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(57) Abstract: A method may include providing a fluid matenal, solidifying the fluid matenal, providing a substrate, and depositing
the solidified fluid material on the substrate. Providing the fluid material may include providing a mold, and filling the mold with the
fluid matenial. Solidifying the fluid material may include solidifying the fluid matenial in a mold, and removing the solidified fluid

material from the mold. Providing the substrate may include preparing

the substrate for deposition of the solidified fluid material, and

adjusting the temperature of the substrate. Depositing the solidified fluid material on the substrate may include fixturing the substrate,
and loading the solidified fluid maternal 1n a deposition tool. The fluid material may include a liquid phase component, and a solid phase
component. The solid phase component may include particles suspended 1n the liquid phase component. The liquid phase component

may include a gallium alloy.
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DEPOSITION WITH SOLID FEEDSTOCK

CROSS-REFERENCE TO RELATED APPLICATION
00011 This application claims priorily from U.S. Provisional Patent Application Ser. No.

62/961,686 filed January 15, 2020 which is incorporated by reference.
BACKGROUND

{0002} The inventive principles of this patent disclosure relate generally 1o deposition of

maternials on subsiraies, and more specifically 1o deposition with solid feedsiock.

SUMMARY
{00031 A method may include providing a fluid material, solidifying the fluid material, providing a
subsirate, and deposiling the solidified fiuid material on the subsirate. Providing the fiuic
material may include providing a mold, and filling the mold with the Tluid material. Soligifying the
fiuid material may include soligifying the fluid matenal in a mold, and removing the solidified
fiuid material from the mold. Providing the substrate may inciude preparing the substrale for
deposition of the solidified Tluid material, and adjusting the temperature of the substrates.
Depositing the soliditied tiuid maternial on the substrate may include fixiuring the subsirate, and
loading the solidified fluid material in a deposition ool The Tluid material may include a liguid
phase component, and a solid phase component. The solid phase component may include
particies suspended in the liquid phase component. The liquid phase component may inciude a
gallium alloy. The solid phase component may inciude gallium oxide. The gallium oxide may
inciude galium oxXide paticies. The gallium oxide may include a network of gallium oxide
structures. The network of gallium oxide structures may include interiinked gallium oxide
structures. The fluid material may include a conductive gel. The fluid material may include 3
non-Newtonian matenal. The deposited solidified fiuid material forms a pattern of traces on the

substrate.

{0004] An apparatus may include a base confiqured 1o fixture a substrate, and a feed head
contigqured 1o teed a solidified Huid feedstock 10 the substrate at a deposilion site, wherein the
pase and the feed head are configured 1o move the deposition sile on the subsirale, the
feedsiocK has a width, and the feed head is contfigured 1o reduce the width of the feedsliock as

it s fed 10 the subsiraie. The feedstock may form a patlern of traces on the substrate.

00051 A method may include feeding a deformable conductive material in a solid form 1o &

deposition siie on a subsirale, depositing the deformable conductive material on the subsiraie
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at the deposition site, and converting at least a portion of the deformable conductive material 1o
a hon-solid form. The method may further include moving the deposition site 1o form a patiem

of the deformabie conductive material on the subsirate.

BRIEF DESCRIPTION OF THE DRAWINGS
{0006} The figures are not necessarily drawn 1o scale and elements of similar structures or
functions may generaily be represented by like reference numerais or porlions thereof for
HHustrative purposes throughout the figures. The figures are only intended 1o faciiitate the
description of the various empodiments described herein. The figures do not describe every
aspect of the teachings disciosead herein and do not limit the scope of the claims. To prevent
the drawings from becoming obscured, not all of the components, connections, and the like
may be shown, and not all of the components may have reference numbers. However, patiemns

ot component contigurations may be readily apparent from the drawings.

{0007} FIG. 1 is a flow diagram illustrating an example embodiment of a method according 1o
this disclosure.
0008} FIG. 7 is a flow diagram illustrating another example embodiment of a method according

10 this disclosure.

0009} FIG. 3 is a perspective view illustrating an example embodiment of a deposition machine

Or apparatus according to ihis disclosure.

0010 FIG. 4 is cross-sectional view illustrating some example internal details of the deposition

machine or apparatus iHustrate in FIG. 3 according 1o this disclosure.

0011} FIG. 5is a partial cutaway view illustrating an aliernative embodiment of a deposition

machine or apparatlus according to this disclosure.

0012 FIG. 6 i3 a perspective view illustrating another example embodiment of a deposition

machine or apparalus according to this disclosure.

00131 FIG. 7 is a plan view of an article of manufacture fabricated using the embodiments of

apparatuses and methods described herain.

DETAILED DESCRIPTION

(00141 Some of the inventive principles of this disclosure relate to methods for depositing

materials that may be fiuid at g temperature of use and/or fabrication onto a substrate, as well

as deposilion apparaius to enable such deposition. In some embodiments, the apparatus may
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incorporate computer numerical control {CNC} technology for use with such methods, materials

and/or apparatus.

0015 In some embodiments, a temperature of use and/or fabrication may be at or about room
temperature which may be approximately 20 degrees Ceisius, and may generally be within the

range of 18 10 22 degrees Celsius, 10 10 30 degrees Celsius and/or any other suilable range.

0016} In some embodiments, a "Fluid” material may have particles that easily move and
change their relative posilion and that yvield 10 pressure, i.e., are capabile of flowing. Specific
exampies inciude put are not imited 10 liguids, pastes, foams and non-Newltonian materials

such as gels and Bingham plastics.

