary to
the initiator. Thus, the powder (310) can be bound in the non-target areas (526). In one
embodiment, the powder (310) in the non-target area (526) can form at least a part, or
the layer (820), of the three-dimensional object (800). The supplemental build material
(360) can be deposited in accordance with a complementary image of the 2D image
corresponding to the slice of the digital model of the three-dimensional object (800).
[0251] In one embodiment, the curing reaction can include a photocuring reaction. The
photocuring reaction can be induced by irradiation including, for example UV light
irradiation. For example, an entire layer (522) of the build material (520) can be irradiated
in a non-selective manner. In one example, the carrier fluid (320) can include a
photocurable resin. The photocurable resin can include a backbone resin and a
photoinitiator.

[0252] In another embodiment, the curing reaction can include a thermal curing reaction
and/or state change. The thermal curing can be induced by temperature change (for
example, exposure to heat). For example, an entire layer (522) of the build material (520)
can be heated in a non-selective manner. In one example, the carrier fluid (320) can
include a thermally curable resin. The thermally curable resin can include a backbone

resin and a thermal initiator.
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[0253] In yet another embodiment, the curing reaction can include a passive curing
reaction and/or state change. The passive curing reaction can occur in a suitable
environment and complete within a period of time. In one example, the carrier fluid (320)
can include a passively-curable resin. The passively-curable resin can include a
backbone resin and an initiator.

[0254] Additionally and/or alternatively, similar to the description set forth above, the
supplemental build material (360) can be deposited in a lattice structure and/or any other
suitable porous structure to allow for fluid flow and fluid removal from subsequent layers.
[0255] Turning to Figure 46, the fluid deposition unit (620) is shown as depositing the
supplemental build material (360) for one or more target areas (524) of each layer (522),
the target areas (524) corresponding to a support surface layer (198). The support
surface layer (198) can be located between the part (190) and the support structure (192).
The supplemental build material (360) can include a sintering inhibitor (330). An
exemplary sintering inhibitor (330) can be at least partially composed of a peroxide
solution, other oxidizing agent, or other agent to inhibit sintering. The support surface
layer (198) can be cured in the same manner as curing of the part (190) and/or the support
structure (192). Thus, prior to sintering, the part (190) and the support structure (192)
can be connected by the support surface layer (198) to ease handling. The sintering
inhibitor (330) can hinder sintering of the support surface layer (198), so the part (190) is
not permanently adhered to, and can be easily separated from, the support structure
(192). An exemplary sintering inhibitor (330) can include hydrogen peroxide.

[0256] Figures 47-53 show detailed drawings of an exemplary system (101). Figures
49 and 50 are sectional views. The material deposition system (130) is shown as being
positioned between two selective deposition units (620), including selective deposition
units (620A), (620B). During operation, the material deposition system (130) and the
selective deposition unit (620A) can scroll to the right, while the material deposition
system (130) deposits one layer of the build material (520) (shown in Figure 32). The
selective deposition unit (620B) can scroll to the right while depositing the supplemental
build material (360) (shown in Figure 41). The material deposition system (130) and the

selective deposition unit (620B) can scroll to the left, while the material deposition system
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(130) deposits a next layer of the build material (520). The selective deposition unit
(620A) can scroll to the left while depositing the supplemental build material (360). The
operation can repeat until all layers are deposited, with the supplemental build material
(360) deposited therein as needed. Advantageously, each trip of translation can complete
a layer so efficiency of SFF can improve. Figures 54 and 55 respectively show detailed
pictorial and sectional drawings of the material deposition system (130) and the selective
deposition units (620A), (620B). Figure 56 shows a detailed drawing of the selective
deposition unit (620). The selective deposition unit (620) can include an array of jetting
head (or print head) (622). One skilled in the art will recognize that the material deposition
system (130) and selective deposition unit(s) (620) can be moved at separate times
and/or by separate motors.

[0257]Referring back to Figure 40, in accordance with the method (700), a state of the
build material (520) can be modified via irradiation. The embodiments as illustrated in
following figures show exemplary implementations of irradiation for SFF fabrication for
illustrated purposes only. A person of ordinary skill in the art would understand that any
other suitable types of imaging and/or irradiating systems can be implemented with the
system (101) shown in figures set forth above. Exemplary types of such imaging systems
can include commercial Digital Micromirror Device (DMD) imaging systems, liquid crystal
display (LCD) mask, and/or the like. lrradiation may include optical illumination (and/or
irradiation) of any suitable wavelength, visible or invisible, electron-beam radiation, ion-
beam radiation, neutron-beam radiation, x-ray radiation, and/or other forms of radiation
in which images can be formed and the irradiation suitably modify the material that is
irradiated. Accordingly, although, in various embodiments, illumination is used to provide
electromagnetic wave (or energy) for illustrative purposes only, any irradiation of suitable
wavelength(s) can be used to provide the electromagnetic energy, without limitation.
Turning to Figure 57, an exemplary imaging unit (640) can be configured to translate
above an imaging surface (521) in direction(s) (648) (or scan direction) while irradiating
electromagnetic energy onto selected areas on the imaging surface (521). For illustrative
purposes only, x direction can be parallel to the scan direction (648) and the y direction

can be the cross-scan direction. In various embodiments, the scan direction and cross-
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scan direction can in any other suitable orientation relative to x and y directions. The
direction (648) can include two opposite directions and/or a single direction. In various
embodiments, the direction (648) can be parallel to the imaging surface (521) or the build
platform working surface (162). In some embodiments, the direction (648) can be parallel
to a translation direction of the build material unit (500) (shown in Figure 30). In some
embodiments, the imaging unit (640) can be at least a part of the selective processing
unit (600) (shown in Figure 30). The imaging surface (521) can include any substrate
and/or material to be irradiated by the imaging unit (640). In some embodiments, the
imaging surface (521) can include the active working surface (167), the build material
(520) (shown in Figure 30), a top region of the build material (520), or substantially (e.g.
to a depth of 3-50 microns) of the top surface of the build material (520), or the build
platform working surface (162). However, the imaging unit (640) can be implemented in
any other system not limited to the system (101).

[0258] The imaging unit (640) can be moved relative to the imaging surface (521) in any
suitable manner. In one embodiment, the imaging unit (640) can be within a housing (not
shown) that is fixed relative to the imaging surface (521), the imaging unit (640) can be
scrolled relative to the housing. In another embodiment, the imaging unit (640) can be
fixed relative to the housing, and the housing can be scrolled relative to the imaging
surface (521). In another embodiment, the imaging unit (640) can be moved relative to
the imaging surface (521). In another embodiment, the imaging surface (521) can be
moved relative to the imaging unit (640).

[0259] Turning to Figure 58, a schematic diagram of the imaging unit (640) viewed
against z direction is shown. The imaging unit (640) is shown as including a plurality of
illumination source groups (646), shown as 646A-D. The illumination source groups (646)
are shown as being distributed in x direction. In some embodiments, the illumination
source groups (646) can be aligned along x direction. Each of the illumination source
group (646) is shown as including an array of illumination sources (642) including, for
example, illumination sources (642A)-(642E). In the example as shown, the alphabetic
order of A-E can indicate the sequence of approaching the imaging surface (521). Stated

somewhat differently, of a selected illumination source group (646), the illumination
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source (642A) can approach a given location in the x direction of the imaging surface
(521) first, and the illumination source (642E) can approach said given location in the x
direction of imaging surface (521) last. The array of illumination sources (642) can
produce, at the imaging surface (521) (shown in Figure 57), an array of images (662)
(partially shown in Figure 59). The array of illumination sources (642) can correspond
directly to the array of images (662). Stated somewhat differently, at a given moment
during operation of the imaging unit (640), each illumination source (642) that irradiates
the imaging surface (521) can produce an image (662), respectively.

