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FABRICATING STRUCTURED PARTICLES
THROUGH RAPID HARDENING AND
TAILORED COLLECTION METHODS

STATEMENT AS TO RIGHTS TO
APPLICATIONS MADE UNDER FEDERALLY
SPONSORED RESEARCH AND

DEVELOPMENT

The United States Government has rights 1n this applica-
tion pursuant to Contract No. DE-ACS52-07/NA27344
between the Umited States Department of Energy and Law-
rence Livermore National Security, LLC for the operation of
Lawrence Livermore National Laboratory.

BACKGROUND

Field of Endeavor

The present application relates to fabricating structured
particles and more particularly to fabricating structured
particles through rapid hardening and tailored collection.

State of Technology

This section provides background information related to
the present disclosure which 1s not necessarily prior art.

United States Published Patent Applications No. 2002/
0054912 provides the state of technology information repro-
duced below.

Rapid advances 1n biotechnology have led to the discov-
ery of numerous protein and peptide therapeutics, many of
which have recently reached the marketplace or are cur-
rently under regulatory review by the United States Food
and Drug Administration. Unlike traditional small-molecule
drugs, however, proteins and peptides generally cannot be
administered orally; imjection or infusion i1s most often
required. Further, because of their fragility and short 1n vivo
half-lives, encapsulation of proteins 1n biodegradable poly-
meric devices, from which the drug can be delivered, locally
or systemically, for a prolonged period of time, has been a
promising and intensely studied solution to these problems.
Biodegradable microspheres comprising a variety of poly-
mers have been the most studied devices due to relatively
simple fabrication and facile administration to a variety of
locations 1n vivo through a syringe needle.

Several methodologies for microsphere fabrication have
been described, including precipitation, spraying, phase
separation, and emulsion techmiques. The emulsion and
spraying approaches have been commonly used both at the
bench and industrial scales. Sphere si1ze and size distribution
are reproducible but often poorly controllable. Standard
deviations equal to 25-50% of the mean diameter are not
uncommeon.

Control of sphere size and size distribution has several
important implications for controlled-release drug delivery.
For example, there typically i1s an i1deal sphere size that
provides a desired release rate and route of administration.
Spheres that are “too small” exhibit poor encapsulation
clliciency, may migrate from the site of injection, and may
exhibit undesirably rapid release of their payload. Spheres
that are “too large” may not easily pass through a syringe
needle. Thus, the typically polydisperse spheres generated
by conventional fabrication techniques must be filtered or
sieved to 1solate particles within the desired size range, and
the polymer and drug composing spheres outside that range
are wasted.
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Uniform microspheres approximately 1-5.mu.m 1n diam-
cter would be 1deal for passive targeting of professional
antigen-presenting cells (APCs) such as macrophages and
dendritic cells. Similarly, microspheres 10-20.mu.m 1n
diameter could be used to target the tortuous capillary bed of
tumor tissues by chemoembolization. A system capable of
precise microsphere fabrication could allow the optimal size
for such applications to be i1dentified and provide an eflicient
route to commercial manufacture and clinical implementa-
tion.

A long-sought goal for controlled-release drug delivery
technologies 1s the ability to precisely control the release
rate of encapsulated compounds, and microsphere size 1s a
major determinant of release kinetics. Larger spheres gen-
erally release encapsulated compounds more slowly and
over longer time periods, other properties (polymer molecu-
lar weight, mitial porosity, drug distribution within the
sphere, etc.) being equal. A constant (1.e., zero-order) release
rate 1s often preferred, while vanable drug release rates can
be beneficial for many important indications. For example,
intermittent high doses of antibiotics may alleviate evolution
of resistance 1n bacteria, and discontinuous administration of

vaccines often enhances the immune response.

U.S. Pat. No. 8,945,279 provides the state of technology
information reproduced below.
The present invention removes the precipitation limitation of
the prior art by incorporating the liquid sorbent 1 a thin
polymer shell, forming a liquid filled bead typically 100 um
to 1 mm in diameter. This bead now 1s a self-contained
system that can tolerate precipitation of solids during the
loading phase, and that presents a uniform physical presence
during the regeneration (e.g. steam stripping) phase. In this
way the carrying capacity and efliciency of the incorporated
liquid solvents can be increased by 25% or more.
The present invention provides a system for carbon dioxide
capture from flue gas and other industrial gas sources. The
present invention utilizes microcapsules with very thin poly-
mer shells. The contents of the microcapsules can be liquids
or mixtures ol liquids and solids. The microcapsules are
exposed to the flue gas and other industrial gas and take up
carbon dioxide from the flue gas and other industrial gas and
eventual precipitate solids in the capsule. In one embodi-
ment a process 1s used to recover the carbon dioxide 1n pure
form by heating the capsules to temperatures of 70 to 200 C
causing the carbon dioxide to vaporize and leave the micro-
capsules. Other embodiments utilize chemical changes or
changes 1n the applied pressure. The present invention has
use 1n carbon dioxide capture from flue gas, industrial
gaseous elfluents, aqueous solutions, solvents, and air.

SUMMARY

Features and advantages of the disclosed apparatus, sys-
tems, and methods will become apparent from the following
description. Applicant 1s providing this description, which
includes drawings and examples of specific embodiments, to
give a broad representation of the apparatus, systems, and
methods. Various changes and modifications within the
spirit and scope of the application will become apparent to
those skilled 1n the art from this description and by practice
of the apparatus, systems, and methods. The scope of the
apparatus, systems, and methods 1s not intended to be
limited to the particular forms disclosed and the application
covers all modifications, equivalents, and alternatives falling
within the spirit and scope of the apparatus, systems, and
methods as defined by the claims.
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The mventor’s disclosed apparatus, systems, and methods
provide the fabrication of structured particles through rapid
hardening and tailored collection. The term *“structured
particles™ as used 1n this application means discrete droplets.
The inventor’s system provides the fabrication of functional
polymer-based particles by crosslinking UV-curable poly-
mer drops 1n mid-air and collecting crosslinked particles in
a solid container, a liquid suspension, or an air flow. The
particles can contain different phases 1n the form or layered
structures that contain one to multiple cores, or structures
that are blended with dissolved or emulsified smaller
domains. Particles can be spherical, oval-shaped or irregu-
larly shaped with a size range of 1 um-10 mm. Hardening of
the particles 1s achieved by crosslinking the polymer pre-
cursor drop, which are generated by co-axial nozzles, with
UV when the drops travel through the exposure window.
Particles can also be obtained through thermal setting and
solvent extraction after collection. Crosslinked particles waill
be gathered with different collection methods depending on
theirr properties. The inventor’s disclosed apparatus, sys-
tems, and methods have use for carbon capture, display
material, chemical sensing, bio reaction, enzyme scatlold,
and other applications that uses functional particles/cap-
sules.

The apparatus, systems, and methods are susceptible to
modifications and alternative forms. Specific embodiments
are shown by way of example. It 1s to be understood that the
apparatus, systems, and methods are not limited to the
particular forms disclosed. The apparatus, systems, and
methods cover all modifications, equivalents, and alterna-

tives falling within the spirit and scope of the application as
defined by the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated 1nto
and constitute a part of the specification, 1llustrate specific
embodiments of the apparatus, systems, and methods and,
together with the general description given above, and the
detailed description of the specific embodiments, serve to
explain the principles of the apparatus, systems, and meth-
ods.

FIG. 1A 1s a simplified schematic depiction illustrating a
first embodiment of the inventor’s apparatus, systems, and
methods for fabricating structured particles through rapid
hardening and tailored collection.

FIG. 1B 1s a simplified schematic depiction illustrating a
second embodiment of the inventor’s apparatus, systems,
and methods for fabricating structured particles through
rapid hardening and tailored collection.

