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SHUTTERING OF AEROSOL STREAMS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to and the benefit of the filing of U.S. Provisional Patent
Application No. 62/585,449, entitled “Internal Shuttering”, filed on November 13, 2017, the specification

and claims of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention (Technical Field):

The present invention relates to apparatuses and methods for pneumatic shuttering of an
aerosol stream. The aerosol stream can be a droplet stream, a solid particle stream, or a stream

composed of droplets and solid particles.

Description of Related Art:

Note that the following discussion may refer to a number of publications and references.
Discussion of such publications herein is given for more complete background of the scientific principles
and is not to be construed as an admission that such publications are prior art for patentability
determination purposes.

Typical apparatuses for shuttering or diverting aerosol flows in aerosol jet printing use a
shuttering mechanism that is downstream of the aerosol deposition nozzle, and typically require an
increased working distance from the deposition orifice to the substrate to accommodate the mechanism.
An increased working distance can lead to deposition at a non-optimal nozzle-to-substrate distance
where the focus of the aerosol jet is degraded. External shuttering mechanisms can also interfere
mechanically when printing inside of cavities or when upward protrusions exist on an otherwise
substantially flat surface, such as a printed circuit board including mounted components. In contrast,
internal shuttering occurs in the interior of the print head, upstream of the orifice of the deposition
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nozzle, and allows for a minimal nozzle-to-substrate distance, which is often needed for optimal
focusing or collimation of the aerosol stream.

In aerosol jet printing, internal and external aerosol stream shuttering can be achieved using a
mechanical impact shutter which places a solid blade or spoon-like shutter in the aerosol stream, so that
particles maintain the original flow direction, but impact on the shutter surface. Impact shutters typically
use an electromechanical configuration wherein a voltage pulse is applied to a solenoid that moves the
shutter into the path of the aerosol stream. Impact based shuttering can cause defocusing of the particle
stream as the shutter passes through the aerosol stream. Impact shutters can also cause extraneous
material deposition or fouling of the flow system as excess material accumulates on the shutter surface
and is later dislodged. Impact based shuttering schemes can have shutter on/off times as small as 2 ms
or less. Aerosol stream shuttering can alternatively use a pneumatic shutter to divert the aerosol stream
from the original flow direction and into a collection chamber or to an exhaust port. Pneumatic shuttering
is a non-impact process, so there is no shuttering surface on which ink can accumulate. Minimizing ink
accumulation during printing, diverting (shuttering), and particularly during the transitions between
printing and diverting is a critical aspect of pneumatic shutter design. Non-impact shuttering schemes
can have shutter on/off times below 10 ms for fast-moving aerosol streams.

A drawback to pneumatic shuttering is that the transition between on and off can take longer
than that for mechanical shuttering. Existing pneumatic shuttering schemes require long switching times
due to the time required for the aerosol stream to propagate downward through the lower portion of the
flow cell when resuming printing after shuttering, or the time required for clean gas from the shutter to
propagate down when shuttering is initiated. Furthermore, the turn-off and turn-on of the aerosol is not
abrupt, but instead has a significant transition time. When gas propagates through a cylindrical channel
under laminar (non-turbulent) conditions the center of the flow along the axis of the channel moves at
twice the average flow speed and the flow along the walls has near zero velocity. This results in a
parabolic flow distribution where full aerosol flow to the substrate, which includes aerosol near the
channel wall, lags significantly behind the initial flow. Likewise, when shuttering, the final turn-off when
the slow-moving mist near the wall reaches the substrate is substantially delayed from when the fast-
moving aerosol from the center of the flow is replaced with clean gas. This effect increases greatly the
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“fully-shuttered” time compared to the initial shuttering time. Thus there is a need for an internal

pneumatic aerosol flow shuttering system that minimizes switching and shuttering transition times.

BRIEF SUMMARY OF THE INVENTION

An embodiment of the present invention is a method for controlling the flow of an aerosol in a
print head of an aerosol deposition system or aerosol jet printing system, the method comprising
passing an aerosol flow through the print head in an original aerosol flow direction; surrounding the
aerosol flow with a sheath gas; passing the combined aerosol flow and the sheath gas through a
deposition nozzle of the print head; adding a boost gas to the sheath gas to form a sheath-boost gas
flow; dividing the sheath-boost gas flow into a first portion flowing in a direction opposite to the original
aerosol flow direction and a second portion flowing in the original aerosol flow direction; and the first
portion of the sheath-boost gas flow preventing a deflected portion of the aerosol flow from passing
through the deposition nozzle. The flow rate of the sheath gas and a flow rate of the aerosol flow
preferably remain approximately constant. Prior to adding the boost gas to the sheath gas the boost gas
preferably flows to a vacuum pump. The method preferably further comprises extracting an exhaust flow
from the print head after the increasing step, the exhaust flow comprising the deflected portion of the
aerosol flow and the first portion of the sheath-boost gas flow. Extracting the exhaust flow preferably
comprises suctioning the exhaust flow using the vacuum pump. The flow rate of the exhaust flow is
preferably controlled by a mass flow controller. The flow rate of the sheath gas and the flow rate of the
boost gas are preferably controlled by one or more flow controllers. The flow rate of the aerosol flow
prior to the adding step plus the flow rate of sheath gas prior to the adding step preferably
approximately equals a flow rate of the second portion of the sheath-boost gas flow plus a flow rate of
the undeflected portion of the aerosol flow. The method can preferably be performed in less than
approximately 10 milliseconds. The flow rate of the boost gas is optionally greater than the flow rate of
the aerosol flow, and more preferably is between approximately 1.2 times the flow rate of the aerosol
flow and approximately 2 times the flow rate of the aerosol flow. The deflected portion of the aerosol