[0260] In some embodiments, the shape, dimension, and/or size of the array of
illumination sources (642) and the array of images (662) can be the same. Optionally,
the imaging unit (640) can include projection optics (645) (shown in Figure 66, including
optical lens(es) and/or mirrors, for example) in the illumination path to reduce and/or
increase the produced images and/or distance therebetween. For example, the
projection optics (645) can change the linear size of an image (662) corresponding to an
illumination source (642) such that that the ratio between the linear sizes of the
illumination source (642) and the corresponding image (662) can be greater or smaller
than 1. Thus, although Figure 58 shows illumination sources (642) of a selected size,
spacing and shape for illustrative purposes only, the imaging unit (640) can use any other
suitable arrangement and/or sizes of the illumination sources (642) and projection optics
(645) for producing the array of images (662) as described in Figure 59.

[0261] Each of the illumination source group (646) is shown as including a plurality of
illumination source subsets (641) distributed along y direction. In some embodiments,
the plurality of illumination source subsets (641) can be aligned along y direction. For
example, specified illumination sources (642) of the selected illumination source subsets
(641) (such as illumination sources (642A) of the selected illumination source subsets
(641), or illumination sources (642B) of the selected illumination source subsets (641), or
the like), in one illumination source group (646) can be located along a line parallel to the
y direction.

[0262] Each illumination source subset (641) includes a plurality of the illumination

sources (642). For example, the illumination sources (642A)-(642E) can form one of the
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illumination source subsets (641). Each illumination source subset (641) is configured to,
via translation of the imaging unit (640), produce the images (662) that can irradiate at
least an entire pixel area (664) (for example, shown in Figure 60). In some embodiments,
the number of the illumination source subsets (641) in the illumination source groups
(646) can be greater than or equal to the number of the pixel areas (664) across a width
of a target area (not shown) that the imaging unit (640) irradiates, the width being
measured perpendicular to the direction (648). So the target area can be imaged
completely via the imaging unit (640) scrolling in one pass. In other embodiments, the
number of the illumination source subsets (641) in the illumination source groups (646)
can be smaller than the number of the pixel areas (664) across the width of the target
area, and thus the target area can be imaged completely via the imaging unit (640)
scrolling in multiple passes. In some embodiments, the illumination source groups (646)
can be aligned along x direction such that a selected illumination source subset (641)
from each illumination source group (646) can be located along the x direction. For
example, specified illumination sources (642) of the selected illumination source subsets
(641) (such as illumination sources (642A) of the selected illumination source subsets
(641), or illumination sources (642B) of the selected illumination source subsets (641), or
the like) from each illumination source group (646) can be located along a line parallel to
the x direction.

[0263] In various embodiments, the imaging unit (640) can include a micro-light-
emitting-diode (microLED) chip or array, with each illumination sources (642) including a
microLED. Additionally and/or alternatively, the imaging unit (640) can include a Digital
Micromirror Device (DMD) chip configured to reflect radiation from an incident light
source. Additionally and/or alternatively, the imaging unit (640) can include a combination
of a light source and a liquid crystal display (LCD) mask. The LCD mask can include an
array of LCD lenses (or LCD apertures), with each illumination sources (642) including
an LCD lens with a transparency that can be turned on and off via electronic control
signals.

[0264] In some embodiments, microLED can be a preferred configuration because,

when the size of the illumination sources (642) is smaller than a pitch size between
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adjacent illumination sources (642), microLED can limit illumination (and/or irradiation)
only within the desired area of each illumination source (642). In contrast, the DMD and
LCD configuration both provide illumination to areas between illumination sources (642),
and that can waste some of the optical energy and unnecessarily overheating of the DMD
chip or the LCD mask.

[0265] The projection optics (645) can include any suitable optical devices that alter
sizes, shapes, and/or positions of incident light beam from the illumination sources (642)
via any mechanism including, for example, reflection, refraction, astigmatism, and/or
aberration. In some embodiments, for any selected type of illumination sources (642),
the imaging unit (640) can include an array of microlenses, each microlens corresponding
to a microLED, respectively, and can direct the radiation from the microLED to the imaging
surface (521) or further optical devices and then the imaging surface (521), while focusing
(and/or defocusing) the radiation to achieve the size of the images (662).

[0266] Turning to Figure 59, a portion of image groups (666) produced by the
illumination source groups (646) (shown in Figure 58) are shown in in a magnified view
for clarity and illustrative purposes. In the example as shown, the image groups (666A),
(666B) are produced by the illumination source groups (646A), (646B) (shown in Figure
58), respectively. The image groups (666) are shown as being distributed and aligned
along x direction. The image groups (666) formed by all the illumination source group
(646) can constitute a full image (660) (partially shown) after repeated exposure and
relative motion in the x direction between the illumination source group (642) and the
imaging surface (521).

[0267] The image group (666) can include an array of the images (662) produced by the
array of illumination sources (642) (shown in Figure 58). In this example, the images
(662A)-(662E) are produced by the illumination sources (642A)-(642E) (shown in Figure
58), respectively. The array of the images (662) is shown as including a plurality of rows
(668) shown as being parallel to y direction. In a given row (668), a center-to-center
distance D between two adjacent images (662) is shown as being larger than a width W
of the image (662). Each of the plurality of rows (668) can be offset from an adjacent row

(668) by an offset distance S greater than zero and no greater than the width W of each
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image (662). Thus, when the illumination sources (642) are translated in the x direction,
there can be no un-illuminated gap between two images (662) having the offset
therebetween (such as between images (662C), (662D), for example).

[0268] The number of the rows (668) can be selected such that the rows (668) can be
sufficient to be linearly translated across a pixel area (664) (for example, shown in Figure
60) to at least completely image the pixel area (664). Stated somewhat differently, the
number of the rows (668) in the image group (666) can be equal to the number of the
illumination sources (642) in an illumination source subset (641) (shown in Figure 58).
The number can be based upon the size of the image (662), the pixel area (664) and/or
the offset distance S, all being in y direction. In the example as illustrated, the width W
of each image (662) and the offset distance S are both 1/5 of a width of the pixel area
(664). Thus, the image group (666) can include at least 5 rows (668).

[0269] In one embodiment, the spacing between adjacent rows (668) can be equal to
the size of the pixel area (664) in x direction. However, the distance can be any suitable
value that is greater than, or smaller than, the size of the pixel area (664) in x direction.
The spacing between adjacent rows (668) in x direction can be shorter to decrease the
amount of movement required for a complete image, and can decrease the size of the
imaging unit (640). Larger spacing between adjacent rows (668) can increase the size of
the imaging unit (640) and reduce average thermal load per unit area on the microLED
chip, but can increase the amount of movement needed to complete the image. Spacing
can be optimized per specific applications. By selecting timing of turning on and off the
illumination sources (642), sub-pixel-length shift in the X direction can be achieved. In
some embodiments, exposures do not have to be at discrete positions. The illumination
sources (642) can be turned on and off while the chip moves continuously, similar to in a
laser rastering system.

[0270] Turning to Figure 60, the exemplary pixel area (664) irradiated by the illumination
source subset (641) (shown in Figure 58) via the translating movement is shown. The
pixel area (664) can include a plurality of columns of the images (662), each being
irradiated by the illumination sources (642A)-(642E) (shown in Figure 58), respectively.

By turning on and off the illumination sources (642A)-(642E) during translation, image
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resolution within the pixel area (664) can be based upon the offset distance S of the
images (662).