FIG. 1C 1s a simplified schematic depiction illustrating a
third embodiment of the inventor’s apparatus, systems, and
methods for fabricating structured particles through rapid
hardening and tailored collection.

FIG. 1D 1s a simplified schematic depiction illustrating a
fourth embodiment of the inventor’s apparatus, systems, and
methods for fabricating structured particles through rapid
hardening and tailored collection.

FIG. 2A 15 a simplified schematic depiction illustrating an
embodiment of the inventor’s apparatus, systems, and meth-
ods wherein the flmd jet and droplet stream are running
against and at an angle to the direction of gravity.

FIG. 2B 1s a simplified schematic depiction illustrating
another embodiment of the inventor’s apparatus, systems,
and methods wherein the fluid jet and droplet stream are
running against and at an angle to the direction of gravity.
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FIG. 2C 1s a simplified schematic depiction illustrating
yet another embodiment of the inventor’s apparatus, sys-

tems, and methods wherein the fluid jet and droplet stream
are running against and at an angle to the direction of
gravity.

FIGS. 3A-3E illustrate a number of examples of droplets
that are produced by the mventor’s system for fabricating
structured particles through rapid hardening and tailored
collection.

FIG. 4 1s a simplified schematic depiction illustrating an
embodiment of the inventor’s apparatus, systems, and meth-
ods wherein multiple co-axial fabrication devices are ganged
to provide a greater output of droplets.

FIG. § illustrates an embodiment of the imnventor’s appa-
ratus, systems, and methods that includes a second UV
curing system.

FIG. 6 illustrates an embodiment of the imnventor’s appa-
ratus, systems, and methods that includes a heater for
heating the material supply.

FIG. 7 illustrates an embodiment of the imnventor’s appa-
ratus, systems, and methods that includes reflectors for
reflecting the rays of UV Curing system back onto the
droplets.

FIG. 8 1llustrates an embodiment of the inventor’s appa-
ratus, systems, and methods that includes an overtlow for
collecting droplets that overtlow from the collection system.

FIG. 9 illustrates an embodiment of the imnventor’s appa-
ratus, systems, and methods that includes reflectors for
reflecting the rays of UV Curing system back onto the
droplets and a blocking device that prevents the UV rays
from damaging components of the system.

FIG. 10 1llustrates another embodiment of the inventor’s
apparatus, systems, and methods for fabricating structured
particles.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Referring to the drawings, to the following detailed
description, and to incorporated materials, detailed informa-
tion about the apparatus, systems, and methods 1s provided
including the description of specific embodiments. The
detailed description serves to explain the principles of the
apparatus, systems, and methods. The apparatus, systems,
and methods are susceptible to modifications and alternative
forms. The application 1s not limited to the particular forms
disclosed. The application covers all modifications, equiva-
lents, and alternatives falling within the spirit and scope of
the apparatus, systems, and methods as defined by the
claims.

The mventors have developed a system for fabricating
structured particles through rapid hardening and tailored
collection. Various embodiments of this system provide
fabricating functional polymer-based particles by crosslink-
ing UV-curable polymer drops in mid-air and collecting
crosslinked particles 1n a solid container, a liquid suspen-
s10on, or an air flow. Particles can contain different phases 1n
the form of layered structures that contain one to multiple
cores, or structures that are blended with dissolved or
emulsified smaller domains. Particles can be spherical, oval-
shaped or wrregularly shaped with a size range of 1 um-10
mm. Hardening of the particles 1s achieved by crosslinking
the polymer precursor drop, which are generated by co-axial
nozzles, with UV when the drops travel through the expo-
sure window. Particles can also be obtained through thermal
setting and solvent extraction after collection. Crosslinked
particles are gathered with different collection methods
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depending on their properties. Final products can be used for
carbon dioxide capture, display maternial, chemical sensing,
bio reaction, and other applications. The inventor’s appara-
tus, systems, and methods were mainly developed for scale-
up production of functional particles and capsules, which
could eventually be used in applications such as carbon
capture, display material, chemical sensing, bio reaction,
enzyme scaflold, and other applications that uses functional
particles/capsules.

Microencapsulation using vibrating technology and
monodispersed particles can be made by applying vibration
to a ligmd stream coming out of a nozzle. In various
embodiments, double-walled polymer microspheres of con-
trollable shell thickness provide production of capsules for
bio applications by producing monodispersed drops 1n air
and collecting them 1n solution bath for shell formation.
“Ceramic microparticles and capsules via microfluidic pro-
cessing of a preceramic polymer” are produced by a micro-
fluidic-based method for production of different capsule and
particle microstructures by crosslinking emulsion drops 1n a
liguid environment after drop generation.

This mmvention eliminates the need of having a carrier
fluid during emulsion generation by making drops in air
through 1njection. Drops’ movement 1s aflected by gravity,
the angle of the nozzle, and the flow rate of the fluids. By
using polymer precursor that can cure within seconds of UV
exposure, encapsulation 1s completed by the time particles
are collected, greatly reducing the fabrication time. Single
unit production rate 1s 30x-1000x more than that shown in
typical microfluidic-based production, and the production
apparatus can be parallelized for even higher production.

In various embodiments the whole apparatus 1s 1nstalled
inside an air-tight, sound-baflling and UV-blocking box.
Cameras are set up outside the box through a viewing
window for observation and characterization. Microfluidic
device with co-axial nozzles are manufactured by using
glass capillaries or stainless-steel tubes. The diameters of the
capillaries and tubes ranged from 5 um to 10 mm and can be
surface functionalized. Different fluids are pushed through
connection pieces ito the device to form a fluid jet and
drops will form near the tip. Volumetric flow rates of the
fluids are 1n the range of 1 ml/hr to 500 ml/hr for a single unit

and multiplies proportionally when many units are paral-
lelized.

A microfluidic chip can be operated as-1s or with an
external vibration source such as a contact speaker or piezo
clectric device. Negative tone photo-responsive resins to be
used should be highly sensitive to the UV lamp, and contain
multifunctional cross-linking monomers. Multifunctionality
enables high curing rates to obtain high chemical conver-
sions during the residence time when drops are exposed to
UV. The photoinitiator compound utilized should have an
absorbance peak maximum at the lamp wavelength for
cllective curing. Inhibitor species are to be used minimally
for maintaining uncured resin stability in the syringe, tubing
and device prior to exiting the device capillary. Polymer
drops are cured or partially-cured before collected and
post-curing can be performed for full crosslinking. During
operation, an 1inert gas environment can be utilized for
formulations composed of oxygen inhibited monomers
(such as those containing acrylate species). An oxygen-iree
environment minimizes the induction period, providing
instantaneously fast reaction speeds once the resin droplet
falls within the UV exposure window. UV lamps can be
stacked or used from different sides to facilitate the cross-
linking of the polymer drops. In addition, polymer used 1n
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drop generation can be obtained through thermal setting,
solvent extraction or a combination of these.

After the particles get crosslinked, they can be collected
in a container or 1 a liquid bath. Options of the liquid bath
are solvents with a density in the range of 0.7-1.5 g/ml and
surface tension in the range of 8-100 mN/m. Examples are:

liquid nitrogen, 1sopropanol, toluene, and water-based mix-

tures. The fluids can be still, stirred or shaken in motion. In
addition, the fabricated particles can also be collected with
the aid of air flow. Air flow can come from the bottom of the
container to slow down the speed of the mncoming drops to
reduce capsule breakage. In this case, the top rim of the
collection container will extend to the device level and 1s
composed of UV permeable material such as quartz. The air
flow 1s distributed evenly from the bottom of the container
to counteract the falling particles and soften the impact
during collection. Furthermore, air flow can also be used to
divert the direction of the falling particles by blowing
sideways. In this case, particles will be collected 1n a
container not directly underneath the fabrication device.