flow optionally comprises the entire aerosol flow so that none of the aerosol flow passes through the
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deposition nozzle. The flow rate of the exhaust flow is optionally set to approximately equal the flow rate
of the boost gas. The method optionally further comprises diverting the boost gas to flow directly to the
vacuum pump prior to all of the undeflected portion of the aerosol flow exiting the print head through the
deposition nozzle. The method optionally comprises blocking a flow of the aerosol with a mechanical
shutter prior to the preventing step. The flow rate of the boost gas can alternatively be less than or
equal to the flow rate of the aerosol flow, in which case the flow rate of the exhaust flow is preferably set
to be greater than the flow rate of the boost gas. The method preferably further comprises surrounding
the aerosol with a pre-sheath gas prior to surrounding the aerosol flow with the sheath gas, preferably
thereby combining the sheath gas with the pre-sheath gas. Preferably approximately half of the sheath
gas is used to form the pre-sheath gas.

Another embodiment of the present invention is an apparatus for depositing an aerosol, the
apparatus comprising an aerosol supply; a sheath gas supply; a boost gas supply; a vacuum pump; a
valve for connecting the boost gas supply to the sheath gas supply or the vacuum pump; and a print
head, the print head comprising an aerosol inlet for receiving an aerosol from the aerosol supply; a first
chamber comprising a sheath gas inlet for receiving a sheath gas from the sheath gas supply; the
second chamber configured to surround the aerosol with the sheath gas; and a second chamber
comprising an exhaust gas outlet connected to the vacuum pump, the second chamber disposed
between the aerosol inlet and the first chamber; and a deposition nozzle; wherein the sheath gas inlet
receives a combination of a boost gas from the boost gas supply and the sheath gas when the boost
gas supply is connected to the sheath gas supply; and wherein the first chamber is configured to divide
a portion of the combination into a first portion flowing toward the aerosol inlet and a second portion
flowing toward the deposition nozzle. The apparatus preferably comprises a first mass flow controller
disposed between the exhaust gas outlet and the vacuum pump and preferably comprises a filter
disposed between the exhaust gas outlet and the first mass flow controller. The apparatus preferably
comprises a second mass flow controller disposed between the sheath gas supply and the sheath gas
inlet and a third mass flow controller disposed between the boost gas supply and the valve. The flow of

gas entering the sheath gas inlet is preferably in a direction perpendicular to an aerosol flow direction in
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the print head. The apparatus optionally comprises a mechanical shutter. The apparatus preferably
comprises a third chamber disposed between the aerosol inlet and the second chamber, the third
chamber preferably comprising a pre-sheath gas inlet and preferably configured to surround the aerosol
with a pre-sheath gas. A flow divider is preferably connected between the pre-sheath gas inlet and the
sheath gas supply for forming the pre-sheath gas from approximately one-half of the sheath gas.
Objects, advantages and novel features, and further scope of applicability of the present
invention will be set forth in part in the detailed description to follow, taken in conjunction with the
accompanying drawings, and in part will become apparent to those skilled in the art upon examination
of the following, or may be learned by practice of the invention. The objects and advantages of the
invention may be realized and attained by means of the instrumentalities and combinations particularly

pointed out in the appended claims.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated into and form a part of the specification,
illustrate the practice of embodiments of the present invention and, together with the description, serve
to explain the principles of the invention. The drawings are only for the purpose of illustrating certain
embodiments of the invention and are not to be construed as limiting the invention. In the figures:

FIG. 1 is a schematic of an embodiment of a print head incorporating an internal pneumatic
shuttering system of the present invention showing flows and aerosol distribution in the print
configuration.

FIG. 2 is a schematic of the flows and aerosol distribution in the device of FIG. 1 when the
device is initially switched to the divert configuration.

FIG. 3 is a schematic of the flows and aerosol distribution in the device of FIG. 1 in the divert
configuration when all aerosol flow through the print nozzle has been stopped.