{0017 In some embodiments, a fluid material may include a deformable conductor made from
a gallium alloy and may be deposiied as a circuit trace onto a restlient substrate. One example
may be a conductive gel which may be referred 1o by the irade name Metal Gel, some examplies
of which are disciosed in international Patent Application PCT/USZ2017/018762 filed

February 27, 2077 which is incorporated by reference and was published on September §, 2017
as international Publication No. WO 2017/1571523 AT which is also incorporated by reference,

and US Patent Application Ser. No. 15/947,744 tiled April 6, 2018 which is incorporated by

reference and was published as US Patent Application Publication No. 2018/0247727 on

Augqust 30, 2018 which is also incorporated by reference,

{0018 Other suilable fluid materials may include conductive or electroactive materials formed
from conductive metals including gold, nickel, silver, platinum, copper, ete.; semiconductors
pased on silicon, gallium, germanium, antimony, arsenic, boron, carbon, selenium, suifur,
teliurium, ete., semiconducting compounds including gallium arsenide, indium antimonide, and
gxides of many metals, organic semiconauctors; and conductive nonmetailic subsiances suen
as graphite. Examples of suilable non-electroactive compositions include many other types of

gels such as, for example, silica gels, and chating fuel such as Stemg, eic.

0019} In some embodiments, the inventive principles herein may be realized with materials
ihat have al least a partial composition, structure or behavior that is non-solid at room

temperaiure or other ambient temperature for use and/or fabrication.

00208 FIG. 1is a flow diagram illustrating an example embodiment of a method according 1o

this disclosure. The method 100 Hustrated in FIG. T may for used, for example, for deposiiing a

material such as one of those disclosead herein onto a subsiraie. The method may begin at step
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110, which may include providing a material that may pe tluid at the ambient temperature of the
surrounding environment. in this example, the environment may be a manufacturing facilily that
15 Kept at room temperature. In the second step 120, the malerial may be solidified, e.g., by
placing the matenal in a second environment where the temperature is controtied at or below
the freezing or solidification point of the material. In a third step 130, a subsirate material may
be provided that a user of the method 100 may wish 10 deposit the fluid material onlo. Ina
fourth step 140, the solidified matenal of the second step 120 may be deposited onio the

substrate material provided in the third step 130.

0021} In some embodiments, the deposited material may form a pattern of traces on the
supstrate. In some embodiments, a pattern of traces may refer 1o a single trace or portion

thereot.

00221 FIG. 2 is a flow diagram illustrating another example embodiment of a method according
10 this disclosure. The embodiment iliustrated in FIG. 2 may include additional steps that may
ne usetul for handiing the fiuid material in more compiex embodiments of the method 100, The
first step 110 optionally includes sub steps 111, 112 of providing a meld and filling the mold
with the matenal, respectively. Second step 128 may optionally include the sub steps 121, 122
of solidifying the material within the moid and removing the solidified material from the moild,
regpectively. Third step 130 may optionatly include the sub step 131 of preparing the substrate
for the fourth step 140, For example, deposition may be more successtul if the surface of the
subsirate is cleaned and/or meodified in some manner. By way of example, the subsirale
material may pe texturized, e.¢., by media blasting, molding, etching, or other processes. In
other exampies, the subsirale may be primed or coatad with another material 10 enhance
adhesion of the solidified material, and/or the surface of the substrate may be sofiened or
hardened, 2.¢., via chemical or thermal treatments such as tempering. In yet another example,
ihe subsirate may be subjected 10 a process 10 aller iis surface energy, e.q., via a corona of
nlasima discharge trealiment. Additionally and optionally, the third step 130 may inciude the
sunstep 132 of heating or cooling the substirate material 10 a desired temperature. The fourth
siep T40 may optionally inciude the substeps 141, 142 of fixturing the subsirate and of loading
the solidified material into a tool for controiling deposition parameters, respectively. By way of
example, deposition may be performed by apiating the solidified maternial onto the substirate
utilizing pressure and relative motion between the {wo materials. In such an example, the

parameters that may pe beneficial to control are the pressure and the rate of reiative motion.
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10023 The above method 100 may be performed using a variety of technigues and principies

depending on the specific pairing of solidified material and subsirale material.

0024} In some embodiments, a maierial may be considered {0 be in a solid form if it is fully or
partially solidified or frozen 10 an extent that it may be handied as a soiid. In some
empodiments, a matefial may be considerad 10 be in a solid form T 1 is capabie of being

handied without being in a container.

{0025} For purposes of illustration, some example, embodiments of methods and apparalus
may be described in the context of g fiuid material that is implemented as a gel, but the
inventive principles are not limited (o uses with gels and may appiied 1o any other fiuig

materials.

I0026; In some example embodiments, the fluid material may be a conductive gel that is
formed into a rod or wire shape and fully or partially solidified or frozen 1o an exdent that the rod
may be handied as a solid. The rod or wire may be fed 10 a deposition site on a substrate where
gel from the rod may be deposited on the subsirate. The site may move aiong the substrate, for
exampie, 1o form a patiern of conduclive gel on the substrale. The rod or wire may be fed o the
stte through a feed tube, an arrangement of rollers, a mechanical clamp, claw, chuck, elc., or any
giner suitable mechanism that may feed the rod or wire 1o the deposition site as material from

the rod ie transterred {o the subsirate.

{0027 In some embodiments, the rod or wire of fully or partially frozen conductive gel may be
fully or at least partially iguified of melied at the deposition sile by heat created by contact
petween 1he rod or wire and ihe subsirate. The conlact heat mav be caused by pressure
petween the rod or wire and the substrate, for exampile, if the rod or wire contacis the surface of
the substirate with a force that is at least partially normal 1o the supstrate. The contact heat may
also be caused by friction or other interaction wilth the surface of the subsiraie, for exampile, if
the rod oF wire is dragged, pushed, pulled, ofr otherwise moved along the surface of the
sunstrate while in contact with the substrate. in different embodiments, contact heat may be
cause by any, or a combination of any, of these and/or other mechanisms that may produce

contact heat.