Alternatively, the drop generation apparatus can be oper-
ated at diflerent angles and the collection bath can be placed
at different locations. For example, the nozzle can face
upwards at an angle. This increases the residence time of the
capsules through the UV exposure window. This also
decreases the capsule speed when they are collected for
reduced i1mpact that could cause bursting of the shell.
Capsules can also be collected onto a slope near the apex of
trajectory, transiting them into a moderate collection path.
The slope can be surface treated with non-stick coating (i.e.
Tetlon) or covered with a layer of rlnsmg fluid which will be
distributed from the end near the imncoming particles. A UV
lamp could also be placed near the slope for improved UV
crosslinking.

Referring now to the drawings and 1n particular to FIG.
1A, a simplified schematic depiction illustrates a first
embodiment of the inventor’s apparatus, systems, and meth-
ods. This first embodiment i1s designated generally by the
reference numeral 100a. As illustrated, the embodiment

100a includes a number of components. The components of
the inventor’s apparatus, systems, and methods 100a 1llus-

trated 1n FIG. 1A are 1dentified and described below.

Retference Numeral 100a—Fabrication Device
Retference Numeral 102a—Device

Retference Numeral 104a—Fluid Jet

Retference Numeral 106a—Droplets

Retference Numeral 108a—Curing Zone
Retference Numeral 110a—Collection System
Retference Numeral 112a—Material Supply
Retference Numeral 118a—Computer Controller
Retference Numeral 120a—Vibration System
Retference Numeral 122a—UV Curing System

The descnptlon of the fabrication device 100a compo-
nents 1illustrated mm FIG. 1A having been completed, the
operation and additional description of the mventor’s first
embodiment apparatus, systems, and methods will now be
considered 1n greater detail. The jet forming device 102qa
includes a nozzle that produces the jet stream 104qa. FIG. 1A
shows the encapsulation apparatus with jet stream 104a
running along the direction of gravity. The material supply
1124 feeds the material into the jet forming device 102a. The
vibration system 120aq imparts vibration to the jet stream
104a that produces the droplets 106a. The droplets 1064
pass through the curing zone 108a where they are cured by
the UV curing system 122a. The cured droplets 106a are
directed 1nto the collection system 110a. The operation of
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the fabrication device 100a 1s implemented and controlled
by the computer controller 118a.

Referring to FIG. 1B, a simplified schematic depiction
illustrates a second embodiment of the inventor’s apparatus,
systems, and methods. This second embodiment 1s desig-
nated generally by the reference numeral 1005. As illus-
trated, the embodiment 1005 includes a number of compo-

nents. The components of the inventor’s apparatus, systems,
and methods 1005 illustrated 1n FIG. 1B are identified and

described below.
Reference Numeral 1006—Co-Axial Fabrication Device

Reference Numeral 10256—Device
Reference Numeral 1045—FIuid Jet
Reference Numeral 1065—Droplets
Reference Numeral 1085—Curing Zone

1 1106—Collection System

Retfterence Numera.
1125—First Material Supply

Reterence Numeral

Reference Numeral 1146—Second Matenal Supply
Reference Numeral 1185—Computer Controller
1206—Vibration System

Reference Numeral
Reference Numeral 1226—UV Curing System

The description of the co-axial fabrication device com-
ponents 1illustrated 1n FIG. 1B having been completed, the
operation and additional description of the mnventor’s second
embodiment 1005 apparatus, systems, and methods will
now be considered 1n greater detail. The jet forming device
10256 includes a nozzle that produces the jet stream 1045.
FIG. 1B shows the encapsulation apparatus with jet stream
1045 running along the direction of gravity. The first mate-
rial supply 1125 and second material supply 11456 feed the
two materials into the jet forming device 1025. The vibration
system 12056 imparts vibration to the jet stream 10456 that
produces the droplets 1065. The droplets 1065 that exit the
jet forming device 1026 are capsules that have an internal
core of the first material 11256 and an outer shell of the
second material 1145 completely surrounding the internal
core of the first matenial 11256. The droplets 1065 pass
through the curing zone 10856 where they are cured by the
UV curing system 122b. The cured droplets 1065 are
directed 1nto the collection system 1105. The operation of
the fabrication device 1005 1s implemented and controlled
by the computer controller 1185.

The present invention 1s further described and illustrated
by a number of examples of apparatus, systems, and meth-
ods constructed in accordance with the present invention.
Various changes and modifications of these examples will be
apparent to those skilled 1n the art from the description of the
examples and by practice of the invention. The scope of the
invention 1s not intended to be limited to the particular
examples disclosed and the invention covers all modifica-
tions, equivalents, and alternatives falling within the spirit
and scope of the mvention as defined by the claims.

Example 1—Co-Axial Fabrication Method

The whole co-axial fabrication system illustrated in FIG.
1B provides a method of fabricating functional polymer-
based particles by crosslinking UV-curable polymer drops in
mid-air and collecting crosslinked particles in a solid con-
tainer, a liquid suspension, or an air flow. Particles contain
different phases 1n the form or layered structures that contain
one to multiple cores, or structures that are blended with
dissolved or emulsified smaller domains. Particles can be
spherical, oval-shaped or irregularly shaped with a size
range of 1 um-10 mm. Hardening of the particles 1s achueved
by crosslinking the polymer precursor drop, which are
generated by co-axial nozzles, with UV when the drops
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travel through the exposure window. Particles can also be
obtained through thermal setting and solvent extraction after
collection. Crosslinked particles will be gathered with dii-
ferent collection methods depending on their properties.
Final products can be used for carbon dioxide capture,
display material, chemical sensing, bio reaction, etc.

Example 2—Co-Axial Fabrication Device

The whole co-axial fabrication device illustrated 1n FIG.
1B 1s installed mside an air-tight, sound-bafiling and UV-
blocking box. Cameras are set up outside the box through a
viewing window {for observation and characterization.
Microfluidic device with co-axial nozzles are manufactured
by using glass capillaries or stainless-steel tubes. The diam-
eters of the capillaries and tubes ranged from 5 um to 10 mm
and can be surface functionalized. Different fluids are

pushed through connection pieces into the device to form a
fluid jet and drops will form near the tip. Volumetric tlow
rates of the fluids are 1n the range of 1 ml/hr to 500 ml/hr for
a single unit and multiplies proportionally when many units
are parallelized.

A microfluidic chip variation system can be operated as-1s
or with an external vibration source such as a contact
speaker or piezo electric device. Negative tone photo-re-
sponsive resins used are highly sensitive to the UV lamp,
and contain multifunctional cross-linking monomers. Mul-
tifunctionality enables high curing rates to obtain high
chemical conversions during the residence time when drops
are exposed to UV. The photoinitiator compound utilized
must have an absorbance peak maximum at the lamp wave-
length for eflective curing. Inhibitor species are to be used
minimally for maintaining uncured resin stability in the
syringe, tubing and device prior to exiting the device cap-
illary. Polymer drops are cured or partially-cured before
collected and post-curing can be performed for full cross-
linking. During operation, an 1nert gas environment can be
utilized for formulations composed of oxygen inhibited
monomers (such as those containing acrylate species). An
oxygen-iree environment minimizes the induction period,
providing instantaneously fast reaction speeds once the resin
droplet falls within the UV exposure window. UV lamps can
be stacked or used from diflerent sides to facilitate the
crosslinking of the polymer drops. In addition, polymer used
in drop generation can be obtained through thermal setting,
solvent extraction or a combination of these.