[0271] The imaging unit (640) as set forth above in Figures 58-60 can be advantageous
over other exposure and/or irradiation systems for at least the following reasons. An
illumination source subset (641) is configured to irradiate an entire pixel area (664). Even
if one of the illumination sources (642A)-(642E) is faulty (cannot emit light or cannot be
turned off), corresponding illumination source(s) (642) in other illumination source
group(s) (646) can be translated above pixel area (664) and provide some degree of
compensation for the faulty illumination source. The example shown in Figure 58 includes
4 illumination source groups (646) so a selected point on the imaging surface (521)
(shown in Figure 57) can be irradiated by four illumination sources (642). In the case that
one illumination source cannot emit light, when it is desired to fully illuminate (and/or
irradiate) the pixel area, the remaining three sources will have illuminated the pixel area
to an intensity 3/4 of the desired value. In the case of an illumination source that cannot
be turned off, when it is desired not to illuminate a pixel area, the illumination will be 1/4
of the full value. The number of redundant illumination source groups (646) can be chosen
to be large enough that the effects of the faulty pixels is minimized to the point that it has
no substantial detrimental effect to the exposure of the material. Such redundancy can
be crucial for ensuring high yield in small scale SFF, where failure of irradiation at one
location can result in a defected product. Further, even new illumination sources (642) of
the imaging unit (640), such as microLEDs provided on a microLED chip, can have a
certain faulty rate due to limitation of microelectronics fabrication technology, and the
faulty rate increases with usage. The incorporation of the illumination source groups
(646) can tolerate the faulty rate, and thus both reduce costs of illumination sources (642)
by allowing imperfect sources to be used, and extend usage life of the imaging unit (640).
[0272] Although the imaging unit (640) is shown as being used for SFF for illustrative
purposes only, the imaging unit (640) can be used for any suitable applications that use
optical imaging. Exemplary applications can include plastics printing system (such as
Stereolithography), printed circuit board (PCB) lithography, and/or any other systems that

produce polymer parts using photocurable material or any other manufacturing process
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that uses irradiation-sensitive material(s) that need to be selectively exposed to a desired
geometry.

[0273] In addition, by exposing the images (662) of a small size, the imaging unit (640)
can achieve a high resolution. Because only one, or some, of all images (662) is formed
at one moment for each pixel area (664) at a given moment, effective pixel number for
the control/drive system can be reduced, in comparison with a scenario where all the
images (662) of each pixel area (664) are exposed concurrently. Stated somewhat
differently, with the control/drive system of a given capability, a greater number of pixel
areas (664) can be exposed, so the exposure area can be increased and productivity of
SFF can be increased. Such advantages can be achieved in the imaging unit (640) even
if the exposure does not require scrolling the imaging unit (640), for example, as in the
examples illustrated in Figures 64 and 65.

[0274] Turning to Figure 61, another exemplary imaging unit (640) is shown. The
imaging unit (640) in Figures 58 and 61 are similar except that size of the illumination
sources (642) is greater in Figure 61.

[0275] Turning to Figure 62, a portion of the image groups (666) produced by the
illumination source groups (646) (shown in Figure 61) are shown in in a magnified view
for clarity and illustrative purposes. The image groups (666) in Figures 59 and 62 are
similar except that size of the image (662) is greater in Figure 62. The offset distance S
is shown as being smaller than the linear size (or width in y direction) of the image (662).
In the example as illustrated, the width W of each image (662) is 2/5 of a width of the pixel
area (664) (shown in Figure 63) and the offset distance S is 1/5 of a width of the pixel
area (664). Thus, the image group (666) can include 5 rows (668) to expose the 5
exposure positions within the pixel area (664).

[0276] Turning to Figure 63, the exemplary pixel area (664) irradiated by the illumination
source subset (641) (shown in Figure 61) via the translating movement is shown. The
pixel area (664) can include a plurality of columns of the images (662), each being
irradiated by the illumination sources (642A)-(642E) (shown in Figure 62). By turning on

and off the illumination sources (642A)-(642E) during translation, image resolution within
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the pixel area (664) can be at least partially based upon the offset distance S (shown in
Figure 62).

[0277] Thus, the imaging unit (640) (shown in Figure 61) can achieve a resolution that
is finer than the linear size of the image (662) by introducing the offset distance S smaller
than the width W of the image (662). However, a final image produced may have a
gradient of optical exposure intensity at edges because the size of each image (662) is
larger than the offset distance S (which can be the smallest spacing achieved). Although
a sharpness of a final image can be reduced, such an imaging unit (640) can provide an
advantage of increased optical power output (and thus exposure efficiency). In various
embodiments, the optical power output can be increased because the areas of each
image (662) and/or illumination sources (642) of Figures 61-63 can be greater than the
areas of each image (662) and/or illumination sources (642) of Figure 58-60. Stated
somewhat differently, Figure 61-63 can use a greater size of image (662) and utilize an
offset distance S to achieve a high resolution. This increases optical power output while
reducing image sharpness. Thus, depending on specific applications, the size of image
(662) can be selected to achieve a trade-off between optical power output and image
sharpness.

[0278] Figure 64 shows a full image (660) produced by an alternative imaging unit (not
shown), the full image (660) including an array of images (662). The image (662) can
formed within a corresponding pixel area (664), and the full image (660) can be formed
by shifting the image (662) in both x and y directions within the pixel area (664). The size
of the image (662) is smaller than the size of the pixel area (664). So the resolution of
irradiation can be based upon the size of the image (662). The shifting of the image (662)
within the pixel area (664) can be achieved by projection optics (645) (shown in Figure
66) in the illumination path including, for example, one or more rotatable refractive lenses.
Additionally and/or alternatively, image shifting can be achieved by mounting the
microLED array on a 2-axis motion stage (not depicted) in order to move the chip and
produce a proportionate shift in the projected image.

[0279] Figure 65 shows a full image (660) produced by another alternative imaging unit

(not shown). The imaging unit as described by Figures 64 and 65 are similar except that
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size of the image (662) is greater in Figure 65 than in Figure 64. The image (662) can be
formed within a corresponding pixel area (664), and the full image (660) can be formed
by shifting the image (662) in both x and y directions within the pixel area (664) by a
distance smaller than a width or length of the image (662). So the resolution of irradiation
can be based upon the distance by which the image (662) is shifted. Similar to the
reasons as set forth above, compared with Figure 64, the image (660) achieved in Figure
65 can increase optical power output while reducing image sharpness.

[0280] The imaging unit described by Figures 64 and 65 achieves the advantage of high
resolution and greater exposure area as well. However, Figures 64 and 65 does not
achieve the advantage of redundancy via the same motion control as described in Figures
58 and 61. To achieve redundancy, the imaging unit may require more motion and a
greater range of motion on more axes than in the diagonal pixel system (shown in Figures
58 and 61). The imaging unit may use a 2-axis motion system instead of a single axis
system, thus requiring the imaging unit to be bigger, more expensive, and possibly more
complex to control.

[0281] Turning to Figure 66, an exemplary implementation of the imaging unit (640) is
shown. The imaging unit (640) is shown as including a chip (643) and the projection
optics (645), both being static relative to each other. The chip (643) can include the
illumination sources (642) incorporated thereon in an array as set forth above. An
exemplary chip (643) can include a microLED chip. The chip (643) and the projection
optics (645) can simultaneously translate along the direction (648) over a print area,
illustrated as the imaging surface (521). The projection optics (645), shown as a single
lens, may include multiple optical elements, and may include microlens array(s).

[0282] Turning to Figure 67, an alternative exemplary implementation of the imaging
unit (640) is shown. The chip (643) can be movable relative to the imaging surface (521),
but other components of the imaging unit (640), such as the projection optics (645), can
be static relative to the imaging surface (521). The chip (643) can translate the image by
being translated back and forth within the imaging unit (640). For example, a housing of

the imaging unit (640) can be static, and the chip (643) can be moved within the housing.
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[0283] Turning to Figure 68, an array of the imaging units (640) is shown. Each of the
imaging units (640) can be similar to the example as shown in Figure 67. The array of
the imaging units (640) can cover an arbitrarily large imaging area. In many
implementations, the image size can be larger than the footprint of a single imaging unit
(640). Advantageously, the large imaging area can be exposed at a high efficiency.
[0284] Turning to Figure 69, another alternative exemplary implementation of the
imaging unit (640) is shown. The chip (643) can be static relative to the imaging surface
(521). The imaging unit (640) can include at least one refractive element (647) that can
be rotated (or tilted) back and forth within the imaging unit (640). The refractive element
(647) can provide a refractive window that translates the image via the rotating.
Advantageously, the imaging unit (640) can achieve high precision image shifting with
relatively simple and low precision mechanical controls. The refractive element (647) is
shown as being located between the chip (643) and the projection optics (645). However,
the refractive element (647) can be located in any suitable positions between the chip
(643) and the imaging surface (521). For example, the refractive element (647) can be
located between the projection optics (645) and the imaging surface (521).