0028} In some embodiments, the rod or wire of fully or partially frozen conductive gel mav be

fuily or at least partially liguified or melled at or near the deposiiion site by heat conducted {0
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the gel through, tor example, a healed nozzie or feed tube, ring, or other thermally conductive

mechanical contact thal may contact the rod or wire at or near the deposition sile.

00291 In some embodiments, the rod or wire of fully or partially frozen conductive gel may be
fuily or at least partially liguified or melted at the deposition site by heat transfer through the

bulk flow of matier (e.q., convection, advection, diffusion, eic.) such as the flow of a fluid such
as gas or liguid or other matier at or near the deposition site, Examples include a jet of heated

air or other gas, heated water of other liquid, ele.

{00301 In some embodiments, the rod or wire of fully or partially frozen conductive gel may be

fuily or at least partially liguified or meiied at the deposition site by heat from a radiant source

such as an infrared (IR}, ultrasound {(U/S), radio frequency (RF) and/or laser heat source, elc.

0031} Other possible sources of heat 1o fully or at least partially Hquify or melt a conductive gel
inciude electric heating such as resistance healing caused by an eleciric current flowing
through the gel and/or the substrate. For exampie, an electric current may be made to flow
through the rod or wire of fully or partially frozen conductive gel between two contacts iocated
on opposiie sides of the rod or wire, or at two different locations along the iength of the rod or
wire. Alternatively, an electric current may fiow between one contact on the rod or wire and
another contact that touches the substrate it the substrate is electrnically conductive, or a
contact that louches previousiy deposited conductive gel on the subsiraie. As another example,
heal may be generated by an electric discharge petweean the rod or wire of conductive gel and 3
nearby electrode and/or batween the rod or wire and the subsirate and/or between two
electrodes located near the deposition sile. In some embodiments, electric contacis may be
integral with one of more clamps, claws, or other meachanical apparatus that hold, Teed, roli or

oiherwise interact with the fully or partially frozen conductive gel.

00321 In some embodiments, all or some of the heat {o fully or partially liguify or melt the fully
or partially solidified or frozen conductive gel may be provided through the substrats, for
exampie, by prehealing the substrate prior 10 deposition, and/of by spot heatling the substrate at
the point of deposition and at the time of deposition using and suitable healing technique

including any of those described above Tor heating the conductive gel,

{0033} In different embodiments, the size of the size of feedstock may be larger, smaller or the
same size as, some of the features 1o be deposited on the subsirate. In some embodiments, the

rod, wire, or other shape of fully or partially soliditied or frozen conductive get may be sharpened
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or otherwise tapered or modified in shape, for example, o enable deposttion of features that are
smaller or more precise than may otherwise be achieved with the rod, wire or other shape of

feedstock,

10034 Any heating technigues, including the ones described above may be used in
combination, for example, by apply heat 10 a rod or wire of fully or partially frozen conductive gel
aimost 1o liguification or melting betore contact with the substrate, and then heat from the

substrate, or other source may provide additional heat 1o fully or more partially Hguify of melt

the gel.

0035 In some embodiments, the fully or partially frozen conductive gel may be deposited on
the substrate at least partially in solid form, then be at least partially liguilied or melted after

deposition by any suitable source of heatl.

0036 In some embodiments, a rod or wire of fully or pariially frozen conductive gel may be
shaped 1o form a nib, for exampie, by cutting with one or more siraight or spiral blades like g
pench sharpener, by contact with an abrasive or cutling surface such as sandapaper, a micro
plane, etc. The abrasive or cutling surface may be formed into a trough or V-shape through

which the end of the rod or wire may be pulled to form a point.

00371 In addition 1o a rod or wire shape, a conductive gel or other deformable conductive
malerial may be formed into any other sullable shape and fully or partiaily frozen 1o an exient
that it may be handied as a solid. Examples include sheelg, tubes, granuies, pellets, and/or

extrusions of any cross-section, eic.

0038} In some embodiments, there may not be any actual contact between the fully or partially
solidified or frozen feedstock. For exampie, the feedstock may be fully or least partially liquified
aor melied priot 1o contact, for example, by torming droplets which may then be fransferred to

the subsirate through electrostatic or other propulsive forces.

00391 Although some embodiments have been described in which the feedsiock may be fully
or partially sclidified and then fuily or at least partially liguified through thermal processes, in
other embodiments, the feadstock may be fully or partially solidified and then fully or at least
nartially quified through chemical or other processes, for exampie through appiication of one

or more solidifying and/or liguifying agents.
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0040; In any of the above examples, the substrate material may be a polymer sheet or film,
.., a thermoplastic polyurethane (TPU) or another thermoplastic or thermoset polymer. In
other exampies, the substrate may be a thermoset or thermopiastic Tiim or sheet that is partially
cured, e.¢., a B-stage epoxy resin film. The subsirale may pe pliable and/or streichable,
resilient, or otherwise possess an elaslic property, or conversely the substrate may be rigid
and/or hard or stitf. The substrate may further exhibit a wide range of tackiness from littie 1o no

tack, or a nigh degree of 1ack 80 as 10 exhibit an adhesive property.

0041 A wide variety of apparatuses may be configured to the achieve the above methods with

the contempiated Tiuid and subsirate materiails. For purposes of tustrating some of the
inventive principles, some example embodiments of apparatuses may be described below with
respect 10 specific implementation detaiis such as CNC machinery, iemperalure ranges,
dimensions, 1olerances, and/or the like, but the inventive principies are not limited 1o these

example detatls.