Referring to FIG. 1C, a simplified schematic depiction
illustrates a third embodiment of the imnventor’s apparatus,
systems, and methods. This embodiment 1s designated gen-
crally by the reference numeral 100c. As illustrated, the
embodiment 100c¢ includes a number of components. The

components of the inventor’s apparatus, systems, and meth-
ods 100c¢ 1llustrated 1n FIG. 1C are 1dentified and described

below.
Retference Numeral 100c—Co-Axial Fabrication Device
Retference Numeral 102¢c—Device
Retference Numeral 104c—Fluid Jet
Retference Numeral 106c—Droplets
Retference Numeral 108c—Curing Zone
Retference Numeral 110c—Collection System
Retference Numeral 112¢—First Material Supply
Retference Numeral 114c—Second Material Supply
Retference Numeral 116c—Third Material Supply
Retference Numeral 118c—Computer Controller
Retference Numeral 120c—Vibration System
Retference Numeral 122¢c—UV Curing,
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The description of the co-axial fabrication device com-
ponents 1llustrated in FIG. 1C having been completed, the
operation and additional description of the inventor’s third
embodiment 100c¢ apparatus, systems, and methods will now
be considered 1n greater detail. The jet forming device 102¢
includes a nozzle that produces the jet stream 104¢. FI1G. 1C
shows the encapsulation apparatus with jet stream 104c¢
running along the direction of gravity. The first material
supply 112¢, the second material supply 114¢, and the third
material supply 116¢ feed the three materials into the jet
forming device 102¢. The vibration system 120c¢ imparts
vibration to the jet stream 104c¢ that produces the droplets
106¢. The droplets 106¢ that exit the jet forming device 102¢
are capsules that have an internal core of one material, a
shell of a second material, and the third material associated
with the first and second materials.

Various combinations of the first, second, and third mate-
rials 1n the droplets 106¢ can be produced by the Co-Axial
Fabrication Device 100c. For example, in one version the
capsules have an internal core of the first material 112¢, a
shell made of the second material 114¢ that completely
surrounds the internal core of the first material 112¢, and a
second shell made of the third material 116c¢ that completely
surrounds the internal core of the first material 112¢ and the
shell made of the second material 114c.

The droplets 106¢ pass through the curing zone 108c¢
where they are cured by the UV curing system 122c¢. The
cured droplets 106¢ are directed into the collection system
110c. The operation of the fabrication device 10056 1s imple-
mented and controlled by the computer controller 118c.

Referring now to FIG. 1D, a simplified schematic depic-
tion 1llustrates a fourth embodiment of the inventor’s appa-
ratus, systems, and methods. This fourth embodiment 1s
designated generally by the reference numeral 100d. As
illustrated, the embodiment 1004 includes a number of
components. The components of the inventor’s apparatus,
systems, and methods 100da illustrated in FIG. 1D are
identified and described below.

Reference Numeral 100d—Fabrication Device
Reference Numeral 1024d—Device

Reference Numeral 104d—Fluid Jet

Retference Numeral 106d—Droplets

Reference Numeral 1084—Curing/Hardening Zone

Reference Numeral 110d—Collection System
Reference Numeral 1124d—Material Supply
Reference Numeral 1184—Computer Controller
Reference Numeral 1204—Vibration System
Reference Numeral 122a—Alternate Curing/Hardening
Systems

The description of the fabrication device 1004 compo-
nents 1llustrated 1in FIG. 1D having been completed, the
operation and additional description of the inventor’s fourth
embodiment apparatus, systems, and methods will now be
considered 1n greater detail. The jet forming device 102d
includes a nozzle that produces the jet stream 1044d. F1G. 1D
shows the encapsulation apparatus with jet stream 104d
running along the direction of gravity. The maternial supply
1124 feeds the material into the jet forming device 102d. The
vibration system 1204 imparts vibration to the jet stream
1044 that produces the droplets 1064. The droplets 1064
pass through the curing/hardeming zone 1084 where they are
cured and/or hardened by the alternate curing/hardening
systems 122d. The cured and/or hardened droplets 1064 are
directed 1nto the collection system 110d. The operation of
the fabrication device 1004 1s implemented and controlled

by the computer controller 1184
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Retferring to FIG. 2A, a simplified schematic depiction
illustrates an embodiment of the 1nventor’s apparatus, sys-
tems, and methods wherein the fluid jet and droplet stream
are running against and at an angle to the direction of
gravity. This embodiment 1s designated generally by the
reference numeral 200a. As 1illustrated, the embodiment
200a includes a number of components. The components of

the 1nventor’s apparatus, systems, and methods 200a 1llus-
trated 1 FIG. 2A are 1dentified and described below.

Retference Numeral 200a—Co-Axial Fabrication Device
Reference Numeral 202a—Device

Retference Numeral 204a—Fluid Jet

Retference Numeral 206a—Droplets

Retference Numeral 208¢—Curing Zone

Retference Numeral 210a—Collection System
Reference Numeral 212a—First Material Supply
Retference Numeral 214a—Second Material Supply
Retference Numeral 218a—Computer Controller
Retference Numeral 220a—Vibration System
Reference Numeral 222a—UV Curing System
Retference Numeral 224a—First Pump

Reference Numeral 226a—Second Pump

The description of the co-axial fabrication device com-
ponents 1llustrated in FIG. 2A having been completed, the
operation and additional description of the inventor’s
embodiment 200a co-axial fabrication device apparatus,
systems, and methods will now be considered 1in greater
detail. The jet forming device 202a i1ncludes a nozzle that
produces the jet stream 204a. FIG. 2A shows the encapsu-
lation apparatus with jet stream 204a and the droplets 206a
running against and at an angle to the direction of gravity.
The first pump 224a and the second pump 226a move the jet
stream 204a and the droplets 206a against gravity.

The droplets 206a movement 1s affected by gravity, the
angle of the nozzle, and the flow rate of the fluids. By using
polymer precursor that can cure within seconds of UV
exposure, encapsulation 1s completed by the time particles
are collected, greatly reducing the fabrication time. Single
unit production rate 1s 50x-1000x more than that shown in
typical microfluidic-based production, and the production
apparatus can be parallelized for even higher production.

The first material supply 212a and second material supply
214a feed the two materials 1nto the jet forming device 202a.
The wvibration system 220aq imparts vibration to the jet
stream 204q that produces the droplets 206a. The droplets
2064 that exat the jet forming device 202s are capsules that
have an iternal core of the first material 212a and an outer
shell of the second material 214a completely surrounding
the mternal core of the first material 212a. The droplets 2064
pass through the curing zone 208a where they are cured by
the UV curing system 222a. The cured droplets 206a are
directed into the collection system 210a. The operation of
the fabrication device 200q 1s implemented and controlled
by the computer controller 218a.

Retferring to FIG. 2B, a simplified schematic depiction
illustrates an embodiment of the 1nventor’s apparatus, sys-
tems, and methods wherein the fluid jet and droplet stream
are running against and at an angle to the direction of gravity
and there 1s a moveable UV curing system. This embodi-
ment 15 designated generally by the reference numeral 2005.
As 1llustrated, the embodiment 2004 includes a number of
components. The components of the inventor’s apparatus,
systems, and methods 20056 illustrated in FIG. 2B are
identified and described below.