[0285] Turning to Figure 70, an array of the imaging units (640) is shown. Each of the
imaging units (640) can be similar to the example as shown in Figure 69. The array of
the imaging units (640) can cover an arbitrarily large imaging area. In many
implementations, the image size can be larger than the footprint of a single imaging unit
(640). Advantageously, the large imaging area can be exposed at a high efficiency.
[0286] Turning to Figure 71, an exemplary part (400) is shown. The part (400) is shown
as being a needle including an elongated body (420). The needle can include any type
of needle for entering skin or tissue of a biological body (for example, an animal or
human). The elongated body (420) can include a tip section (440), a hub section (460),
and a shaft section (480) between the tip section (440) and the hub section (460). The
tip section (440) is shown as being sharp, with a cross section area smaller than a cross
section area of the shaft section (480), for entering the skin. The hub section (460) can
be used for attaching to a syringe barrel (and/or any other suitable devices, not shown).

The syringe barrel can supply substance (not shown) to, and/or extract substance from,
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the biological body via the needle. The shaft section (480) can form a stem of the needle
to form a distance from the tip section (440) and the hub section (460).

[0287] The tip section (440), the hub section (460), and/or the shaft section (480) can
be porous. Stated somewhat differently, the tip section (440), the hub section (460),
and/or the shaft section (480) can define a plurality of pores (430) therein. Conventionally,
a needle has a solid external wall and defines a single straight lumen enclosed by the
solid wall and passing through the entire length of the needle. In contrast, when the tip
section (440) (or the hub section (460), or the shaft section (480)) defines the plurality of
pores (430), the tip section (440) (or the hub section (460), or the shaft section (480))
does not necessarily define a lumen passing through the tip section (440). The pores
(430) can accommodate and/or receive the substance that is transported through the
needle without the need of the lumen.

[0288] In various embodiments, the pores (430) can be introduced digitally. Stated
somewhat differently, the digital model of the needle can be defined with a porosity, so
the part (400) made in accordance with the digital model can have the porosity.
Additionally and/or alternatively, the pores (430) can be defined via adjusting the sintering
cycle of the part (400) (via incomplete sintering). As set forth above, the sintering cycle
may be adjusted to reduce peak temperature and soak time in order to achieve a
controlled level of porosity in the final part (400). Additionally and/or alternatively, at least
some of the pores (430) can be filled via any suitable methods including, for example,
plating. Thus, one or more selected sections of the needle can be solid or non-porous.
In one embodiment, plating only some of the pores (430) can be achieved by partial
submersion of the part (400) in a plating solution.

[0289] In various embodiments, the pores (430) can have a diameter of no more than
50 microns in diameter. At 50 microns, the pores (430) do not impose significant flow
restriction for most fluids. At smaller sizes (for example, under 10 microns) the pores
(430) can provide the benefit of filtering out cellular media. Preferably, the diameter can
have a lower limit of 100 nanometers, because even low viscosity fluid can be significantly
restricted in the flow rate at that pore size.
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[0290] The shaft section (480) can have a cross section of circular shape with a diameter
ranging from 10 microns to 300 microns. The tip section (440) can have a length ranging
from 10 microns to 250 microns, and a tip or tip edge radius no larger than 10 microns,
preferably no larger than 5 microns. The needle may have a non-circular shape, in which
case the maximum or minimum cross-sectional dimension may be understood to be
within the constraints previously described for the diameter of a circular cross section
needle. In various embodiments, the needle can be particularly useful for microneedle
applications in delivery of drug or vaccine.

[0291] Turning to Figure 72, the tip section (440), the hub section (460) and the shaft
section (480) are shown as each defining the pores (430) therein. In one embodiment,
the needle does not define the lumen passing through the entire needle. Without the
lumen, the needle can be mechanically stronger. Thus, the needle can be sufficiently
strong even with an increased aspect ratio (length versus diameter). Advantageously,
the needle can be sharper and thinner, and can thus enter deeper in the skin and be
suitable for a greater variety of medical procedures.

[0292] At least some of the pores (430) at the tip section (440), the hub section (460)
and the shaft section (480) are shown as being in communication. Stated somewhat
differently, one or more passages (401) can be formed among the pores (430) such that
the substance (not shown) can be transported between the tip section (440) and the hub
section (460) via the passages (401). The pores (430) in the shaft section (480) are
shown as including the pores (430A) as a part of the passage (401).

[0293] In some embodiments, it may be desirable to isolate the substance from an
external side of the shaft section (480). Thus, the pores (430) at the shaft section (480)
can include one or more pores (430B) that is not open to the external side of the shaft
section (480). Additionally and/or alternatively, the pores (430) at the shaft section (480)
can include one or more pores (430C) that is open to the external side of the shaft section
(480) but does not communicate with any of the passages (401).

[0294] Although the shaft section (480) is shown as defining the pores (430) for
illustrative purposes only, the shaft section (480) can define any other structures for

receiving the substance, without limitation. In one embodiment, the shaft section (480)
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can define the pores (430) to form the passages (401) with the pores (430) at the tip
section (440) and/or the hub section (460). In another embodiment, the shaft section
(480) can define one or more lumens therein.

[0295] Turning to Figure 73, the shaft section (480) and the hub section (460) are shown
as defining a lumen (470) in communication with at least some of the pores (430) at the
tip section (440). The lumen (470) can pass through the shaft section (480) and the hub
section (460) to form a complete flow path from the pores (430) to the hub section (460).
Thus, the tip section (440) does not define the lumen passing through. Without the lumen,
the tip section (440) can be mechanically stronger. Thus, the tip section (440) can be
sufficiently strong even with an increased aspect ratio (length versus diameter).
Advantageously, the tip section (440) can be sharper and thinner, and can thus enter
deeper in the skin and be suitable for a greater variety of medical procedures. Because
the cross section of the needle is typically the smallest at the tip section (440), eliminating
the need of the lumen at least a part of the tip section (440) can provide significant
improvement even if the shaft section (480) and the hub section (460) still define the
lumen (470) therein.

[0296] Although both the shaft section (480) and the hub section (460) are shown as
defining the lumen (470) for illustrative purposes only, the lumen (470) can be defined
within at least part of the shaft section (480), at least part of the hub section (460), and/or
a part of the tip section (440), without limitation. Although both the shaft section (480)
and the hub section (460) are shown as defining one lumen (470) for illustrative purposes
only, one or more uniform and/or different lumens (470) can be defined in the needle,
without limitation.

[0297] The needle as shown in Figure 73 can be made by any suitable methods. In
various embodiments, the pores (430) can be introduced digitally. Additionally and/or
alternatively, the pores (430) can be defined via adjusting the sintering cycle of the part
(400) (via incomplete sintering). At least some of the pores (430) can be filled via any
suitable methods including, for example, plating. For example, the wall surrounding the

lumen (470) can be made solid or non-porous via plating.
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[0298] Turning to Figure 74, another exemplary part (400) is shown. The part (400) is
shown as being the needle entering a blood vessel (450) enclosing blood. The blood
includes one or more solid components (452) suspended in a liquid component (454). In
various embodiments, the solid component (452) can include blood cells and/or platelets.
The liquid component (454) can include plasma. The tip section (440), the hub section
(460) and/or the shaft section (480) can be formed with a suitable structure to filter the
blood such that only the liquid component (454) exits at the hub section (460). In various
medical diagnosis purposes, only the liquid component (454) needs to be sampled and
the liquid component (454) has a longer shelf life than the solid component (452).
Advantageously, the disclosed needle can sample the liquid component (454) in a
simplified manner, extend shelf life of blood samples, and thus ease medical laboratory
operations.

[0299] In various embodiments, the shaft section (480) can have a cross section of
circular shape with a diameter ranging from 10 microns to 300 microns. With the diameter
under 300 microns, the shaft section (480) can be smaller than a standard gage needle
and approaches a size that becomes pain free. A diameter under 10 microns is not
particularly useful even as a solid needle, because it gets more difficult to make a needle
long enough to get past the Stratum Corneum if the diameter is under 10 microns.
[0300] The tip section (440) can have a length ranging from 10 microns to 250 microns,
and a tip radius no larger than 10 microns. The needle can have a non-circular cross-
sectional shape, in which case the maximum or minimum cross-sectional dimension can
be ranging from 10 microns to 300 microns.