0042 FIG. 3 illustrates an example CNC deposition machine or apparatus 200 operable o
fixiure a substrate 240 and deposit a solidified fluid material 250, which may also be referred 1o
as the feedstock 258, The CNC deposttion machine 200 may generally inciude a feed head 210,
a base 230, and a ganiry 235. The base 230 and ganiry 235 may form a muiti-axis frame 1o
support and move the feed head 210 relative to a substirate 240 (e.q., a printed circuit 400 as
seen in FIG. 7). The multi-axis frame's axis motors 207 and the feed head 210 may be controlied
Using signais from a computer communicatively coupled 10 the CNC depostiion machine 200,
e.4., via a data and power cable {not shown), a wireless communication protocol, and/or the
ke, Depending on the need, the CNC deposition machine 200 may have a large or small form

factor and may provide movement of the feed head 210 and/or substrale 240 along two 10 six

axes. For exampls, in some embpodiments, the CNC deposition machine 200 may be any size
between 110 20 feet on a side (i.e,, the X-, Y-, and Z-axis), depending on the intended
appiication. A CNC deposition machine 200 with a small form facior such as for deskiop use
(i.e., 3 feel or less on a side} may, for exampile, have a range of motion of 1010 25 inches on the

Z-axis, 1510 36 inches on the X-axis, and 15 1o 36 inches on the Y-axis.

{00431 The multi-axis frame may selectively move the feed head 210 relative 1o the substrate
240 (which is positioned on a work surface 231 of the base 238) along one or more of the X- Y-,
and Z-axes {i.e,, three aciuated degrees of freedom) under computer (i.e., processor) control. In

other implementations, the CNC deposition machine 200 may incorporate additional actuated
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degrees of freedom in addition 1o the X, Y-, and Z-axes, up 10 six or more actuated degrees of
freedom. In some embodiments, an axis may refer 1o a linear axis, a rotational axis, or any other

contiquration of motion.

0044 The multi-axis frame may employ a plurality of axis motors 261 {e.g., stepper motors)

and linear couplings 202 (a.g., linear rails, tracks, rods, screws, feads, etc.} 1o move the feed

head 210 along each actuatled degree of freedom within its operating envelop. For example, one
OF more axis motors 201 and linear couplings 202 may be provided 10 selectively control each
axis of freedom. By way of example, the axis motor(s} 2071 may provide a resolution of 0.007

inch or greater on each axis 10 achieve a dimensional accuracy better than .+-.0.005 inch.

0045} In one example, the multi-axis frame’s gantry 235 may include a linear cross-member
236 coupled to and supported by the base 230 via a set of parallel vertical support members
237. Ag illustrated, the linear cross-member 236 is coupled at each end 1o a vertical support
member 237 parpendicularly (i.e. at an angle of 80 degrees) such that the longitudinal axis of
the linear cross-member 236 is substantially paraliel to the work surface 231 (i.e., the top plane
or surface) of the base 230. The feed head 210 may be coupled 10 a mounting plate 238 such
that the drive motor can move relative 10 the base 230 along the Z-axis (i.e., up and down}. For
examnple, the feed head 210 (or an intermediate molor structure coupled 1o the feed head 210)
may be slidably coupled 10 a mounting plate 238 via a first set of linear couplings and controlied
via a first axis motor In another exampie, the feed head 210 may be fixed relalive 1o the
mounting plate 238, where no movement along the Z-axis is provided for feed head 210, Suceh
Z-axis transiation may not be necessary since teed head 210 may be capabie of controlling the

Z-iocation of the feedstock 250 relative 10 substrale 240, which may be sufficient for deposition.

00461 The mounting plate 238, in turn, may be coupled to the linear cross-member 236 and
contiqured o travel relative 1o the base 230 along the X-axis via a second set of linear couplings
2072 under the power of a second axis motor 207, To provide movement along the Y-axis, each
verticai support member 237 may be siidably couplied 1o the base 230 via a third set of linear
couplings 202 such that it moves relative to the base 230 under the power of a third axis motot,
which may be positioned on the vertical support members 237 {as illustrated) or within the base
230. Displacing the set of vertical support members 237 along the Y-axis may also displace the

inear cross-member 236 and devices coupled thereto.
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0047} The structural components of the multi-axis frame, e.q., gantry 235 and base 230 and
their subcomponents may be fabricaled using a high strength and/or rigid components which
may be fabricated using a variety of processes and technigues. Suitable metals include, for
example, aluminum, magnesium, steel, tHanium, iron, and alloys thereot. Sultabie non-metaliic
materials include plastics (reinforced or unreinforced), e.g,, structural polymers including

nvions, polypropyiene, polystyrene, tiuoropolymers, and epoxies.

10048} With reference to FIGS. 3 and 4, the feed head 2710 may include a drive motor (not
shown) 1o rotate at least iwo feed wheels 27114, 211b adapied 1o receive the solidified material
250 which may be pre-formed into feadstock format having a proiecied width, e.q., Dy and
icaded into the feed head, as shown here via removable lid 225 optionally inciuding a gasket
226. The feed wheels 2118, 211b may have complementary circumferential grooves 2123, 212b
that recelve the extemal geometry of the solidified material 250 1o advance the feedsiock
through the feed nead 210, Optionally, at least two guide wheels 2133, 271 3b may be provided 1o
further siabilize the feedsiock 250, for example, when the feedsiock is oblong and subjected o
shear forces during the deposition process, of for other reasons. Guide wheels 213a, 213b may
have complementary grooves 214a, 2140 similar 1o or identical 1o the grooves 2123, 212D