Retference Numeral 2006—Co-Axial Fabrication Device

Retference Numeral 2026—Device

Reference Numeral 2045—Fluid Jet
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Retference Numeral 2066—Droplets

Reference Numeral 2085—Curing Zone
Reference Numeral 2105—Collection System
Reference Numeral 2125—First Material Supply
Reference Numeral 2145—Second Material Supply
Reference Numeral 2185—Computer Controller
220b6—Vibration System

Ref
Ref 1 2226—UV Curing System

‘erence Numeral
‘erence Numera.
Reference Numeral 2245—First Pump
Reference Numeral 2265—Second Pump

Reference Numeral 2285—Angle

The description of the co-axial fabrication device com-
ponents illustrated 1n FIG. 2B having been completed, the
operation and additional description of the inventor’s
embodiment 2005 co-axial fabrication device apparatus,
systems, and methods will now be considered 1n greater
detail. The jet forming device 2026 includes a nozzle that
produces the jet stream 204b6. FIG. 2B shows the encapsu-
lation apparatus with jet stream 2045 and the droplets 20656
running against and at an angle 2285 to the direction of
gravity. The first pump 2245 and the second pump 2265
move the jet stream 2045 and the droplets 2066 against
gravity.

The droplets 2066 movement 1s aflected by gravity, the
angle of the nozzle, and the tflow rate of the fluids. By using
polymer precursor that can cure within seconds of UV
exposure, encapsulation 1s completed by the time particles
are collected, greatly reducing the fabrication time. Single
unit production rate 1s 50x-1000x more than that shown in
typical microfluidic-based production, and the production
apparatus can be parallelized for even higher production.

The first material supply 2125 and second material supply
214b feed the two materials 1nto the jet forming device 2025.
The wvibration system 22056 imparts vibration to the jet
stream 2045 that produces the droplets 2065. The droplets
2060 that exit the jet forming device 2025 are capsules that
have an internal core of the first material 21256 and an outer
shell of the second material 21456 completely surrounding
the 1nternal core of the first material 2125.

The droplets 2066 pass through the curing zone 2085
where they are cured by the UV curing system 222b. The
droplet generation apparatus can be operated at different
angles and the collection bath can be placed at different
locations. Also, there 1s a moveable UV curing system. The
nozzle can face upwards at an angle. This increases the
residence time of the capsules through the UV exposure
window. The cured droplets 2065 are directed into the
collection system 210b. The operation of the fabrication
device 2005 1s implemented and controlled by the computer
controller 218b.

Referring to FIG. 2C, a simplified schematic depiction
illustrates an embodiment of the inventor’s apparatus, sys-
tems, and methods wherein the fluid jet and droplet stream
are running against and at an angle to the direction of gravity
and there 1s a droplet rising system. This embodiment 1s
designated generally by the reference numeral 200c. As
illustrated, the embodiment 200¢ includes a number of
components. The components of the inventor’s apparatus,
systems, and methods 200c¢ illustrated i FIG. 2C are
identified and described below.

Reference Numeral 200c—Co-Axial Fabrication Device

Reterence Numeral 202c—Device

Reference Numeral 204c—Fluid Jet

Reference Numeral 206c—Droplets

Rel 1 208c—Curing Zone
210c—Collection System

‘erence Numeral
212¢c—First Material Supply

Reterence Numeral

Reterence Numeral
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Retference Numeral 214c—Second Material Supply
Retference Numeral 218c—Computer Controller
Retference Numeral 220c—Vibration System
Retference Numeral 222¢—UV Curing System
Retference Numeral 224c—First Pump
Retference Numeral 226c—Second Pump
Retference Numeral 228c—Rinsing Fluid Tray

Retference Numeral 230c—Rinsing Fluid

The description of the co-axial fabrication device com-
ponents 1llustrated in FIG. 2C having been completed, the
operation and additional description of the inventor’s
embodiment 200c co-axial fabrication device apparatus,
systems, and methods will now be considered 1in greater
detail. The jet forming device 202¢ includes a nozzle that
produces the jet stream 204¢. FIG. 2C shows the encapsu-
lation apparatus with jet stream 204¢ and the droplets 206¢
running against and at an angle to the direction of gravity.
The first pump 224¢ and the second pump 226¢ move the jet
stream 204¢ and the droplets 206¢ against gravity.

The droplets 206c movement 1s aflected by gravity, the
angle of the nozzle, and the flow rate of the fluids. By using
polymer precursor that can cure within seconds of UV
exposure, encapsulation 1s completed by the time particles
are collected, greatly reducing the fabrication time. Single
unit production rate 1s 50x-1000x more than that shown in
typical microfluidic-based production, and the production
apparatus can be parallelized for even higher production.

The first material supply 212¢ and second material supply
214c¢ feed the two materials 1nto the jet forming device 202c.
The vibration system 220c¢ imparts vibration to the jet stream
204 ¢ that produces the droplets 206¢. The droplets 206¢ that
exit the jet forming device 202¢ are capsules that have an
internal core of the first material 212¢ and an outer shell of
the second material 214¢ completely surrounding the inter-
nal core of the first material 212¢.

The droplets 206c pass through the curing zone 208c¢
where they are cured by the UV curning system 222c¢. The
droplet generation apparatus can be operated at different
angles and the collection bath can be placed at different
locations. Also, there 1s a moveable UV curing system. The
nozzle can face upwards at an angle. This increases the
residence time of the capsules through the UV exposure
window. The cured droplets 206c are directed into the
rinsing tluid tray 228c¢ and rinsed by rinsing fluid 230c
before the droplets 206¢ are directed into the collection
system 210c¢. The operation of the fabrication device 200c¢ 1s
implemented and controlled by the computer controller
218c.

Referring to FIGS. 3A-3E, a number of examples of
droplets that are produced by the inventor’s system for
fabricating structured particles through rapid hardening and
tailored collection. The examples 1n FIGS. 3A-3E can be
produced by various combinations of the first, second,
and/or third matenals produced by the co-axial fabrication
devices. The droplets depicted in FIGS. 3A-3E are identified
by the reference numerals 300a, 3005, 300c, 3004, and 300¢
respectively.

Referring to FIG. 3A, an example of a droplet 300aq
produced by the mventor’s system 1llustrated 1n FIG. 1A 1s
shown. The droplet 300aq has an internal core 302a. The
droplet 300a can have a hardened surface 304a.

Referring to FIG. 3B, an example of a droplet 3005
produced by the mventor’s system 1llustrated 1in FIG. 1B 1s
shown. The droplet 3006 has an internal core 3025 of the
first material and a shell 3045 made of the second material
that completely surrounds the internal core 3025 of the first
material.




US 11,173,461 B2

13

Referring to FIG. 3C, an example of a droplet 300c¢
produced by the inventor’s system 1illustrated in FIG. 1C 1s
shown. The droplet 300c¢ has an internal core 302¢ of the first
material, a shell 304¢ made of the second material that
completely surrounds the internal core 302¢ of the first
material, and a second shell 304¢ made of the third material
that completely surrounds the internal core 302¢ of the first
material and the shell 304¢ made of the second maternal.

Referring to FIG. 3D, an example of a droplet 300d
produced by the inventor’s system for fabricating structured
particles through rapid hardening and tailored collection 1s
shown. The droplet 3004 has an internal core 302d, a shell
3044, and particles 3064 within the internal core 3024

Referring to FIG. 3E, an example of a droplet 300¢
produced by the inventor’s system for fabricating structured
particles through rapid hardening and tailored collection 1s
shown. The droplet 300e has an internal core 302¢, a shell
304e, and a matrix 306¢ within the internal core 302e.

Referring to FIG. 4, a simplified schematic depiction
illustrates an embodiment of the inventor’s apparatus, sys-
tems, and methods wherein multiple co-axial fabrication
devices are ganged to provide a greater output of droplets.
This embodiment 1s designated generally by the reference
numeral 400. As illustrated, the embodiment 400 includes a
number of components. The components of the mventor’s
ganged multiple co-axial fabrication devices 400 illustrated
in FIG. 4 are identified and described below.