[0301] Turning to Figure 75, the tip section (440) is shown as defining the plurality of
pores (430) opening to the blood in the blood vessel (450). Each of the pores (430) can
have a size that is smaller than a size of the blood cells, such that the blood cells do not
enter the pores (430). The pores (430) thus can function as a filter. The pores (430)
can be in communication with a suitable exit at the hub section (460) via any suitable
passages, pores, lumen, and/or the like, without limitation. In various embodiments, the

pores (430) can have a diameter no larger than 5 microns to function as the filter.
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[0302] Although the pores (430) at the tip section (440) are shown as filtering the blood
forillustrative purposes only, any part of the needle (such as the shaft section (480) and/or
the hub section (460)) can be structured to filter the blood, without limitation. The
disclosed needle can filter any other suitable substance from the body, without limitation.
Additionally and/or alternatively, the disclosed needle can filter a substance injected from
a syringe into the body. In that case, the substance can flow from the hub section (460)
to the tip section (440). Thus, large or solid content can be removed, and smaller or liquid
content can enter the body.

[0303] Turning to Figure 76, the tip section (440) is shown as defining the pores (430)
therein. One of more of the pores (430) can be oriented in a lateral direction (490). The
lateral direction (490) can include any direction that is perpendicular to an insertion
direction (492). The insertion direction (492) can be a direction of inserting the needle
into the body during operation. The insertion direction (492) is shown as being parallel to
the shaft section (480). A conventional needle has an aperture opening in a direction that
is at least partially aligned with the insertion path of the needle. Cellular tissue and/or
areolar tissue can thus clog the aperture and thus fluid cannot pass through the needle.
Advantageously, the needle as set forth in Figure 76 can define the pores (430) that are
not open in the insertion path and thus clogging can be prevented. In some embodiments,
the pores (430) can be in communication with a central lumen (not shown) in the tip
section (440) via the passage(s) (401) in the tip section (440). In some embodiments, the
passage(s) (401) can extend to a surface of the tip section (440) to form opening(s)
without formation of the pores (430).

[0304] In various embodiments, the pores (430) can have a diameter of no more than
50 microns. In one embodiment, the pores (430) can have a diameter no larger than 5
microns to function as the filter. The needle can be shorter than 3 mm. The shaft section
(480) can have a cross section of circular shape with a diameter ranging from 10 microns
to 300 microns, and with an internal aperture or lumen (the central passageway down the
axis of the shaft section (480)) smaller than 100 microns. The internal aperture less than
100 microns can allow for an overall needle size that can pass fluid readily while still being

pain free. The tip section (440) can have a length ranging from 10 microns to 250
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microns, and a tip radius no larger than 10 microns. The needle may have a non-circular
shape, in which case the maximum or minimum cross-sectional dimension may be
understood to be within the constraints previously described for the diameter of a circular
cross section needle.

[0305] The pores (430) in the tip section (440) are shown as including the pores (430A)
as a part of the passage (401) that can extend into the any passage and/or lumen in the
shaft section (480). Thus, the pores (430) at the tip section (440) can include one or more
pores (430D) that is not open to the external side of the tip section (440). In various
embodiments, the shaft section (480) and/or the hub section (460) can have suitable
structures as set forth in Figures 71-75.

[0306] Although three lateral directions 490 are shown for illustrative purposes only, the
lateral direction 490 can include any direction that is in a plane perpendicular to the
insertion direction 492, without limitation.

[0307] Although Figures 71-76 show a hub section (460), and a shaft section (480) for
illustrative purposes only, the hub section (460), and/or the shaft section (480) can be
optional. For example, the needle may include a hypodermic needle for reaching deeper
under the skin and may need the hub section (460), and/or the shaft section (480). In
another example, the needle may include a microneedle with only the tip section (440).
In another example, a microneedle may taper seamlessly between sections such as a
shaft and tip section, without clear delineation therebetween them.

[0308] Turning to Figure 77, the object (800) is shown as including a microneedle array.
The microneedle array is shown as including a base plate (462) and a plurality of needles
coupled to the base plate (462) with the tip section (440) pointing distally from the base
plate (462). The base plate (462) can define a reservoir (not shown) therein that can be
in communication with any pores and/or lumen in the needles. The reservoir can be used
for containing fluid extracted by the needles from the body and/or fluid supplied to the
needle. The needles can be any of the parts as set forth in Figures 71-76.

[0309] The parts 400 shown in Figures 71-77 can be made using the method (700)
(shown in Figures 31, 33, 34, 40 and 43) and/or the system (101) (shown in Figure 30).
Without the method (700) or the system (101), the parts 400 are impractical or impossible
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to make with conventional methods or systems. Even if any of the part 400 can be
possibly made by a certain conventional method or system, the cost and production time
of part 400 would be too high to be manufactured in large quantities. The method (700)
and/or the system (101) can advantageously make it possible to manufacture the part
400 in large quantities at low cost and high efficiency.

[0310] Turning to Figure 78, a control system (900) for SFF is shown. The control
system (900) can be configured for controlling the system (101) (shown in Figure 30).
The control system (900) can include a processor (910). The processor (910) can include
one or more microprocessors (for example, single or multi-core processors), application-
specific integrated circuits, application-specific instruction-set processors, graphics
processing units, physics processing units, digital signal processing units, coprocessors,
network processing units, encryption processing units, and the like.

[0311] The processor (910) can execute instructions for implementing the control
system (900) and/or computerized model of the object (800) (shown in Figure 30). In an
un-limiting example, the instructions include one or more SFF software programs.
Exemplary SFF software program can include G-code to control the system (101). The
programs can operate to control the system (101) with multiple printing options, settings
and techniques for implementing additive printing.

[0312] The programs can include a CAD and/or CAM program to generate a 3D
computer model of the object (800). Additionally and/or alternatively, the 3D computer
model can be imported any other conventional CAD and/or CAM programs and/or from
another computer system. The 3D computer model can be solid, surface or mesh file
format in an industry standard. The programs can include CAM slicing software to ‘slice’
the 3D computer model of the object (800) into layers (820) (shown in Figure 30) and
calculate a toolpath for defining each layer (820).

[0313] The programs can generate the machine code (including G-code, for example)
for controlling the system (101) to print the object (800). For example, the programs can
control the material deposition system (130) (shown in Figure 1) and air blades (140,150)
(shown in Figure 1) for depositing material, the curing process via monitoring by a camera

(104) (shown in Figure 1), pump motors, build platform motion, deposition module motion,
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the densifying process by imaging with the camera (104), electrochemical machining
process, the build material unit (500), the selective processing unit (600) and/or the
imaging unit (640).

[0314] As shown in Figure 78, the control system (900) can include one or more
additional hardware components as desired. Exemplary additional hardware
components include, but are not limited to, a memory (920) (alternatively referred to
herein as a non-transitory computer readable medium). Exemplary memory (920) can
include, for example, random access memory (RAM), static RAM, dynamic RAM, read-
only memory (ROM), programmable ROM, erasable programmable ROM, electrically
erasable programmable ROM, flash memory, secure digital (SD) card, and/or the like.
Instructions for implementing the control system (900) and/or computerized model of the
object (800) can be stored on the memory (920) to be executed by the processor (910).

[0315] Additionally and/or alternatively, the control system (900) can include a
communication module (930). The communication module (930) can include any
conventional hardware and software that operates to exchange data and/or instruction
between the control system (900) and another computer system (not shown) using any
wired and/or wireless communication methods. For example, the control system (900)
can receive computer-design data corresponding to the object (800) via the
communication module (930). Exemplary communication methods include, for example,
radio, Wireless Fidelity (Wi-Fi), cellular, satellite, broadcasting, or a combination thereof.
[0316] Additionally and/or alternatively, the control system (900) can include a display
device (940). The display device (940) can include any device that operates to present
programming instructions for operating the control system (900), display the 3D computer
model of the object (800), and/or present data related to the components of the system
(100) and/or the system (101). Additionally and/or alternatively, the control system (900)
can include one or more input/output devices (950) (for example, buttons, a keyboard,
keypad, trackball), as desired.