nrovided in the feed wheels 21175, 2110,

0049 With reference 1o FIG. 4, in operation, the feed wheels and optional guide wheels may
rotate 1o adgvance the feedsiock 250 within the head 210 towards the substrate 240 gl a feed
rate that may be diciaied by the deposition method and factors such as desired pressure or
force applied between the feadstock and substrate and the relative translation speed {a.g., in
the X and/or Y direction) between the two. Feed rates may vary, for example, from 8.0Tmm/s
up 1o about Smim/s for translation speeds of between Tmm/s up 1o 100mm/s. As the
feadstiock 250 is advanced it may pass through a rotatable nose 215, The nose 215 may
comprise a malerial removal svstermn, shown by way of example as at least one hlade{s) 2164,
216k oplionally coupled to at least one plade support 228 thal may be angied relative to feed
direction and rotate synchronously with the nose 215 by operation of a drive system, e.g., nose
pulley 227 driven by a bell 217 and drive pulley 218 attached {0 a shaft 219 of a motor 220

coupied 10 the feed head 210, Blades 2168, 216k may thereby remove material from the

feedsiock 250 1o reduce s initial width 10 a desired outputl diameter, [y, Prior 1o exiting the
envelope of the nose 215, the feedsiock 250 may pass through a seal 227 which may be made

from a resilient material. Seal 2271 may ensure thatl removed feedsiock material 222 does not

10
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deposit oo the substrate 240 and remains within the envelope of the nose 215 which may be
contigured wilh adequate volume for removed material to accumuiate. The volume may be
counded by a removable cateh basin 223 configured 1o be easily removable, e.q., Using &
resilient o-ring 224 having an interference fit, magnets {not shown}, a threaded coupling system

(not shown), or the like.

00501 Internal components of the feed head 210 may be made from materials having low
thermal conductivity so as to not meit the feadstock 258 during operation, and/or as shown in
this example may cooled by, e.g., Hguified nitrogen {LN2} injection inlo the internal volume of
the feed head. in this exampie, a liguified nifrogen injection system 260 may include a storage
device such as alank 261, a reguiator 262, a hose 263, and an injector 284 in communication
with the internal voilume of the feed head 270, LNZ may be injected al a rate sufficient o
maintain the feedstook 250 comtacting components at or below the solidification temperature

of the feedstock.

0051 In one example, the feed head 210 may iranslate over the substirate 240, feedstock 250

i3, e.4., fed at a rate sufficient 10 maintain continuous contact with the substrate. Feedsiock
250 may thereby be deposited 10 the substirate via several mechanisms. For example, if
subsirate 240 and feedstock 250 have similar temperalures, the feedstock material may
undergo ablative deposition onto the substrate. in another example, if the subsirate 240 has a
temperature at or above the meiting point of the feadstock 250, the feedsiock may undergo a
nnase change at the interface belween the subsirale and feedstock lip, ihereby depositing 1o

ihe substrate via a combination of abiation and wetling.

0052} As such, the base 230 may be provided with at least one thermal management device
232. The device 232 may provide cooling or healing of the work surface 2317 1o achieve the
desired deposition mechanism. Some examples are Peltier devices thal provide both cooling
and heating capabilities in one unit, or separaie commonty kKnown heating and cooling sysiems
such as thermoeslectric heaters, liguid heating sysiems, LNZ cooling sysiems, refrigerant based

cooiing systems, and the like.

0053} Regardless of the deposition mechanism, the result may be at least one trace 247 on
subsirate 240 having a width W subsiantiaily similar 1o the diameiler D, of the feedsiock. s

may be selected 10 aohieve the needed characteristics Tor the intended use of the deposited
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trace 241 (see FIG. 3). Blades 21643, 216b may be transiated laterally {perpendicular 10 the feed

direction) or normal 1o their relative angle from the feed direction to yield the selecied D, value.

0054} FIG. 5 shows an alternative embodiment of the apparatus of FIGS. 3 and 4, whereby
instead of internally cooling the compaonents of feed head 210, apparatus 200 may be contained
within a temperature controtied chamber 288, Chambper 280 may be cooled ulilizing a system
270 similar 1o the system 260 utilized 1o cool inlernal componenis of the feed head 210, .9, a
tank 2771 of LNZ, a reguialor 272, a hose 273, and an injector 274, Whereas the embodiment of
FIGS. 3 and 4 may inject the LN2Z inio the feed head 210 directly, the insiant embodiment may
inject LN? into the internal volume 287 of chamber 280 al a rate sutficient 1o mainiain the
feedstiock 250 contacting components of the apparatus at or below the solidification

temperature of the feedstock.

0055] FIG. 6 shows vet another example of an apparatus similar to the one described in FIGS. 3
and 4, ytilizing similar components and operation principtes. In this exampie, an ejection nozzie
285 Is shown, coupled 1o the feed head 2710 by an arm 290, Arm 290 may include muitiple
segments 291, 292 and may have spherical joints 293, 294 connecting the segments o one
another, and 1o connect the nozzie 285, Nozzie 285 may gject hot air 1o assist in meiling
feadstiocK 250, and/or it may eject LN2Z 1o assist is maintaining feedsiock at or below the
solidification temperature of the Teedstock, or for a variety of different effects it may eject any
fiuid of flowabie medium as needed. As another exampile, the nozzie may eject a chemical
agent that may liquify at least a portion of the feedstock. Nozzie 285 and arm 290 may further
b recontigurable and/or repositionabie 1o direct ejecied fiuids at different elements of the

apparatus 200 or, 2.¢., at the substrate 240 and any of ils elements.