FIG. 4 is a schematic of the flows and aerosol distribution in the device of FIG. 1 when the print
configuration has been resumed.

FIG. 5 is a schematic of the flows in the device of FIG. 1 when printing is resumed after transient

shuttering.
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FIG. 6 is a schematic of the flows in the device of FIG. 1 during partial shuttering (i.e. partial
diversion).

FIG. 7 is a schematic of the velocity distribution in the aerosol flow in the device of FIG. 1.

FIG. 8 is a schematic of the velocity distribution in the aerosol flow in a device similar to that of

FIG. 1, but which employs use of a pre-sheath gas.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention are apparatuses and methods for rapid shuttering of an
aerosol stream or a sheathed aerosol stream, which can be applied to, but are not limited to, processes
requiring coordinated shuttering of a fluid, such as for aerosol-based printing of discrete structures for
directly written electronics, for aerosol delivery applications, or for various three-dimensional printing
applications. The fluid stream may comprise solid particles in liquid suspension, liquid droplets, or a
combination thereof. As used herein, the terms “droplet” or “particle”, used interchangeably, mean liquid
droplets, liquids with solid particles in suspension, or mixtures thereof. The present invention provides
methods and apparatuses to enable controlled full or partial on-and-off deposition of ink droplets in an
aerosol stream for printing arbitrary patterns on a surface with Aerosol Jet® technology.

In one or more embodiments of the present invention, an internal shutter is incorporated into an
apparatus for high-resolution, maskless deposition of liquid ink using aerodynamic focusing. This
apparatus typically comprises an atomizer for generating a mist by atomizing the liquid into fine
microdroplets. The atomized mist is then transported by a carrier gas flow to a deposition nozzle for
directing and focusing the aerosol mist stream. The apparatus also preferably comprises a control
module for automated control of process parameters and a motion control module that drives relative
motions of the substrate with respect to the deposition nozzle. Aerosolization of liquid inks can be
accomplished with a number of methods, including using an ultrasonic atomizer or pneumatic atomizer.
The aerosol stream is focused using the Aerosol Jet® deposition nozzle with a converging channel and
an annular, co-flowing sheath gas which wraps the aerosol stream to protect the channel wall from
direct contact with liquid ink droplets and to focus the aerosol stream into smaller diameter when
accelerated through the converging nozzle channel. The aerosol stream surrounded by the sheath gas
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exits the deposition nozzle and impacts the substrate. The high-speed jet flow of the collimated aerosol
stream with sheath gas enables high-precision material deposition with an extended standoff distance
for direct-write printing. The Aerosol Jet® deposition head is capable of focusing an aerosol stream to as
small as one-tenth the size of the nozzle orifice. Ink patterning can be accomplished by attaching the
substrate to a platen with computer-controlled motion while the deposition nozzle is fixed. Alternatively,
the deposition head can move under computer control while the substrate position remains fixed, or
both the deposition head and substrate can move relatively under computer control. The aerosolized
liquid used in the Aerosol Jet process consists of any liquid ink material including, but not limited to,
liquid molecular precursors for a particular material, particulate suspensions, or some combination of
precursor and particulates. Fine lines of width less than 10 ym have been printed using the Aerosol Jet®
system and the internal pneumatic shutter apparatus of the present invention.

A print head comprising an embodiment of the internal shuttering of the present invention is
shown in FIG. 1. The print head comprises internal mist switching chamber 8. Aerosol stream 6
generated by an atomizer preferably enters through the top of the print head and moves in the direction
indicated by the arrow. The mist flow rate M preferably remains steady during both printing and diverting
of aerosol stream 6. During printing aerosol stream 6 preferably enters the print head from the top and
travels through upper mist tube 26 to mist switching chamber 8, and then through the middle mist tube 5
to sheath-boost chamber 9, where aerosol stream 6 is surrounded by sheath gas flow 32 from the
sheath mass flow controller 36, through the lower mist tube 7 to the deposition nozzle 1 and exits the
nozzle tip 10. Sheath gas flow 32 with flow rate S, which is preferably delivered from a gas supply such
as a compressed air cylinder and controlled via mass flow controller 36, is preferably introduced into the
print head through sheath-boost inlet 4 to form a preferably axisymmetric, annular, co-flowing sheath
wrapping around the aerosol stream in sheath-boost chamber 9, thus protecting the walls of lower mist
tube 7 and deposition nozzle 1 from impaction by droplets of the aerosol. The sheath gas also serves
to focus the aerosol stream, enabling deposition of small diameter features. During printing, three-way
valve 20 is configured so that boost gas flow 44 from boost mass flow controller 24 does not enter
sheath-boost chamber 9, but instead bypasses the print head and exits the system through exhaust