[0317] The processor (910), the memory (920), the communication module (930), the
display device (940), and/or the input/output device (950) can be configured to
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communicate, for example, using hardware connectors and buses and/or in a wireless
manner.

[0318] Embodiments of a device for solid freeform fabrication and associated methods
are herein disclosed for the production of components (e.g., plastic, metal, and ceramic
parts) for a variety of applications.

[0319] In some embodiments, the SFF methods and devices disclosed herein may
include a surface for receiving layers of material for production of a 3-dimensional solid
representation of a digital model, a component or components for depositing the required
layers of build material, and a component or components for imaging the build material
into cross sections representative of data contained in a digital model. In one
embodiment, the build material is composed of a particulate material and a photocurable
resin material. The materials may be blended in advance of the build process, and the
density of the blend may be altered during the build process to optimize the properties of
the printed part.

[0320] In addition, in some embodiments, the methods and devices described below
may utilize particulate material (e.g., ceramic, plastic, or metal) as one of the build
materials. Parts produced from this device may be treated after the build process is
complete to facilitate bonding between adjacent particles. Such treatment includes but is
not limited to thermal, chemical, and pressure treatment, and combinations of these. The
results of this fabrication and treatment process include but are not limited to solid metal
parts, solid ceramic parts, porous metal parts, porous ceramic parts, porous plastic parts,
solid composite plastic parts, and composite parts comprising one or more types of
material.

[0321] Methods of production of layers of a slurry blend of powder and binder may
include depositing the material via a pumping system. This deposition system can contain
features to decrease the shear stress imparted to previous layers during deposition.
Additionally and/or alternatively, the deposition system may contain features to increase
the ability of the system to self correct for any deviations in layer flatness. Additionally
and/or alternatively, the density of the deposited layer may be modified by removing a

portion of the binder volume from the slurry. Additionally and/or alternatively, the slurry
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material may be continuously conditioned to provide for a high degree of homogeneity in
the slurry material and parts produced therefrom.

[0322] Layer imaging may be achieved through several means, including but not limited
to bulk imaging with a programmable light source, such as a Digital Light Processing
(DLP) projector or laser imaging system.

[0323] In one aspect, a solid freeform fabrication device is provided such that objects
may be produced using a photocurable resin material in accordance with digital data
representative of a given three dimensional object.

[0324] In another aspect, a SFF device is provided which may produce composite objects
composed of particulate material and photocurable resin material.

[0325] In another aspect, a SFF device is provided which utilizes bulk deposition
techniques for production of layers of material.

[0326] In another aspect, a SFF device is provided which processes a blend of
particulate material and photocurable resin material for production of composite layers of
material.

[0327] In another aspect, objects produced from an SFF device may be treated
thermally, chemically, or mechanically to improve internal adhesion of material
components.

[0328] In another aspect, blended feedstocks may be used which are altered during the
build process in order to increase particulate loading density in a printed part.

[0329] In another aspect, a feedback system may be used to validate or control an
increase in particulate loading density of a deposited blended material, optionally by
reading one or more brightness values from a camera that monitors the process.

[0330] In another aspect, a method is provided for determining advantageous
geometries of tooling which may be used for sintering or finishing printed parts, which
may in turn be produced by the same process that produced the printed parts.

[0331] Various embodiments as set forth above includes using “photopolymer resin”
‘photosensitive material,” “photocurable material,” “irradiation-sensitive material,”
“irradiation-curable material,” and/or any other similar or related terms. Such terms can

serve the same purpose in those embodiments, and can be a substance that can be
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modified, undergo a physical state transformation, undergo a phase transformation,
and/or undergo a chemical reaction, in response to irradiation, to enable modifying of
desired parts of a material in a manner as described in those embodiments. In various
embodiments, the irradiation can include radiating of energy emitted and/or transmitted
in the form of rays, waves (for example, electromagnetic waves), and/or particles.

[0332] The directions shown in the illustrations can be any physical direction relative to
gravity. For example, the system of Figure 30 can be oriented with the active working
surface parallel to the local surface of the earth, or can be at other angles, for example,

at an inclination 30 degrees from the local surface of the earth. Any use of directional

» o ” w

words such as “up,” “down,” “above,” “below,” “over,” and “under” are understood to apply
to the system with active working surface parallel to the local surface of the earth, and if
the system is at other angles, these directions should be modified accordingly.

[0333] While specific combinations of systems have been depicted herein, any
combination of the aforementioned subsystems may be implemented to a similar end.
Any system which provides for slurry deposition, slurry densification, and irradiation, in
accordance with any of the previously mentioned methods or systems, may be
understood to be an embodiment of the disclosed subject matter.

[0334] The present subject matter can be embodied in other forms without departure from
the spirit and essential characteristics thereof. The embodiments described therefore are
to be considered in all respects as illustrative and not restrictive. Although the present
subject matter has been described in terms of certain preferred embodiments, other
embodiments that are apparent to those of ordinary skill in the art are also within the

scope of the present subject matter.
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CLAIMS
What is claimed is:
1. A method for making a three-dimensional object, comprising:
homogenizing a build material including a blend of a powder material and a
photopolymer resin;
depositing the build material on a build platform; and
selectively processing the build material to form the three-dimensional
object.

2. The method of claim 1, wherein said homogenizing is during said depositing, within
a settling time prior to said depositing, or a combination thereof.

3. The method of claim 1 or claim 2, wherein said selectively processing includes at
least partially curing at least a portion of the build material via irradiation.

4, The method of any one of claims 1-3, wherein the build material is densified after
being deposited on the build platform.

5. The method of claim 4, wherein the build material is densified by removing at least
part of the photopolymer resin via differential pressure.

6. The method of any one of claims 1-5, wherein said depositing includes using a slot
die to produce one of more layers of the build material.

7. The method of claim 6, wherein the slot die is modified to increase uniformity of
one layer of the layers over a wider range of deviations in layer flatness of a
previously-deposited layer of the layers.

8. The method of claim 7, wherein modifying of the slot die includes enlarging a stable
bead region of the slot die.

9. The method of any one of claims 1-8, wherein:

said depositing includes producing a layer of the build material,

said selectively processing includes at least partially curing at least a portion
of the build material via irradiation, wherein the build material includes a
photosensitive component that changes state under the irradiation; and

repeating said depositing and said selectively processing to form the three-

dimensional object.
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The method of claim 9 in which the state change includes a color change that is
detected to validate the curing.
A method for making a three-dimensional object, comprising:

depositing a build material on a build platform;

densifying the build material; and

selectively processing the build material to form the three-dimensional
object.
The method of claim 11, wherein:

said depositing includes depositing a layer of the build material on the build
platform;

said densifying includes densifying the layer of the build material;

said selectively processing includes selectively processing the layer of the
build material; and

the method further includes repeating said depositing, said densifying, and
said selectively processing of one or more layers of the build material stacked on
the layer to form the three-dimensional object.
The method of claim 11 or claim 12, wherein the build material includes a blend of
a powder material and a carrier fluid.
The method of claim 13, wherein said depositing includes depositing the build
material via slot die coating.
The method of claim 13 or claim 14, wherein said depositing includes depositing
the build material via blade coating.
The method of any one of claims 13-15, wherein said depositing includes
depositing the build material via patch coating.
The method of any one of claims 13-16, wherein said densifying includes
increasing a loading density of the powder material in the build material.
The method of any one of claims 13-17, wherein said densifying includes removing
at least a portion of the carrier fluid from the build material.
The method of claim 18, wherein said removing includes suctioning at least the

portion of the carrier fluid from the build material via the build platform.

75



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

WO 2022/076902 PCT/US2021/054293

The method of claim 18 or claim 19, wherein said removing includes removing at
least the portion of the carrier fluid from the build material via applying ultrasound
to the build platform.