0056 FIG. 7 shows the printed circuit 400 in plan view, using the apparatuses and methods
described above 1o form traces 401, 402, 403, 404, 405, 406, 407, 408 from the solidified Tiuid
material such as a conductive metal gel described above as the feedsiock 2580, I may be
advaniageous thal the resulling traces on circuits have a width W between about 80 microns
(0.08 mm} and about 2000 microns (2 mm). Thus, the apparatus 200 may be configured in this
example 10 vield a second diameter Dy of belween approximately 80 microns and 2000 microns.
A variety of diameters D4 and Dy and corresponding trace widths W may be possibie utilizing the

atorementioned principles and their dernvatives or eguivalants.
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{00571 In some embodiments, where at least some of the transfer of solidified material 250 10 3
subsirate 240 is the resull of an ablative technique, a ioad of up 10 TON may be sufficient to
produce a viable trace from metal gel alioys on a variely of polymer subsiraies. The minimum
force required to achieve functionaliy viable deposition may vary widely depending on factors
such as the lemperature of the subsirate 240 and the feedstock 250, When the subsirate is
provided at, of brought up 1o, a temperature substantiatly greater than the solidification
temperature of the feedsiock, and the feedstock below but ciose 1o its solidification
temperature, the required Torce may be negligible or substantiailly ON, as melling may occur
nearly instantaneously with contact between the two materials. Thus, in some exampie
embodiments, apparatus 200 mav be configured 1o provide g 0-10N of force between the

solidified material 250 and the substrate 240.

0058 The inventive principles comtained herein may be realized with any materials that have at
ieast a partial composition, structure or behavior thatl is non-solid and then feading the material

10 the deposition process in a form that is more solid, or solid like, than the deposiled form.

100591 Through the addition of additional components, the above apparafuses may be modified
{0 cofrespondingly alter the deposition mechanism of feedstock 250 onto substrate 240 as
discussed above. The apparaiuses are merely exampies operabie {0 perform the novel

deposition method(s) for the types of materials described herein.
0060 Some additional example embodiments are set forth in the following numbered clauses.

00613 1. A method comprising: providing a fivid material, soliditying the fluid material;

providing a subsirate; and depositing the solidified fiuid material on the subsirale.

D062} 2. The method of clause T wherein providing the fluid malerial comprises: proviging

a mold; and filling the mold with the fluid material.

0063} 3. The method of clause 1 wherein solidifying the fluid material comprises:
solidifying the fiuid material in a mold; and removing the solidified fiuid material from the moid.
00641 4. The method of clause 1 wherein providing the substirale comprise: preparing the
substrate for deposition of the solidified fiuid material, and adjusting the temperature of the

subsirale.

13
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0065; 5. The method of clause 1T wherein depositing the solidified tluid material on the
subsirate comprises: fixiuring the subsirate; and loading the solidified fiuid material in a

deposilion 100l

0066} 6. The method of clause 1 wherein the tluid material comprises: a liquid phase

component, and a solid phase componant.

00671 7. The method of clause 6 wherein the soiid phase component comprises particies

suspended in the liguid phase componeant.

0068} 8. The method of clause 6 wherein the liquid phase component comprises a
gatliurm alioy.

0069, ©. The method of clause 8 wherein the solid phase component comprises gallium
oxide.

{0070 10 The method of clause 9 wherein the galiium oxide comprises gallium oxide

particles.

00711 11. The method of clause © wherein the gallium oxide comprises polymerized

gallium oxide structures.

00721 12 The method of clause @ wherein the galiium oxide comprises a network of

gatlium oxide structures.

0073 13. The method of clause 12 wherein the network of gallium oxide structures

comprises interiinked gatlium oxide structures,
00741 14. The method of clause 1 wherein the tluid malerial comprises a gel.
0075 15, The method of clause T wherein the fluid material comprises a conductive gel,

{0076 16. The method of clause 1 wherein the tluid material comprises a non-Newtonian

material,

00771 17, The method of clause 1 wherein the deposiied solidified fluid malerial forms a

pattern of traces on the substrate.

00781 18. A product formed by the method of clause 1.

14
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0079 19, An apparalus comprising: a base configured 1o tixture a substirate; and a feed
nead configured 1o feed g solidified fuid feedsiock 1o the substrate al a deposition sile; wherein

the base and the feed head are configured 10 move the deposition site on the substrate.

0080; 20 The apparatus of clause 19 wherein the apparatus is configured 1o move the

deposition site by maintaining the subsirate in a fixed position and moving the feed head.

00811 21. The apparatus of clause 19 wherein the apparatus is configured o move ihe

deposition siie by maintaining the feed head in a fixed position and moving the substrate,

0082 22. The apparatus of clause 19 wherein the apparatus is configured to maintain the

feecdstock In a solid Torm in the feed head.

0083 23 The apparatus of clause 22 wherein the feed head comprises a lemperature

control device configured 1o maintain the feedsiock in a solid form in the feed head.

i0084; 24 The apparatus of clause 23 wherein the temperature control device comprises a

refrigerant control device.

Q085 25. The apparatus of clause 72 where {he apparatus comprises a chamber
contigured 1o maintain the feed head at a temperagture at which the feedsiock remains in a solid

form.

0086} 26 The apparatus of clause 19 wherein: the feedstock has a widtnh, and the feeg

head is configurad 1o reduce the width of the feedstock as it is Ted 1o the subsiraie.
{00871 27. The apparatus of clatise 26 wherein the width comprises a diameter.

{0088} 28. The apparatus of clause 26 wherein the feed head is configured to reduce the

width of the feadstiock by removing material from the feedsiock.

{0089} 29 The apparatus of clause 728 wherein the feed head comprises one or mote blades

contigured 1o remove material from the feedsiock.

0090 30 The apparatus of clatise 29 wherein the one or more biades are configured 10

rotate around the feedstock as the feedstock is fed 1o the substrate.

0091} 31. The apparatus of clause 28 wherein the feed head is configured 1o collect the

material removed from the feadsiock.