mass flow controller 22.
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As shown in FIG. 2, to accomplish shuttering or diversion of the aerosol flow, three-way valve 20
switches such that boost gas flow 44 having a flow velocity B, which is preferably supplied by a gas
supply such as a compressed air cylinder and controlled by mass flow controller 24, combines with
sheath gas flow 32 and enters the print head through sheath-boost inlet 4. Exhaust flow 46 exits the
print head through the exhaust outlet 2 and diverts the aerosol stream 6 away from middle mist tube 5.
When the combined sheath gas flow 32 and boost gas flow 44 enter sheath-boost chamber 9 through
sheath-boost inlet 4, they are split into equal or unequal flows in both the upwards (i.e. in a direction
opposite to the flow direction of aerosol stream 6) and downwards directions. When a portion of the
combined sheath and boost gas flows travels downward towards nozzle tip 10, it propels the aerosol
particles between sheath-boost chamber 9 and deposition nozzle tip 10 out through nozzle tip 10.

After the residual aerosol is cleared from the nozzle tip 10, which can take approximately 5-50
milliseconds (depending on the gas flow rates), the printing shuts off, as shown in FIG. 3. While the
aerosol stream in the deposition nozzle 1 is being cleared, the upwards portion of the combined boost
and sheath gas flow pushes the residual aerosol stream 6 in middle mist tube 5 up towards exhaust
outlet 2. Aerosol stream 6 continues to exit upper mist tube 26 but is diverted out exhaust outlet 2. The
net outward exhaust flow from exhaust outlet 2, having flow rate E, is preferably driven by vacuum pump
210, preferably operated at approximately seven pounds vacuum, and controlled by exhaust mass flow
controller 22. As used throughout the specification and claims, the term “vacuum pump” means a
vacuum pump or any other suction producing apparatus. Because flow rate control devices typically
contain valves with small orifices or small channels which can be contaminated or even damaged if the
ink-laden exhaust flow passes through them, mist particle filter or other filtration mechanism 200 is
preferably implemented between exhaust outlet 2 and exhaust mass flow controller 22.

When the print configuration is resumed, as shown in FIG. 4, the boost gas and exhaust flows do
not pass thru the head, and no upwards flow occurs in middle mist tube 5. In the printing configuration,
three-way valve 20 is switched such that boost gas flow 44 bypasses the print head. Sheath mass flow
controller 36 continues to supply sheath gas flow 32 to sheath-boost inlet 4. The leading edge of aerosol
stream 6 resumes a substantially parabolic flow profile 48 down the print head through mist switching
chamber 8, first filling middle mist tube 5, and is then surrounded by sheath gas flow 32, after which the
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co-flowing aerosol stream 6 and sheath gas flows into the deposition nozzle 1 and finally through the
nozzle tip 10. When switching from diverting to printing, aerosol stream 6 passes downward through
middle mist tube 5, sheath-boost chamber 9, and deposition nozzle 1 before printing will resume. Small
lengths and inner diameters for middle mist tube 5 and lower mist tube 7 are preferable to minimize
on/off delays. Switching from diverting to printing functions can occur in as little as 10 milliseconds.
Switching from printing to diverting can occur in as little as 5 milliseconds, depending on the nozzle or
orifice size, boost flow rate, and sheath flow rate.

Mist switching chamber 8 is preferably located as close to nozzle tip 10 as possible to minimize
mist flow response time that correlates with the distance aerosol stream 6 has to travel from mist
switching chamber 8 to deposition nozzle tip 10. Similarly, the inner diameters of middle mist tube 5,
lower mist tube 7, and deposition nozzle 1 are preferably minimized to increase the velocity of the flow,
thereby minimizing the mist transit time from mist switching chamber 8 to the outlet of nozzle tip 10.
The flow control of the various flows in the system preferably utilizes mass flow controllers as shown to
provide precise flows over the long durations of production runs. Alternatively, orifice-type or rotameter
flow controls may be preferable for low-cost applications. Furthermore, to maximize the stability of the
system and minimize transition times, M and S are preferably each maintained approximately constant
at all times, including during both printing and diverting modes and during shuttering transitions.

To minimize shuttering transition times, it is preferable that the pressure in the print head
remains constant during printing, shuttering, and transitions between the two. If the flow in nozzle
channel 3 has a flow rate N, then preferably M+ S+ B=E+ N. In print mode, B=0and E=0,so N=
M + S. In addition, the pressure inside sheath-boost chamber 9 is preferably maintained constant to
minimize shuttering transition times. Because this pressure is determined by the back pressure from the
total flow through nozzle tip 10, it is preferable that the net flow through nozzle tip 10 remains the same
during all operational modes and transitions between them. Thus, during complete shuttering, E and S
are preferably chosen so that N =M+ S. During shuttering, E= M + f{iB + S), where f is the fraction of
the combined boost and sheath flows that is diverted upward, and N=M+ S= (1-f)(B + S). If the flow
in the device satisfies these conditions (i.e. the flow rate M of mist in nozzle channel 3 during printing is
substantially replaced by (1-f)B - 1S during diversion such that the total flow rate N of whatever is exiting
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the nozzle is constant), the sheath gas flow streamlines in nozzle channel 3 are preferably substantially
undisturbed by directing boost flow B through the head to disable printing.

