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ircuit boards (PCBs) as we are familiar with inside many of our computers and elec-
tronic gadgets. Such a form factor may be acceptable for controlling big, boxy electron-

ics but not for sensors fitting within, say, a football players mouth guard or helmet, or on the
skin of a premature infant in a neonatal unit. What if electronic sensors could be fabricated
to be flexible, stretchable, or even built right into the gadget that they are designed to work
with [1, 2]? For example, it takes a lot of time and effort to take an airplane out of service for
a few days in order to inspect the air frame for wear-and-tear, material fatigue, microc-
racks, and other lifetime aging. What if strain sensors could be fabricated right into the air-
plane’s fuselage or wings and monitored in real-time over the life of the airplane? With such
a data set, recording the history of a specific plane (or any mechanical system for that mat-
ter) could provide a very advanced understanding of the need for maintenance or for an as-
sessment of a safe, functional lifetime of the plane. Couple this with artificial intelligence (Al)
and machine learning, and an industry could create a very powerful and much safer means
of understanding the integrity and lifetime of many mechanical systems, not just airplanes.

Te next generation of electronic circuits will most likely not be flat, rectangular printed
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Additive manufacturing printing methods

So, how can the fabrication of such next-generation
sensors and electronic circuits be achieved? Let’s
consider the advancements that are being made in
the area of additive manufacturing. We are all fa-
miliar with three-dimensional (3D) printers, where

a filament passes through a heated nozzle and is
printed layer-by-layer to fabricate some mechanical
part of interest. Actually, such 3D printers come in
many varieties which can typically print parts out of
plastic and metal materials [3, 4, 5]. There is also a
subcategory of 3D printers referred to as direct-write
printers which encompass syringe, inkjet, and
aerosol-jet (A]) printing [6, 7]. An example of syringe
printing could be the use of a piping bag for cake
decorating, while an example of inkjet printing could
be an inkjet printer used to print black and white

or color copies of a paper document, and then an
example of AJ printing could be a spray paint system
or an artist’s airbrush used to paint car bodies. For
additive manufacturing, utilizing such direct-write
printing methods, the passive (only conveying color
or optical contrast) inks in the examples above would
be replaced with active materials such as metal
nanoparticle inks for printing conducting features

or polymer inks for printing dielectric/insulating
features [8]. Equipped with such functional inks, a
direct-write printer could be used to print alternating
layers of patterned conducting features separated

by printed dielectric layers to fabricate circuitization
(i.e., wiring) layers onto a given surface that would
function in a manner equivalent to the copper/flame
retardant 4 (FR4) layers in a PCB. Furthermore, other
functional inks having resistive, magnetic, ceramic,
etc. properties could also be used in such direct-write
printers to print sensor elements.

While all three direct-write printing methods can
and have been used to fabricate electronic compo-
nents [9, 10], there are application-specific advantag-
es to one method over another. For example, syringe
printing typically requires the end of the printing tip
to track the print surface within a distance equal to
half the tip diameter. For fine feature printing, this
could mean tracking a non-flat surface within 10-25
micrometers (um). This can be a daunting task for
non-ideal, non-flat surfaces. Inkjet printers are typ-
ically equipped with an array of microprint nozzles
configured in a straight line. This multinozzle print
head typically needs to track the surface at a dis-
tance of 2 millimeters (mm) above the print surface.

Therefore, printing onto non-flat surfaces can be
problematic with such a print system. When dealing
with non-flat, 3D surfaces, AJ printing can offer a spe-
cific advantage over these two other printing meth-
ods in that an AJ print nozzle is set to track 3-5 mm
above the print surface and therefore is rather insen-
sitive to surface roughness and can be easily manip-
ulated to print onto a 3D surface. For these reasons,
the main body of work related to the application of
additive manufacturing methods to the fabrication of
high-quality electronic circuits and sensors presented
below will focus on AJ printing,.