Reference Numeral 400—Multiple Co-Axial Fabrication

Devices

Reference Numeral 402—Multiple Individual Unaits
Reference Numeral 404—Multiple Fluid Jets
Reference Numeral 406—Multiple Sets of Droplets
Reference Numeral 408—Multiple Curing Zones
Reference Numeral 410—Multiple Collection Systems
Reference Numeral 412—First Material Supply
Reference Numeral 414—Second Material Supply
Reference Numeral 418—W1/F1 Computer Controller
Reference Numeral 420—Vibration System
Reference Numeral 422—UV Curing System
Reference Numeral 424—Master Collection System

The description of the components of the inventor’s
ganged multiple co-axial fabrication devices 400 illustrated
in FIG. 4 having been completed, the operation and addi-
tional description of the embodiment 400 will now be
considered 1n greater detail. In many 1nstances 1t 1s desirable
to have a large output of droplets. This 1s accomplished by
ganging multiple individual co-axial fabrication devices.

The ganged multiple co-axial fabrication devices 400
utilizes multiple individual units 402. The multiple 1ndi-
vidual units 402 can be arranged in all conceivable formats.
For example, the multiple individual units 402 can be
arranged 1n a linear arrangement, 1n a circular arrangement,
in a rectangular arrangement, 1n a multilevel arrangement,
and 1n all other concervable arrangements.

The multiple individual umts 402 include nozzles that
produce jet streams 404. FIG. 4 shows the multiple indi-
vidual units 402 with jet streams 404 running along the
direction of gravity. A first material supply 412 and a second
material supply 414 feed two separate materials 1nto the jet
forming devices 402. The vibration system 420 imparts
vibration to the jet streams 404 that produce the droplets
406. The droplets 406 that exit the jet forming devices 402
are capsules that have an internal core of the first material
412 and an outer shell of the second material 414 completely
surrounding the internal core of the first material 412. The
droplets 406 pass through the curing zone 408 where they
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406 are directed into the multiple collection systems 410.
The cured droplets 406 are directed from the multiple
collection systems 410 into the master collection system
424. The operation of the ganged multiple co-axial fabrica-
tion devices 400 1s implemented and controlled by the
computer controller 418.

Referring now to FIG. 5, a simplified schematic depiction
illustrates an embodiment of the 1inventor’s apparatus, sys-
tems, and methods that includes a second UV curing system.
This embodiment 1s designated generally by the reference
numeral 500. As illustrated, the embodiment 500 includes a
number ol components. The components of the mventor’s
apparatus, systems, and methods 500 illustrated 1n FI1G. 5 are

1dentified and described below.

Retference Numeral 500—Fabrication Device
Retference Numeral 502—Device

Retference Numeral 504—FIuid Jet

Retference Numeral 506—Droplets

Retference Numeral 508—Curing Zone
Retference Numeral 510—Collection System
Retference Numeral 512—Material Supply
Retference Numeral 518—Computer Controller
Retference Numeral 520—Vibration System
Retference Numeral 522—UV Curing System
Retference Numeral 524—Second UV Curing System
Retference Numeral 526—Second Curing Zone
Retference Numeral 528—Conveyer

The descrlptlon of the fabrication device 500 components
illustrated 1n FIG. 5 having been completed, the operation
and additional description of the ventor’s embodiment
apparatus, systems, and methods with a second UV curing
system will now be considered i1n greater detail. The jet
forming device 502 includes a nozzle that produces the jet
stream 504. FIG. 5 shows the encapsulation apparatus with
jet stream 304 running along the direction of gravity. The
material supply 512 feeds the material into the jet forming
device 502. The vibration system 320 imparts vibration to
the jet stream 504 that produces the droplets 506. The
droplets 506 pass through the curing zone 508 where they
are cured by the UV curing system 522. After the droplets
506 pass through the curing zone 508 they are deposited on
a conveyer 528 where they pass through a second curing
zone 526 where they are cured by the UV curing system 524.
In another embodiment the conveyer 528 is replaced by a
dryer. The cured droplets 506 are directed into the collection
system 310. The operation of the fabrication device 500 1s
implemented and controlled by the computer controller 518.

Referring now to FIG. 6, a simplified schematic depiction
illustrates an embodiment of the inventor’s apparatus, sys-
tems, and methods that includes a heater for heating the
material supply. This embodiment 1s designated generally by
the reference numeral 600. As 1llustrated, the embodiment
600 includes a number of components. The components of

the inventor’s apparatus, systems, and methods 600 1llus-
trated 1n FIG. 6 are 1dentified and described below.

Retference Numeral 600—Fabrication Device
Retference Numeral 602—Device

Reference Numeral 604—FIuid Jet
Retference Numeral 606—Droplets

Retference Numeral 608—Curing Zone
Retference Numeral 610—Collection System
Retference Numeral 612—Material Supply
Reference Numeral 614—Heater

Retference Numeral 618—Computer Controller
Retference Numeral 620—Vibration System
Retference Numeral 622—UV Curing System
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The description of the fabrication device 600 components
illustrated 1 FIG. 6 having been completed, the operation
and additional description of the mventor’s embodiment
apparatus, systems, and methods with a heater for heating
the material supply will now be considered 1n greater detail.
The jet forming device 602 includes a nozzle that produces
the jet stream 604. FIG. 6 shows the encapsulation apparatus
with jet stream 604 running along the direction of gravity.
The material supply 612 feeds the material into the jet
forming device 602. A heater 614 heats the material from
material supply 612 before 1t 1s fed into the jet forming
device 602. The vibration system 620 imparts vibration to
the jet stream 604 that produces the droplets 606. The
droplets 606 pass through the curing zone 608 where they
are cured by the UV curning system 622. The cured droplets
606 arc directed into the collection system 610. The opera-
tion of the fabrication device 600 i1s implemented and
controlled by the computer controller 618.

Referring now to FIG. 7, a simplified schematic depiction
illustrates an embodiment of the inventor’s apparatus, sys-

tems, and methods that includes retlectors for reflecting the
rays of UV Curing system back onto the droplets. This
embodiment 1s designated generally by the reference
numeral 700. As illustrated, the embodiment 700 includes a
number ol components. The components of the inventor’s
apparatus, systems, and methods 700 1llustrated in FIG. 7 are
identified and described below.

Reference Numeral 700—Fabrication Device
Reterence Numeral 702—Device

Reterence Numeral 704—Fluid Jet
Reference Numeral 706—Droplets

Reference Numeral 708—Curing Zone

Reference Numeral 710—Collection System
Reference Numeral 712—Material Supply
Reference Numeral 714—Retlectors

Reference Numeral 718—Computer Controller
Reference Numeral 720—Vibration System

Reference Numeral

The description of the fabrication device 700 components
illustrated 1n FIG. 7 having been completed, the operation
and additional description of the inventor’s embodiment
apparatus, systems, and methods that includes retlectors for
reflecting the rays of UV Curing system back onto the
droplets will now be considered 1n greater detail. The jet
forming device 702 includes a nozzle that produces the jet
stream 704. FIG. 7 shows the encapsulation apparatus with
jet stream 704 running along the direction of gravity. The
material supply 712 feeds the material into the jet forming
device 702. The vibration system 720 imparts vibration to
the jet stream 704 that produces the droplets 706. The
droplets 706 pass through the curing zone 708 where they
are cured by the UV curing system 722. Retlectors 714
reflecting the rays of UV Curing system 722 back onto the
droplets. The cured droplets 706 are directed into the col-
lection system 710. The operation of the fabrication device
700 1s implemented and controlled by the computer con-
troller 718.

Referring now to FIG. 8, a simplified schematic depiction
illustrates an embodiment of the inventor’s apparatus, sys-
tems, and methods that includes an overflow for collecting
droplets that overflow from the collection system. This
embodiment 1s designated generally by the reference
numeral 800. As 1illustrated, the embodiment 800 includes a
number of components. The components of the mventor’s
apparatus, systems, and methods 800 illustrated 1n FI1G. 8 are
identified and described below.