For a completely diverted flow, solving these equations yields E = B; thus mass flow controllers
22 and 24 preferably are set such that E = B for complete flow diversion. To ensure complete internal
shuttering or diversion of the aerosol flow, the rate B of boost gas flow 44 is preferably greater than flow
rate M of aerosol stream 6 flow rate; preferably approximately 1.2-2 times the aerosol stream flow rate
M; and more preferably B equals approximately 2M for robust, complete mist switching in most
applications.

In one theoretical example, if aerosol stream 6 has a flow rate of M = 50 sccm, and sheath gas
flow 32 has a flow rate S of 55 sccm, during printing the flow rate in nozzle channel 3 (and thus exiting
nozzle tip 10) is M+ S = 105 sccm. In this mode, since the boost gas flow 44 does not enter the print
head, and nothing exits exhaust outlet 2, B = E = 0 (even though in actuality, as described above, to
maintain stability mass flow controller 44 is set to provide 100 sccm of flow that is diverted by three-way
valve 20 to flow directly to mass flow controller 42, which is also set to pass 100 sccm of flow to vacuum
pump 210). When complete diversion is desired, the rate B of boost gas flow 44 (and, as derived
above, rate E of exhaust flow 46) is preferably selected so that B = E = 2M = 100 sccm for mist
diverting. During diverting or shuttering of the aerosol stream, the combined sheath and boost flows
having a total flow rate of S + B = 155 scem split within sheath-boost chamber 9 such that effectively N
= 105 sccm of the combined flow flows downwards through lower mist tube 7 and deposition nozzle 1,
replacing aerosol stream 6 (and sheath flow 32) that are now being diverted in mist switching chamber
8. Because E is set to 100 sccm in mass flow controller 22, 50 sccm of the split combined flow flows
upwards, flushing the residual aerosol stream 6 from the middle mist tube 5 and into the switching
chamber 8 where it combines with the diverted aerosol flow. Therefore, exhaust flow 46 exiting exhaust
outlet 2 will be equal to the aerosol stream flow rate M plus the upward portion of the boost gas flow
rate, or E = 100 sccm. The total flows into the printhead (M + B + S = 205 sccm) equals the total flows
out of the printhead (N + E = 205 sccm). Typically, balanced flows allow for a constant pressure inside
the sheath-boost chamber 9, which leads to complete turning on and off (i.e. shuttering of) the aerosol
stream with minimized shuttering times.

-10-
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Hybrid Shuttering

Internal pneumatic shuttering by diverting the aerosol stream to exhaust outlet 2 can occur for
long periods of time without adverse effects, contrary to mechanical shuttering, where ink accumulation
on a mechanical shutter inserted to block the aerosol flow can dislodge and foul the substrate or
aerodynamic surfaces of the print head. The internal pneumatic shutter can be used alone or in
combination with another shuttering technique, such as mechanical shuttering, to take advantage of the
faster response of the mechanical shuttering while minimizing the ink accumulation on the top of the
mechanical shutter arm. In this embodiment, when stopping the printing the mechanical shutter is
activated to block the aerosol flow. Pneumatic shuttering as described above diverts the ink away from
mechanical shutter 220 for the majority of the shuttering duration, thus reducing ink buildup on the
mechanical shutter. Because the pneumatic shutter activates more slowly when compared to the faster
mechanical shutter, the pneumatic shutter is preferably triggered at a time such that the faster
mechanical shutter closes first, and the pneumatic shutter closes as soon as possible thereafter. To
resume printing, the pneumatic shutter is preferably opened first to allow the output to stabilize, then
mechanical shutter 220 is opened. Although a mechanical shutter can be located anywhere within the
print head, or even external to the deposition nozzle, mechanical impact shuttering preferably occurs

close to where the aerosol stream exits the deposition nozzle.

Transient shuttering

In an alternative embodiment of the current invention, the internal shutter can be used as a
transient shutter, for which diversion of the aerosol flow occurs for a short enough period that the
aerosol distribution in the print head does not have time to equilibrate. FIG. 2 shows the aerosol
distribution immediately after switching three-way valve 20 to add boost gas flow 44 to sheath-boost
input 4 and pull exhaust flow 46 from exhaust port 2. The gap in the aerosol created in sheath-boost
chamber 9 expands downward thru lower mist tube 7 and upward thru middle mist tube 5.