{00921 32. The apparatus of clause 37 wherein the feed head comprises a catch basin

coantigured 1o coliect the material removed from the feedstock
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0093} 33. The apparatus of clause 19 wherein the apparatus is configured 1o direct a

fiowable medium 1o the feedstock as the feedstook is fed 10 the substrale.

(084} 34. The apparatus of clause 33 wherein the apparatus further comprises a nozzie

contigured 1o direct the tlowable medium 10 the feedsiock.

0095} 35. The apparatus of clause 34 wherein the nozzie is contigured to direct the

flowable medium to the feedstock before the feedsiock is deposiled on the substrate.

00961 36, The apparatus of clause 34 wherein the nozzie is configured 1o direct the

flowable medium 1o the feedsiock after the feedsiock is depasited on the substrate.

{0087 37. The apparatus of clause 34 wherein the nozzie is connecied 10 the feed head by

dit aiill,

(098, 38. The apparatus of clause 19 wherein the feedstock forms a patiern of traces on

the substrate.
0099 30 A product formed by the apparatus of clause 19.

{0100} 40. A method comprising: feeding a solidified tluia feedsiock 10 g substrate at a

deposition stie; and moving the deposition site on the subsirate.

01011 41. The method of clause 40 further comprising depositing the feaedstock on the

substrate at the deposition site.

0102} 42 The method of clause 41 wherein the feedsiock is at least partially ablated at the

deposilion site.

0103 43 The method of clause 41 wherein the feedsiock is al least partially converied o a

fluid at the deposition site.

0104} 44 The method of clause 47 wherein the feedstiock is at least partially melied at the

deposition stie.

0105] 45, The method of clause 40 wherein the feedstock is fed 10 the substrate by a feed
head.

I0106] 46. The method of clause 45 further comprising maintaining the feedsiock in a solia

form at the feed head.
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0107} 47, The method of clause 46 further comprising controiling the temperature of the

feedstock at the feed head.

0108} 48. The method of clause 47 wherein coniroiling ihe temperature of the feedstock

comprises controliing a flow of refrigerant to the feed head.

01091 49, The methoed of clause 48 wherein: the feedsiock has a width; and the method

further comprises reducing the width of the feedstock as it is fed 1o the subsirale.

0110} 50. The method of clause 49 wherein: the widih comprises g diameter and reducing

the width of the feedstock comprises reducing the diameter of the feedsiock.

01114 51. The method of clause 49 wherein reducing the widih of the feedstock comprises

rermoving material irom the feedstock.

01121 52 The method of clause 51 wherein matenal is removed from ihe feedsiock wilh

oOne OF Mmorte biades.

0113} 53 The method of clause 52 wherein the method comprises rotating the one of more

lades around the feedstock as the feedsiock is fed 1o the substrate.

0114} 54. The method of clause 51 further comprising collecting material removed from

ine feedsiock

0115 55 The method of clause 40 further comprising directing a tiowabie medium to the

feadsionk.

0116} 56. The method of clause 55 further comprising cooling the feedstock with the

flowable medium.

0117} 57. The method of clause 55 further comprising heating the feedstock with the

flowable medium.

0118] 58. The method of clause 55 wherein the flowable medium is directed (o the

feedsiock pefore the feedstock is deposited on the subsirate.

0119 59 The method of clause 55 wherein the flowable medium is directed fo the

feedsiock after the feedsiock is deposited on the subsirate.

01201 60, A product formed by the method of clause 40.

17



WO 2021/146643 PCT/US2021/013735

0121} 61. A method comprising: feeding a detformable conductive material in a solid form
10 a deposition sile on a subsirale; depositing the deformabie conductive material on the
subsirate at the deposition sile; and converting at least a portion of the deformable conductive

material 1o a non-solid form.

0122} 62. The method of clause 61 furiher comprising reshaping the deformabie

conductive material ag it is fed 10 the deposition site.

{03123} 63. The method of clause 62 wherein reshaping the deformable conductive material

comprises narrowing the deformabie condguctive material at in least one dimeansion.

01241 64 The method of clause 62 wherein: the deformable conductive malernial is

generally cviindrical shaped:; and narrowing the deformable conductive material comprises

sharpening the deformabie conductive material.

0125 65, The method of clause 61 wherein the deformable conductive material is at least

nartially ablated atl the deposition siie.

0126} 66. The method of clause 61 further comprising moving the deposition site 1o form a

pattern of the deformabie conductive material on the substrate.

01271 67. The method of clause 61 wherein the portion of the defonmable conguctive

malerial is converted 10 a non-solid form thermally.

{3128 68. The method of clause 67 wherein the portion of the deformable conductive

material is converted 10 a non-solid form by heat trom comact pressure.

3129 69, The method of clause &7 wherein the portion of the deformable conductive

matenal is converted 10 a non-solid form by heat from motion friclion.

01381 70 The method of clause 67 wherein the portion of the deformabie conductive

material is converted 1o a non-solid form by heat from the substrate.

01313 71, The method of clause 67 wherein the portion of the deformabile conductive

malerial is converted 10 a non-solid form by heal from an external heat source.

01321 72, The method of clause 61 wherein the porlion of the deformable conductive

material is converied 10 a non-solid form chamically.
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0133 73. The method of clause 61 wherein the portion of the deformabie conductive
matenal is converted 10 a non-solid form by applving a liquitying agent o the deformabile

conductive material,

01341 74 The method of clause 61 wherein the portion of the deformable conductive

matenal is converied 10 a non-solid form before being deposited on the supsirate.

0135 75, The method of clause 61 wherein the portion of the deformabie conductive

material is converied 10 a non-solid form afler being deposited on the subsirate.

i0136] 76, The method of clause 61 wherein the portion of the deformable conductive
material is converted 10 a non-solid form at least pariially simultaneousiy with being deposited

on the subsirate.