1 722—UV Curing System
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Retference Numeral 800—Fabrication Device
Retference Numeral 802—Device

Retference Numeral 804—FIuid Jet

Retference Numeral 806—Droplets

Retference Numeral 808—Curing Zone
Retference Numeral 810—Collection System
Retference Numeral 812—Material Supply
Retference Numeral 814—Overflow With UV Postcure
Retference Numeral 818—Computer Controller
Retference Numeral 820—Vibration System
Retference Numeral 822—UV Curing System

The descrlptlon of the fabrication device 800 components
illustrated 1n FIG. 8 having been completed, the operation
and additional description of the mventor’s embodiment
apparatus, systems, and methods that includes an overtlow
for collecting droplets that overflow from the collection
system will now be considered 1n greater detail. The jet
forming device 802 includes a nozzle that produces the jet
stream 804. FIG. 8 shows the encapsulation apparatus with
jet stream 804 running along the direction of gravity. The
material supply 812 feeds the material into the jet forming
device 802. The vibration system 820 imparts vibration to
the jet stream 804 that produces the droplets 806. The
droplets 806 pass through the curing zone 808 where they
are cured by the UV curing system 822. The cured droplets
806 are directed 1nto the collection system 810. An overtlow
814 collects droplets that overflow from the collection
system. The operation of the fabrication device 800 1s
implemented and controlled by the computer controller 818.

Referring now to FI1G. 9, a simplified schematic depiction
illustrates an embodiment of the inventor’s apparatus, sys-
tems, and methods that includes retlectors for reflecting the
rays of UV Curing system back onto the droplets and a
blocking device that prevents the UV rays from damaging
components of the system. This embodiment 1s designated
generally by the reference numeral 900. As 1illustrated, the
embodiment 900 includes a number of components. The

components of the inventor’s apparatus, systems, and meth-
ods 900 illustrated 1n FIG. 9 are identified and described

below.
Retference Numeral 900—Fabrication Device
Retference Numeral 902—Device
Retference Numeral 904—FIuid Jet
Retference Numeral 906—Droplets
Retference Numeral 908—Curing Zone
Retference Numeral 910—Collection System
Retference Numeral 912—Material Supply
Retference Numeral 914—Reflectors
Retference Numeral 916—Blocking System (IRIS)
Retference Numeral 918—Computer Controller
Retference Numeral 920—Vibration System
Reference Numeral 922—UV Curing System

The description of the fabrication device 900 components
illustrated 1n FIG. 9 having been completed, the operation
and additional description of the inventor’s embodiment
apparatus, systems, and methods that includes reflectors for
reflecting the rays of UV Curing system back onto the
droplets and a blocking device that prevents the UV rays
from damaging components of the system will now be
considered in greater detail. The jet forming device 902
includes a nozzle that produces the jet stream 904. FIG. 9
shows the encapsulation apparatus with jet stream 904
running along the direction of gravity. The material supply
912 feeds the material into the jet forming device 902. The
vibration system 920 imparts vibration to the jet stream 904
that produces the droplets 906. The droplets 906 pass
through the curing zone 908 where they are cured by the UV
curing system 922. Retlectors 914 reflecting the rays of UV
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Curing system 922 back onto the droplets. The blocking
device 716 prevents the UV rays from damaging compo-
nents of the system. The blocking device 716 can be an IRIS
the 1s used 1n camera systems. The cured droplets 906 are
directed 1nto the collection system 910. The operation of the
tabrication device 900 1s implemented and controlled by the
computer controller 918.

Referring now to FIG. 10, a simplified schematic depic-
tion illustrates an embodiment of the imventor’s apparatus,
systems, and methods for fabricating structured particles.
This embodiment 1s designated generally by the reference
numeral 1000. As i1llustrated, the embodiment 1000 includes
a number of components. The components of the inventor’s
apparatus, systems, and methods 1000 illustrated in FIG. 10
are 1dentified and described below.

Reference Numeral 1000—Structured Particles Fabrica-

tion Device

Reference Numeral 1002—FEnclosure

Reference Numeral 1004—Device for Producing a Fluid

Jet

Reference Numeral 1006—IRIS

Reference Numeral 1008—Jet

Reference Numeral 1010—Droplets

Reference Numeral 1112—UYV Curing System

Reference Numeral 1114—Enclosure Atmosphere Sys-

fem
Reference Numeral 1116—Window

Reference Numeral 1118—Camera
1120—Reflector

Reference Numeral
1122—Heated Material Supply

Retfterence Numeral

Reference Numeral 1124—Collection System
Reference Numeral 1126—Overtlow System
1 1128—Computer/Controller

Reference Numera.
Reference Numeral 1130—Vibration System

The description of the mnventor’s apparatus, systems, and
methods for fabricating structured particles 1000 compo-
nents 1illustrated in FIG. 10 having been completed, the
operation and additional description of the inventor’s
embodiment apparatus, systems, and methods will now be
considered 1n greater detail. An enclosure 1002 houses the
apparatus, systems, and methods for fabricating structured
particles 1000. An Enclosure Atmosphere System 1114
maintains the atmosphere inside the enclosure 1002. The
Device for Producing a Fluid Jet 1004 provides a nozzle that
produces the jet stream 1008. FIG. 10 shows the jet stream
1008 running along the direction of gravity. The heated
material supply 1122 feeds the material into the jet forming,
device 1004. A heater heats the material 1n Heated Material
Supply 1122 before it 1s fed into the jet forming device 1004.
The vibration system 1130 imparts vibration to the jet stream
1008 that produces the droplets 1010. The droplets 1010
pass through the curing zone where they are cured by the UV
Curing System 1112. A Retflector 1120 1s positioned opposite
the UV Curing System 1112 to reflect UV rays back onto the
Droplets 1010. The IRIS 1006 prevents the UV rays from
escaping the Enclosure 1002 and causing damage. The Fast
Camera 1118 and Window 1116 provide light for photo-
graphing the formation of the Droplets 1010. The cured
Droplets 1010 are directed 1nto the Collection System 1024.
An Overtlow System 1126 allows the apparatus, systems,
and methods for fabricating structured particles 1000 to
continue operation even when the Collection System 1024
becomes full. The operation of the fabrication device 1000
1s 1mplemented and controlled by the Computer/Controller
1128.

The mventor’s apparatus, systems, and methods for fab-
ricating structured particles 1s further described and illus-
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trated with reference to the drawing figures and as described
below. Various changes and modifications of the examples
will be apparent to those skilled 1n the art from the descrip-
tion of the examples and by practice of the invention. The
scope of the invention 1s not intended to be limited to the
particular examples disclosed and the mvention covers all
modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined by the claims.

The mventor’s apparatus, systems, and methods for fab-
ricating structured particles whole apparatus 1s installed
inside an air-tight, sound-baflling and UV-blocking box.
Cameras are set up outside the box through a viewing
window for observation and characterization. Microfluidic
device with co-axial nozzles are manufactured by using
glass capillaries or stainless steel tubes. The diameters of the
capillaries and tubes ranged from 5 um to 10 mm and can be
surface functionalized. Different fluids are pushed through
connection pieces mto the device to form a fluid jet and
drops will form near the tip. Volumetric flow rates of the
fluids are 1n the range of 1 ml/hr to 300 ml/hr for a single unit
and multiplies proportionally when many umits are paral-
lelized.