The method of any one of claims 18-20, wherein said removing includes thermally
evaporating at least the portion of the carrier fluid from the build material.

The method of any one of claims 18-21, wherein the carrier fluid includes a filler
material and a backbone material, wherein said removing includes removing at
least a portion of only the filler material.

The method of claim 22, wherein removing includes removing at least the portion
of the filler material via evaporation.

The method of any one of claims 13-23, further including, before said selectively
processing, settling the powder material via applying ultrasound to the build
platform.

The method of any one of claims 13-24, wherein the build material includes a foam
defining a plurality of bubbles therein.

The method of claim 25, wherein said densifying includes collapsing at least some
of the bubbles in the foam.

The method of claim 26, wherein said collapsing includes applying suction to the
build material via the build platform.

The method of claim 26 or claim 27, wherein said collapsing includes applying
ultrasound agitation to the build material.

The method of any one of claims 26-28, wherein said collapsing includes applying
heat to the build material.

The method of any one of claims 13-29, wherein said densifying includes applying
a densification fluid to the build material, the densification fluid reacting with the
carrier fluid to produce a gas product and reducing a fluid volume in the build
material.

The method of any one of claims 13-30, wherein the carrier fluid includes a
photopolymer resin and said selectively processing includes at least partially

curing at least a portion of the build material via irradiation.
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The method of claim 31, wherein said at least partially curing includes irradiating
the build material in accordance with a two-dimensional slice of a digital model of
the three-dimensional object.

The method of any one of claims 13-32, wherein said selectively processing
includes depositing a supplemental build material on at least one target area of the
build material.

The method of claim 33, wherein said densifying includes densifying the build
material such that the build material remains substantially wet after densification.
The method of claim 34, wherein said densifying includes densifying the build
material such that the build material defines a plurality of voids therein and the
powder material remains wet after densification.

The method of claim 34 or claim 35, wherein the supplemental build material is
adapted to enable a curing reaction, solidification reaction, or a combination
thereof, for binding the powder material at the target area.

The method of claim 36, wherein the target area is in accordance with a two-
dimensional slice of a digital model of the three-dimensional object.

The method of claim 36 or claim 37, wherein the supplemental build material is
adapted to enable a photocuring reaction for binding the powder material at the
target area.

The method of claim 38, wherein said selectively processing includes irradiating
the build material in a non-selective manner.

The method of claim 38 or claim 39, wherein the supplemental build material
includes a photocurable resin.

The method of any one of claims 38-40, wherein the supplemental build material
and the carrier fluid collectively provide a photocurable resin including a backbone
resin and a photoinitiator.

The method of any one of claims 36-41, wherein the supplemental build material
is adapted to enable a thermal curing reaction for binding the powder material at

the target area.
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The method of claim 42, wherein said selectively processing includes heating the
build material in a non-selective manner.

The method of claim 42 or claim 43, wherein the supplemental build material
includes a thermally curable resin.

The method of any one of claims 42-44, wherein the supplemental build material
and the carrier fluid collectively provide a thermally curable resin including a
backbone resin and a thermal initiator.

The method of any one of claims 36-45, wherein the supplemental build material
is adapted to enable a passive curing reaction for binding the powder material at
the target area.

The method of claim 46, wherein the supplemental build material includes a
passively-curable resin.

The method of claim 46 or claim 47, wherein the supplemental build material and
the carrier fluid collectively provide a passively-curable resin including a backbone
resin and a thermal initiator.

The method of any one of claims 36-48, wherein the supplemental build material
includes a wax that is molten during deposition and solidifies upon cooling at least
via heat absorption by the carrier fluid.

The method of any one of claims 36-49, wherein the supplemental build material
includes a monomer that is molten during deposition and cures upon deposition
via photocuring, thermal curing, passive curing, or a combination thereof.

The method of any one of claims 34-50, wherein the supplemental build material
is adapted to inhibit a curing reaction and the carrier fluid includes a curable
material.

The method of claim 51, wherein the target area is in accordance with a
complementary image of a two-dimensional slice of a digital model of the three-
dimensional object.

The method of claim 51 or claim 52, wherein the supplemental build material is
adapted to inhibit a photocuring reaction, and the carrier fluid includes a

photocurable material.
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The method of claim 53, wherein said selectively processing includes irradiating
the build material in a non-selective manner.

The method of any one of claims 34-54, wherein the supplemental build material
includes a sintering inhibitor and the method further includes sintering the powder
material after said selectively processing.

The method of claim 55, wherein the target area is in accordance with a two-
dimensional slice of a digital model of a support surface layer that is between the
three-dimensional object and a support structure.

A system for making a three-dimensional object, comprising means for executing
the method of any one of claims 11-56.

An apparatus for making a three-dimensional object, comprising:

a build platform;

a deposition module configured to translate across the build platform and
deposit a layer of a build material on the build platform or a previously deposited
layer,;

a material delivery unit in communication with the deposition module; and

a reservoir for containing the build material and in communication with the
material delivery unit, the material delivery unit being configured to homogenize
the build material in the reservoir, to feed the build material from the reservoir to
the deposition module, or a combination thereof; and

a projection module for at least partially curing at least a portion of the
deposited layer, to define one layer of the three-dimensional object.

The apparatus of claim 58, wherein the material delivery unit includes at least one
circulation pump for feeding the build material from the reservoir to the deposition
module.

The apparatus of claim 58 or claim 59, wherein the material delivery unit includes
one or more homogenization pumps for continuously homogenizing the build
material in the reservoir.

The apparatus of any one of claims 58-60, wherein the build platform and the

reservoir are positioned such that the reservoir receives the build material exiting
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from the deposition module, the build material draining from sides of the build
platform, or a combination thereof.

62. The apparatus of any one of claims 58-61, wherein the build platform includes a
build platform working surface defining a plurality of pores.

63. The apparatus of claim 62, wherein the build material includes a blend of a powder
material and a photopolymer resin, the photopolymer resin of the deposited layer
of the build material being at least partially removed via the plurality of pores such
that the layer is densified.

64. A method for making a solid freeform fabrication system, comprising:
establishing a build platform;
constructing a build material unit for depositing a build material to the build
platform; and
building a selective processing unit for selectively processing the build material to
form a three-dimensional object.

65. The method of claim 64, wherein:
the build material unit is configured to deposit a layer of the build material on the

build platform and densify the layer of the build material;

the selective processing unit is configured to selectively process the layer of the build

material; and

the build material unit and the selective processing unit are configured to collectively and

repeatedly perform depositing, densifying, and selectively processing of one or more

layers of the build material stacked on the layer to form the three-dimensional object.

66. The method of claim 65, wherein the build material includes a blend of a powder
material and a carrier fluid.

67. The method of claim 66, wherein the build material unit is coupled with the build
platform and configured to remove at least a portion of the carrier fluid from the
build material via the build platform.