01378 77, The method of clause 61 wherein the deformable conductive material i

Mmaintained in a solid form thermaliy.

0138 78, The method of clause 61 wherain the deformable conductive matenial is

Mmaintained in a solid Torm chemically.

{3139 79. The method of clause 61 wherein the deformable conductive material is

maintained in a sobd form by a solidifving agent.

01401 80. The method of clause 61 wherein the deformabile conductive material comprises

a liguid at an ambient temperaiure.

(01417 81. The method of clause 61 wherein the deformable conductive material comprises

a get at an ambient temperature.

01428 82 The method of clause 61 wherein the deformable conductive matenal comprises

a non-Newtonian maternal at an ambient temperature.
{0143 83. A product formed by the method of clause 61,

0144, The foregoing description of the present invention{s) have been provided for the
purposes of diustration and description. I is not intended to be exhaustive or 10 Himit the
inventiion 1o the precise forms disclosed. The breadth and scope of the present invention should
not pe timited by any of the above-described exempiary embodiments. Many modifications and
variations will pe apparent 1o ihe practifioner skiiled in the art. The modifications ang variations

inciude any relevant combination of the disclosed fealures. The embodiments were chosen and
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described in order 1o best explain the principles of the invention and iis practical application,
thereby enabling others skilled in the art {0 undersiand the invention for various embodiments
and with varicus modifications that are suiied 1o the particular use conlempiated. It is intendead

that the scope of the invention be defined by the following claims and their equivalents.

{0145} The embodiments disclosed herein mav be described in the context of various
implementation details, but the principles of this disciosure are not imited these or any other
specific details. Some functionality has been described as being implemented by certain
components, but in other embodiments, the funclionality may be disiributed between different
sysiems and componenis in different locatlions and having various user interfaces. Ceriain
embodiments have been described as having specific components, processes, steps,
combinations thereof, and/or the like, bul these ierms may aiso encompass embodimentis in
wihich a specific process, step, combinations therecot, and/or the like may be implemented with
muiliple components, processes, steps, combinations thereot, and/or the like, or in which
muilipie processes, steps, combinations thereot, and/or the like may be integrated into a single
process, step, combpinations thereof, and/or the like. A reference 1o a component or element
may refer 1o oniy a porlion of the component or element. The use of terms such as "first” and
“second” in this disciosure and the claims may only be for purposes of distinguishing the things
they modify and may not indicate any spatial or temporal order uniess apparent otherwise from
context. A reference 1o a firsi thing may not imply the existence of a second thing. Moreover,
the various details and embodiments dascribed above may be combined to produce additional

empodiments according 1o the inventive principles of this patent disclosure.

0146} The various details and embodiments described herein may be used in conjunction with
any of those described in U.S. Palent Appilication Publication No. 2018/0247727 published on
August 30, 2018 which is incorporated by reference, U.S. Patent Application Publication No.
2019/0056277 published on February 27, 2079 which Is incorporated by reference, and U.S.
Patent Application Publication No. 2020/00606628 published on February 27, 2020 which is

incorporated by reference.

(31471 Since the inventive principles of ihis patent disclosure can be modified in arrangement
and detali without depanting from the inventive concepts, such changes and moditications are

considerad 10 fall within the scope of the foliowing claims.
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CLAIMS

1. A method comprising:
providing a fluid material;
solidifying the fluid material;
providing a substrate; and

depositing the solidified fluid material on the substrate.

2. The method of claim 1 wherein providing the fluid material comprises:
providing a mold; and

filling the mold with the fluid material.

3. The method of claim 1 wherein solidifying the fluid material comprises:
solidifying the fluid material in a mold; and

removing the solidified fluid material from the mold.

4. The method of claim 1 wherein providing the substrate comprise:
preparing the substrate for deposition of the solidified fluid material; and

adjusting the temperature of the substrate.

5. The method of claim 1 wherein depositing the solidified fluid material on the substrate
comprises:
fixturing the substrate; and

loading the solidified fluid material in a deposition tool.
6. The method of claim 1 wherein the fluid material comprises:
a liquid phase component; and

a solid phase component.

/. The method of claim 6 wherein the solid phase component comprises particles

suspended in the liquid phase component.

8. The method of claim 6 wherein the liquid phase component comprises a gallium alloy.
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9. The method of claim 8 wherein the solid phase component comprises gallium oxide.

10. The method of claim 9 wherein the gallium oxide comprises gallium oxide particles.

11. The method of claim 9 wherein the gallium oxide comprises a network of gallium oxide

structures.

12. The method of claim 11 wherein the network of gallium oxide structures comprises

interlinked gallium oxide structures.

13. The method of claim 1 wherein the fluid material comprises a conductive gel.

14. The method of claim 1 wherein the fluid material comprises a non-Newtonian material.

15. The method of claim 1 wherein the deposited solidified fluid material forms a pattern of

traces on the substrate.

16. A product formed by the method of claim 1.

17. An apparatus comprising:

a base configured to fixture a substrate; and

a feed head configured to feed a solidified fluid feedstock to the substrate at a
deposition site;

wherein:

the base and the feed head are configured to move the deposition site on the

substrate;

the feedstock has a width; and

the feed head is configured to reduce the width of the feedstock as it is fed to the
substrate.
18. The apparatus of claim 17 wherein the feedstock forms a pattern of traces on the
substrate.
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19. A method comprising:

feeding a deformable conductive material in a solid form to a deposition site on a
substrate;

depositing the deformable conductive material on the substrate at the deposition site;
and

converting at least a portion of the deformable conductive material to a non-solid form.

20. The method of claim 19 further comprising moving the deposition site to form a pattern

of the deformable conductive material on the substrate.
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