The microfluidic chip can be operated as-1s or with an
external vibration source such as a contact speaker or piezo
clectric device). Negative tone photo-responsive resins to be
used in this 1invention must be highly sensitive to the UV
lamp, and contain multifunctional cross-linking monomers.
Multitunctionality enables high curing rates to obtain high
chemical conversions during the residence time when drops
are exposed to UV. The photoinitiator compound utilized
must have an absorbance peak maximum at the lamp wave-
length for effective curing. Inhibitor species are to be used
minimally for maintaining uncured resin stability in the
syringe, tubing and device prior to exiting the device cap-
illary. Polymer drops are cured or partially-cured before
collected and post-curing can be performed for full cross-
linking. During operation, an 1nert gas environment can be
utilized for formulations composed of oxygen inhibited
monomers (such as those containing acrylate species). An
oxygen-iree environment minimizes the induction period,
providing instantaneously fast reaction speeds once the resin
droplet falls within the UV exposure window. UV lamps can
be stacked or used from diflerent sides to facilitate the
crosslinking of the polymer drops. In addition, polymer used
in drop generation can be obtained through thermal setting,
solvent extraction or a combination of these.

After the particles get crosslinked, they can be collected
in a container or 1 a liquid bath. Options of the liquid bath
are solvents with a density in the range of 0.7-1.5 g/ml and
surface tension in the range of 8-100 mN/m. Examples are:
liquid nitrogen, 1sopropanol, toluene, and water-based mix-
tures. The fluids can be still, stirred or shaken in motion. In
addition, the fabricated particles can also be collected with
the aid of air flow. Air tlow can come from the bottom of the
container to slow down the speed of the incoming drops to
reduce capsule breakage. In this case, the top rim of the
collection container will extend to the device level and 1s
composed of UV permeable material such as quartz. The air
flow 1s distributed evenly from the bottom of the container
to counteract the falling particles and soften the impact
during collection. Furthermore, air flow can also be used to
divert the direction of the falling particles by blowing
sideways. In this case, particles will be collected 1 a
container not directly underneath the fabrication device.
Alternatively, the drop generation apparatus can be operated
at different angles and the collection bath can be placed at
different locations. For example, the nozzle can face
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upwards at an angle. This increases the residence time of the
capsules through the UV exposure window. This also
decreases the capsule speed when they are collected for
reduced impact that could cause bursting of the shell.
Capsules can also be collected onto a slope near the apex of
trajectory, transiting them into a moderate collection path.
The slope can be surface treated with non-stick coating (1.e.
Tetlon) or covered with a layer of rinsing tluid which will be
distributed from the end near the incoming particles. A UV
lamp could also be placed near the slope for improved UV
crosslinking.

Although the description above contains many details and
specifics, these should not be construed as limiting the scope
of the application but as merely providing illustrations of
some of the presently preferred embodiments of the appa-
ratus, systems, and methods. Other implementations,
enhancements and varnations can be made based on what 1s
described and 1llustrated 1n this patent document. The fea-
tures of the embodiments described herein may be combined
in all possible combinations of methods, apparatus, mod-
ules, systems, and computer program products. Certain
teatures that are described 1n this patent document in the
context of separate embodiments can also be implemented 1n
combination 1n a single embodiment. Conversely, various
teatures that are described in the context of a single embodi-
ment can also be implemented in multiple embodiments
separately or 1n any suitable subcombination. Moreover,
although {features may be described above as acting in
certain combinations and even mitially claimed as such, one
or more features from a claimed combination can 1n some
cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination. Similarly, while operations are
depicted 1n the drawings 1n a particular order, this should not
be understood as requiring that such operations be per-
formed 1n the particular order shown or in sequential order,
or that all illustrated operations be performed, to achieve
desirable results. Moreover, the separation of various system
components 1n the embodiments described above should not
be understood as requiring such separation 1n all embodi-
ments.

Therefore, 1t will be appreciated that the scope of the
present application fully encompasses other embodiments
which may become obvious to those skilled 1n the art. In the
claims, reference to an element in the singular 1s not
intended to mean “one and only one” unless explicitly so
stated, but rather “one or more.” All structural and functional
equivalents to the elements of the above-described preferred
embodiment that are known to those of ordinary skill in the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present claims. More-
over, 1t 1s not necessary for a device to address each and
every problem sought to be solved by the present apparatus,
systems, and methods, for 1t to be encompassed by the
present claims. Furthermore, no element or component in
the present disclosure 1s intended to be dedicated to the
public regardless ol whether the element or component 1s
explicitly recited 1n the claims. No claim element herein 1s
to be construed under the provisions of 35 U.S.C. 112, sixth
paragraph, unless the element 1s expressly recited using the
phrase “means for.”

While the apparatus, systems, and methods may be sus-
ceptible to various modifications and alternative forms,
specific embodiments have been shown by way of example
in the drawings and have been described in detail herein.
However, 1t should be understood that the application 1s not
intended to be limited to the particular forms disclosed.
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Rather, the application 1s to cover all modifications, equiva-
lents, and alternatives falling within the spirit and scope of
the application as defined by the following appended claims.

The mmvention claimed 1s:

1. An apparatus for fabricating structured particles in
mid-air using gravity that has a direction of gravity, com-
prising;:

a fluid jet forming umt that produces a fluid jet stream
wheremn said fluid jet forming unit 1s positioned to
direct said fluid jet stream against said direction of
gravity:

a material supply connected to said fluid jet forming unit
that feeds material mto said fluid jet forming unit,
wherein said fluid jet stream 1s made of said matenal;

a vibration system connected to said flmd jet forming unit
and positioned proximate said fluid jet forming unit that
imparts vibration to said fluid jet stream and produces
a particle fluid jet stream having discrete droplets made
of said material wherein said particle fluid jet stream 1s
positioned to run against the direction of gravity;

a curing system positioned 1n the mid-air proximate said
particle fluid jet stream that cures said discrete droplets
and produces cured droplets; and

a collection system located above said curing system
operably positioned to receive said cured droplets from
said curing system that receives said cured droplets
thereby providing the structured particles.

2. The apparatus for fabricating structured particles of
claim 1 further comprising a rinsing flud tray located above
said particle fluid jet stream that runs against the direction of
gravity and operably positioned to receive said cured drop-
lets wherein said cured droplets are rinsed and directed to
said collection system.

3. An apparatus for fabricating structured particles 1n
mid-air using gravity that has a direction of gravity, com-
prising;:

an enclosure;

an enclosure atmosphere system that maintains an atmo-
sphere 1nside said enclosure;

a fluid jet forming unit that produces a fluid jet stream 1n
said atmosphere wherein said fluid jet stream runs
along the direction of gravity;

a material supply that includes a heater that produces
heated material wherein said material supply 1s con-
nected to said fluid jet forming umt and feeds said
heated material into said fluid jet forming unait;

wherein said fluid jet stream 1s made of said heated
material;

a vibration system positioned proximate said fluid jet
stream that imparts vibration to said fluid jet stream and
produces a particle fluid jet stream having discrete
droplets wherein said particle fluid jet stream runs
along the direction of gravity;

an 1ris positioned below said particle fluid jet stream
wherein said particle fluid jet stream passes through
said 1ris;

wherein said particle fluid jet stream has one side and
another side opposite side said one side;

a fast camera positioned on said one side of said particle
fluid jet stream below said irnis to photograph said
particle fluid jet stream and said discrete droplets;

a window on said other side of said particle fluid jet
stream that provides light for photographing said par-
ticle tluid jet stream:;
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a curing system in mid-air positioned proximate said
particle fluid jet stream that produces ultraviolet rays
that are directed onto said particle flud jet stream from
said one side;

at least one retlector positioned on said other side of said 5
particle tluid jet stream that retlects said ultraviolet rays
back onto said particle fluid jet stream;

a collection system that receives said discrete droplets
thereby providing the structured particles; and

an overtlow system connected to said collection system. 10
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