68. The method of claim 67, wherein the carrier fluid includes a photopolymer resin
and the selectively processing unit is configured to at least partially cure at least a

portion of the build material via irradiation.
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A system for making a solid freeform fabrication system, comprising means for
executing the method of any one of claims 64-68.
An apparatus for irradiating an image onto an imaging surface with high resolution,
comprising:
an array of illumination source groups aligned in a scan direction,

each illumination source group including an array of illumination source
subsets aligned in a cross-scan direction,

each illumination source subset including a plurality of illumination sources,

the illumination sources within each illumination source subset being
distributed in the scan direction and being shifted in the cross-scan direction by an
offset distance that is greater than zero and no greater than a width of each
illumination source in the cross-scan direction; and
projection optics located between the array of illumination source groups and the
imaging surface and configured to project irradiation from said array of illumination
source groups on the imaging surface,

the imaging surface defining an array of pixel areas thereon, each pixel area
including an array of images each being imaged by at least one of the illumination
sources,

the irradiation being translated in the scan direction such that said array of
illumination source groups images the pixel areas, with each pixel area being
entirely imaged at least by one of the illumination source subsets.
The apparatus of claim 70, wherein a number of the pixel areas in the cross-scan
direction is no greater than a number of the illumination source subsets in each
illumination source group.
The apparatus of claim 70 or claim 71, wherein the offset distance is equal to the
width of each illumination source in the cross-scan direction.
The apparatus of any one of claims 70-72, wherein the offset distance is smaller

than the width of each illumination source in the cross-scan direction.
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The apparatus of any one of claims 70-73, wherein said array of illumination source
groups is integrated on a micro-light-emitting-diode (microLED) chip, each
illumination source including a microLED.
The apparatus of claim 74, wherein the microLED chip and the projection optics
simultaneously translate in the scan direction relative to the imaging surface.
The apparatus of claim 74 or claim 75, wherein the microLED chip translates in the
scan direction relative to the imaging surface and the projection optics is static
relative to the imaging surface.
The apparatus of any one of claims 74-76, further comprising at least one refractive
element configured to rotate about an axis parallel to the cross-scan direction and
located between the imaging surface and the microLED chip, the refractive
element being configured to translate the irradiation from the microLED chip in the
scan direction.
The apparatus of any one of claims 70-77, wherein, a selected illumination source
subset includes a faulty illumination source, and an area of the imaging surface
corresponding to the faulty illumination source is imaged by a non-faulty
illumination source in another illumination source subset aligned with the selected
illumination source subsets in the scan direction.
A system for making a three-dimensional object, comprising:
a build material unit for depositing one or more layers of a photocurable material;
and
the apparatus of any one of claims 70-78 for curing each of the layers in
accordance with a slice of a digital model of the three-dimensional object.
A method for curing a photocurable material, comprising:
irradiating the photocurable material with an array of illumination source groups
aligned in a scan direction,

each illumination source group including an array of illumination source
subsets aligned in a cross-scan direction,

each illumination source subset including a plurality of illumination sources,
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the illumination sources within each illumination source subset being
distributed in the scan direction and being shifted in the cross-scan direction by an
offset distance that is greater than zero and no greater than a width of each
illumination source in the cross-scan direction; and

the photocurable material defining an array of pixel areas thereon, each
pixel area including an array of images each being imaged by at least one of the
illumination sources; and
translating irradiation from the array of illumination source groups in the scan
direction such that the array of illumination source groups images the pixel areas,
with each pixel area being entirely imaged at least by one of the illumination source
subsets.
A needle for entering skin of a biological body, comprising a tip section that is
porous.
The needle of claim 81, wherein the tip section does not define a lumen passing
through the tip section.
The needle of claim 81 or claim 82, wherein the tip section defines a plurality of
pores therein and one or more passages among the pores for a fluid to flow through
the tip section.
The needle of any one of claims 81-83, wherein the tip section defines a plurality
of pores of a size smaller than a size of a solid component of blood, such that the
solid component does not pass the pores.
The needle of claim 84, wherein the plurality of pores each has a diameter between
100 nanometers and 10 microns.
A microneedle for entering skin of a biological body, comprising a tip section
defining one or more pores opening in a direction perpendicular to an insertion
direction of the needle during operation.
The needle of claim 86, wherein each of the pores has a diameter between 100
nanometers and 50 microns, the needle is shorter than 3 mm. and the tip section
has a length ranging from 10 microns to 250 microns and has a tip radius no larger

than 10 microns.
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88.  An apparatus for making a three-dimensional object, comprising:
a build platform;
a deposition module configured to deposit a plurality of layers of a build
material on the build platform or previous deposited layers; and
a selective processing unit for modifying at least a portion of at least some
of the deposited layers, to define the three-dimensional object,
wherein the build material includes a blend of a powder material and a liquid
component, the liquid component of the build material being at least partially
removed from the deposited layer such that the layer is densified.
89.  The apparatus of claim 88, wherein the liquid component includes a photopolymer
resin.
90. The apparatus of claim 89, wherein the selective processing unit is configured to
irradiate the photopolymer resin.
91.  An apparatus for making a three-dimensional object, comprising:
a build platform;
a deposition module configured to deposit a plurality of layers of a build
material on the build platform or previous deposited layers;
a selective processing unit for modifying at least a portion of at least some
of the deposited layers, to define the three-dimensional object,
wherein the build platform defines a build platform working surface defining
a plurality of pores,
wherein the build material includes a blend of a powder material and a liquid
component, the liquid component of the build material being at least partially
removed from the deposited layer via the plurality of pores such that the layer is
densified.
92.  The apparatus of claim 91, wherein the liquid component includes a photopolymer
resin.
93.  The apparatus of claim 92, wherein the selective processing unit is configured to
irradiate the photopolymer resin.

94. A method for making a three-dimensional object, comprising:
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making at least one part and a part tray respectively using the method of
any one of claims 1-10;

sintering the part tray, a geometry of the sintered part tray being
complementary to a geometry of the part that is before sintering;

loading the part into the part tray; and

sintering the part in the part tray.

95.  The method of claim 94, wherein said loading includes loading the part into the
part tray via vacuum suction applied through the part tray.

96. The method of claim 95, wherein said sintering the part tray includes sintering the
part tray such that the sintered part tray is porous and define pores having a size
smaller than a size of each of the at least one part, the vacuum suction being
applied through the pores.

97.  The method of any one of claims 94-96, wherein:

said making includes making a plurality of parts; and
said loading includes loading the plurality of parts into the part tray
simultaneously.

98. A method for making a three-dimensional object, comprising:

making a tool and a part respectively using the method of any one of claims
1-10 and 94-97; and
modifying a geometry of the part using the tool.
99.  The method of claim 98, wherein said modifying includes:
submerging the tool and the part in an electrolytic solution; and
applying an electric current across the tool and the part to remove at least
a portion of material from the part.

100. The method of claim 99, wherein said making the tool includes determining, in a
digital model, a geometry of the tool as complementary to one or more surfaces of
a targeted geometry for the part to determine required surfaces of the tool for
imparting the targeted geometry to the part.

101. The method of claim 98 or claim 99, wherein the tool is porous.

85



102.

103.

104.

105.

106.

107.

108.

109.

WO 2022/076902 PCT/US2021/054293

The method of claim 101, wherein said making the tool includes controlling a
porosity of the tool via controlling a sintering temperature of the tool.
The method of claim 101 or claim 102, wherein the tool defines pores of a size
such that a geometry of the pores is not imparted to the part via said modifying,
and such that the electrolytic solution flows via at least some of the pores during
said modifying.
A method for making a three-dimensional object, comprising:

making at least one part and a part tray respectively using solid freeform
fabrication:

sintering the part tray, a geometry of the sintered part tray being
complementary to a geometry of the part that is before sintering;

loading the part into the part tray; and

sintering the part in the part tray.
The method of claim 104, wherein said loading includes loading the part into the
part tray via vacuum suction applied through the part tray.
The method of claim 105, wherein said sintering the part tray includes sintering the
part tray such that the sintered part tray is porous and define pores having a size
smaller than a size of each of the at least one part, the vacuum suction being
applied through the pores.
The method of any one of claims 104-106, wherein:

said making includes making a plurality of parts; and

said loading includes loading the plurality of parts into the part tray
simultaneously.
A method for making a three-dimensional object, comprising:

making a tool and a part each using solid freeform fabrication; and

modifying a geometry of the part using the tool.
The method of claim 108, wherein said modifying includes:

submerging the tool and the part in an electrolytic solution; and

applying an electric current across the tool and the part to remove at least

a portion of material from the part.
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110. The method of claim 109, wherein said making the tool includes determining, in a
digital model, a geometry of the tool as complementary to one or more surfaces of
a targeted geometry for the part to determine required surfaces of the tool for
imparting the targeted geometry to the part.

111. The method of any one of claims 108-110, wherein the tool is porous.

112. The method of claim 111, wherein said making the tool includes controlling a
porosity of the tool via controlling a sintering temperature of the tool.

113. The method of claim 111 or claim 112, wherein the tool defines pores of a size
such that a geometry of the pores is not imparted to the part via said modifying,
and such that the electrolytic solution flows via at least some of the pores during

said modifying.
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