As shown in FIG. 5, when three-way valve 20 is rapidly switched back to diverting boost gas flow
44 so that it does not enter the print head, the mist in middle mist tube 5 again travels down across
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sheath-boost chamber 9 and into the lower mist tube 7. The gap 71 in the aerosol flow can be very
short, on the order of 10 ms, and transitions to fully off and fully on can occur very quickly. It is
preferable that the upward-moving clean gas remain within middle mist tube 5 so that when the
downward flow is restored it flows downward symmetrically with the upward flow pattern. That is, just as
the higher velocity near the center of the upward flow created an upward bulge of clean gas in middle
tube 5 as shown in FIG. 2, the high-velocity center flow of the returning mist collapses the bulge and
creates a substantially planer mist front as the mist emerges from the bottom of middle tube 5. Thus,
just as the aerosol flow was abruptly cut by the flow of clean gas in sheath-boost chamber 9 at the
beginning of the diversion, when printing resumes the leading boundary of the downward flow of aerosol
preferably reforms to make a substantially abrupt entrance into sheath-boost chamber 9, creating a
short initial-to-full turn-on time at the substrate. If while diverting the leading surface of the clean gas
emerges from the top of middle tube 5 into mist switching chamber 8, the clean gas disperses laterally
into the chamber. When aerosol flow is resumed the clean gas does not return entirely to middle mist
tube 5, and the initial-to-full turn-on-time of the mist is degraded. The residence time of the clean gas in
the middle mist tube 5 is determined by the relation of the volume of the tube to the upwards flow rate of
the clean gas. Lower upward flow rates, for example B = E = 1.2M, are typically used to create slow
upward flows. The length or diameter of middle mist tube 5 can be increased to increase the residence
time of the clean gas in the middle tube and the duration of the permissible divert. Transient shuttering
greatly reduces shuttering time and improves shuttering quality when printing patterns with short gaps in

aerosol output such as repetitive dots or lines with closely-spaced ends.

Partial Shuttering

High aerosol flow rates M are typically used to provide a large mass output of ink and create
coarse features, whereas low flow rates are typically used to create fine features. It is often desirable to
print large and fine features in the same pattern, e.g. when a fine beam is used to trace the perimeter of
a pattern and a coarse beam is used to fill in the perimeter, while keeping M constant. In an alternative
embodiment of the present invention shown in FIG. 6, the internal shutter can be used to partially divert
aerosol stream 6 flow to change the mist flow rate toward the deposition nozzle by diverting a fraction of
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the mist to exhaust outlet 2 while printing. Thus some of aerosol flow 6 is always being diverted out of
exhaust port 2, even during printing, with only a portion of the mist passing into middle tube 5. The
effective mist flow rate and printed line widths can be varied by changing the balance between the
exhaust flow rate E, the boost gas flow rate B, and the mist flow rate M. When fully diverting, the boost
flow B is preferably greater than or equal to the mist flow M, as described above. If B is less than M,
some mist will still travel down middle mist tube 5 and out deposition nozzle 1 and the aerosol will only
be partially diverted.

In one theoretical example, it is desired that half of the aerosol stream is diverted and half is
printed. If aerosol stream 6 has a flow rate of M = 50 sccm, and sheath gas flow 32 has a flow rate S of
55 scem, for partial shuttering, rate B of boost gas flow 44 is selected in this example so that B = /2M =
25 sccm. Mass flow controller 22 is set so that E = 65 sccm, so that the combined sheath and boost
flows having a total flow rate of S + B = 80 sccm split equally within sheath-boost chamber 9 such that
40 sccm of the combined flow flows downwards through lower mist tube 7 and deposition nozzle 1. N is
thus 40 sccm + (/2 M) = 65 sccm and the total flows into the print head (50 + 55 + 25 = 130 sccm) equal
the total flows out of the printhead (65 + 65 = 130 sccm). Alternatively, E could be set equal to 75 sccm,
in which case the combined boost and sheath flows are split so that 50 sccm flows upward (since 75- 25
= 50) and 30 sccm flows downward. Thus N = 30 + 25 = 55 sccm, and again the incoming flows (50 +
55 + 25 = 130 sccm) equal the outgoing flows (75 + 55 = 130 sccm). It is noted that for partial
shuttering, E > B, and the system equilibrates to a pressure (130 sccm) lower than that which occurs
during full shuttering (205 sccm), and higher than that which occurs during normal printing (105 sccm),
as shown in the prior example.

In general, B > M is used for fully diverting or shuttering or transient shuttering of the mist,
preventing printing, and B < M or B = M is used to reduce the mist output during printing and create fine
features. Each B with B < M will result in a different mist flow exiting deposition nozzle 1. Thus it is
possible to accomplish both reducing and fully diverting the mist flow if at least two levels of boost flow
can be created, one with B > M and one with B < M. This can be accomplished, for instance, by rapidly
changing the settings of boost mass flow controller 24, or alternatively employing a second boost mass
flow controller. In the latter case, one boost mass flow controller (MFC) could be set at a flow of, for
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example, 2M to completely turn off the mist, and the other set at a flow of, for example, %2 M to reduce
the fraction of M flowing out nozzle 1.

Using partial diversion to vary the mass output and linewidth is preferable to varying the
incoming aerosol flow 6 rate M, because the exhaust and boost gas flows can stabilize in less than
approximately one second, whereas the output of an atomizer can take longer than 10 seconds to
stabilize when M is changed. Alternately, a second flow stream or orifices to split an existing flow and

control valve could be used to create varying mist outputs with rapid response times.

Pre-Sheath Gas

Under the laminar flow conditions normally employed in aerosol jet printing preferably performed
in the present invention, the gas in cylindrical tubes forms a parabolic velocity profile with twice the
average velocity in the center of the tube and near zero velocity near the walls of the tube. FIG. 4 shows
the flow of aerosol being re-established after diversion where the leading edge of the mist follows this
parabolic flow profile 48. The difference between the traverse time of the slow-moving mist near the
walls of middle mist tube 5 and the fast-moving mist in the center of middle mist tube 5 dominates the
delay between initial turn-on and full turn-on of the aerosol at the substrate. While in theory it takes an
infinite amount of time for the zero-velocity mist near the walls of the middle tube to reach the sheath-
boost chamber, in practice substantially full output is achieved after approximately 2-3 times the time
required for the fast-moving mist to reach the sheath-boost chamber after the shutter is opened (i.e.
when three-way valve 20 is switched.) FIG. 7 shows the velocity distribution 91 in middle mist tube 5
and the velocity distribution 92 in the lower mist tube 7. The velocity of the mist in the lower tube is
greater than in the middle tube for two reasons: firstly, because sheath gas flow 32 has been added to
aerosol stream 6 in sheath-boost chamber 9, preferably forming an axisymmetric, annular sleeve
around the mist; and secondly, the mist in lower mist tube 7 is confined to the central, fast moving
portion of the flow. Thus with a sheath gas flow, it is the sleeve of clean sheath gas that is near the tube
wall that is moving slowly; the aerosol itself is in the high-velocity region of the gas velocity profile.
Therefor there is relatively little variation in the time for the center and edges of the mist distribution to
traverse lower mist tube 7 and deposition nozzle 1.

-14-



10

15

20

WO 2019/094979 PCT/US2018/060853

Because of this advantage, a “pre-sheath” surrounding the mist stream may be added before the
mist enters mist switching chamber 8 and/or middle mist tube 5 to eliminate the slow-moving mist near
the wall of middle mist tube 5. FIG. 8 shows pre-sheath gas 95 entering pre-sheath chamber 93 via pre-
sheath input port 94, preferably forming an axisymmetric, annular sleeve of clean gas around aerosol
stream 6. In some embodiments, approximately half of the total sheath flow is directed into the pre-
sheath input port 94, and the other half is directed into the sheath-boost input port 4. Supplying 50% of
the sheath flow to the pre-sheath gas flow results in an approximately 80% reduction in the delay
between initial and full turn-on of the aerosol stream. As the pre-sheath and sheath flows recombine in
sheath-boost chamber 9, there is little difference in the deposition characteristics on the substrate with
or without employing a pre-sheath gas flow.

Note that in the specification and claims, “about” or “approximately” means within twenty

” W

percent (20%) of the numerical amount cited. As used herein, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates otherwise. Thus, for example, reference to “a
functional group” refers to one or more functional groups, and reference to “the method” includes
reference to equivalent steps and methods that would be understood and appreciated by those skilled in
the art, and so forth.

Although the invention has been described in detail with particular reference to the disclosed
embodiments, other embodiments can achieve the same results. Variations and modifications of the
present invention will be ocbvious to those skilled in the art and it is intended to cover all such

modifications and equivalents. The entire disclosures of all patents and publications cited above are

hereby incorporated by reference.
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CLAIMS

What is claimed is:

1. A method for controlling the flow of an aerosol in a print head of an aerosol jet printing

system, the method comprising:

passing an aerosol flow through the print head in an original aerosol flow
direction;

surrounding the aerosol flow with a sheath gas;

passing the combined aerosol flow and the sheath gas through a deposition
nozzle of the print head;

adding a boost gas to the sheath gas to form a sheath-boost gas flow;

dividing the sheath-boost gas flow into a first portion flowing in a direction
opposite to the original aerosol flow direction and a second portion flowing in the original aerosol flow
direction; and

the first portion of the sheath-boost gas flow preventing a deflected portion of the

aerosol flow from passing through the deposition nozzle.

2. The method of claim 1 where a flow rate of the sheath gas and a flow rate of the aerosol

flow remain approximately constant.

3. The method of claim 1 or 2 wherein prior to adding the boost gas to the sheath gas the

boost gas flows to a vacuum pump.

4. The method of any of claims 1-3 further comprising extracting an exhaust flow from the
print head after the increasing step, the exhaust flow comprising the deflected portion of the aerosol flow

and the first portion of the sheath-boost gas flow.
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5. The method of claim 4 wherein extracting the exhaust flow comprises suctioning the

exhaust flow using the vacuum pump.

6. The method of claims 4-5 wherein a flow rate of the exhaust flow is controlled by a mass

flow controller.

7. The method of any of claims 1-6 wherein the flow rate of the sheath gas and the flow

rate of the boost gas are controlled by one or more flow controllers.

8. The method of any of claims 1-7 wherein the flow rate of the aerosol flow prior to the

adding step plus the flow rate of sheath gas prior to the adding step approximately equals a flow rate of

the second portion of the sheath-boost gas flow plus a flow rate of the undeflected portion of the aerosol

flow.

9. The method of any of claims 1-8 performed in less than approximately 10 milliseconds.

10. The method of any of claims 1-9 wherein a flow rate of the boost gas is greater than the

flow rate of the aerosol flow.

11. The method of claim 10 wherein the flow rate of the boost gas is between approximately

1.2 times the flow rate of the aerosol flow and approximately 2 times the flow rate of the aerosol flow.

12. The method of any of claims 10-11 wherein the deflected portion of the aerosol flow

comprises the entire aerosol flow so that none of the aerosol flow passes through the deposition nozzle.
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13. The method of any of claims 10-12 wherein a flow rate of the exhaust flow is set to

approximately equal the flow rate of the boost gas.

14. The method of any of claims 10-13 further comprising diverting the boost gas to flow

directly to the vacuum pump prior to all of the undeflected portion of the aerosol flow exiting the print

head through the deposition nozzle.

15. The method of any of claims 1-14 further comprising blocking a flow of the aerosol with a

mechanical shutter prior to the preventing step.

16. The method of any of claims 1-9 wherein a flow rate of the boost gas is less than or

equal to the flow rate of the aerosol flow.

17. The method of claim 16 wherein a flow rate of the exhaust flow is set to be greater than

the flow rate of the boost gas.

18. The method of any of claims 1-17 further comprising surrounding the aerosol with a pre-

sheath gas prior to surrounding the aerosol flow with the sheath gas.

19. The method of claim 18 wherein surrounding the aerosol flow with the sheath gas

comprises the sheath gas combining with the pre-sheath gas.

20. The method of claim 18 or 19 wherein approximately half of the sheath gas is used to

form the pre-sheath gas.
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21. An apparatus for depositing an aerosol, the apparatus comprising:
an aerosol supply;
a sheath gas supply;
a boost gas supply;
a vacuum pump;
a valve for connecting said boost gas supply to said sheath gas supply or said -
vacuum pump; and
a print head, the print head comprising:

an aerosol inlet for feceiving an aerosol! from said aerosol supply;

a first chamber comprising a sheath gas inlet for receiving a sheath
gas from said sheath gas supply; said first chamber configured to surround the aerosol with the
sheath gas; and

) a second chamber comprising an exhaust gas outlet connected to
said vacuum pump, said second chamber disposed between said aerosol inlet and said first chamber;
and |

a deposition nozzle;

wherein said sheath gas inlet receives a combination of a boost gas
from said boost gas supply and the sheath gas when said boost gas supply is connected to said
sheath gas supply; and

| wherein said first chamber is configured to divide a portion of the
combination into a first portion flowing tdWérd_said aerosol inlet and a seéond portion flowing toward

said deposition nozzie.

22. The apparatus of claim 21 comprising a first mass flow controller disposed between

said éxhaust gas outlet and said vacuum pump.

23. The apparatus of claim 22 comprising a filter disposed between said exhaust gas

outlet and said first mass flow controller.

RECTIFIED SHEET (RULE 91)
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24, The apparatus of any of claims 21-23 comprising a second mass flow controller
disposed between said sheath gas supply and said sheath gas inlet and a third mass flow controller

disposed between said boost gas supply and said valve.

5
25. The apparatus of any of claims 21-24 wherein a flow of gas entering said sheath gas
inlet is in a direction perpendicular to an aerosol flow direction in said print head.
26. The apparatus of any of claims 21-25 comprising a mechanical shutter.
10
27. The apparatus of any of claims 21-26 comprising a third chamber disposed between
said aerosol inlet and said second chamber, said third chamber comprising a pre-sheath gas inlet, said
third chamber configured to surround the aerosol with a pre-sheath gas.

15 28. The apparatus of claim 27 comprising a flow divider connected between said pre-sheath
gas inlet and said sheath gas supply, said flow divider for forming the pre-sheath gas from
approximately one-half of the sheath gas.

20
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