Aerosol-jet printing

Currently available AJ printing tools come in two
types, one where the aerosol is created using ultra-
sonic energy and one where the aerosol is created
pneumatically. For the ultrasonic method, ultrasonic
energy is transferred into an ink container such that
a surface wave is created at the top surface of the
ink, causing small droplets of ink to be “ripped off”
the ink surface, thus creating an aerosol mist above
the ink. This aerosol is then transported by a gas
flow that carries this aerosol mist into a mist tube,
thus creating an ink stream [11]. For the pneumatic
method, much like in a stray paint can, ink is sucked
up into a tube and forced through a pin hole by a gas
flow stream. This Venturi effect creates an aerosol
mist in the ink jar that is carried into the mist tube
by the gas flow. Unlike the spray paint can, however,
some of the gas flow needed to create the aerosol
must be removed in order to establish a controllable
ink stream, and the ink stream needs to be collimated
so that it is confined to a diameter somewhere, typi-
cally, in the range of 10-200 um. This can be accom-
plished by adding an aerodynamic-focusing insert
and an exhaust in order to both collimate and reduce
the gas flow rate of the ink stream as it enters the
mist tube. A schematic drawing showing the details
of an A] print nozzle and a picture of a commercially
available A] printer printing a silver (Ag) nanoparti-
cle ink onto a 4-inch hemisphere is shown in figure 1.

Measuring ink stream dynamics

With an ink stream having been created for a given
ink on an AJ printer, the volume of ink printed must
be set and/or measured in order to print a feature
of a specified geometry [12, 13]. This can be done by
mounting an inkwell array, similar to what is shown

The Next Wave | Vol.24 No.1 | 2023 | 65

FEATURE



Additive Manufacturing of Electronic Circuits for Novel Applications

66

|
 I—

FIGURE 1. The cutaway drawing (left) highlights the ink stream dynamics with-

exact gas flow rates, changes in the
ink over time, room temperature, and
humidity, etc. Currently, there is no
good way to track these changes in
the ink stream, and so it is an interest-
ing area for further research efforts
[16]. Currently, the best method is

to set a specific R, and then print a
test trace. After post-processing, a
post-processing deposition rate R |
can be calculated by measuring the
cross-sectional area (CS) of the test
trace and multiplying that by the print
speed (s) used to print the trace, such
that R, = CS * s. At this point, the sol-
ids fraction of the ink stream used to
print the test trace can be represented
as a scale factor (f) where f=R /R,
Using these A] printing techniques,
itis possible to fabricate high-quali-

in an aerosol jet (AJ) printer nozzle [11]. In the photograph (right), an AJ printer ty electronic components within an
nozzle is being used to print a silver (Ag) nanoparticle ink onto the surface of a acceptable tolerance [17].

4-inch hemisphere.

in figure 2, onto the build plate of the printer and Printed hybrid electronics
sequentially printing into individual inkwells of a

known volume (V,,...) for a specified time interval
(t.wen) and adjusting the gas flow rates until each

inkwell is just filled [14].

What does it mean to additively fabricate an electron-
ic sensor or circuit [18, 19, 20, 21]? Electronic circuits
typically contain passive components (such as resis-
tors, capacitors, and inductors) and active compo-

With this inkwell method, a specific ink nents [such as integrated circuits (ICs) wire-bonded
stream deposition rate can be established where into packages] soldered onto a PCB. Examples of
R, = Viiwer/ Eiwerr KNOWIng the exact deposition rate  printed resistors, capacitors, and inductors are

then allows for a specific volume of
ink to be printed as required to print
a feature with a specific designed
volume, V... However, depending
on the properties of a given ink, R,
may not be the deposition rate that
corresponds to the volume of a de-
signed feature. This is because an ink
can contain solvents, binders, etc. that
are removed from the printed feature
during post processing (e.g., curing,
sintering), leaving only the “solids”

as part of the final printed feature.
Therefore, the “solids fraction” of an
ink stream needs to be measured

for a given ink on a given A] printer
[15]. Furthermore, depending on the
dynamics of the ink stream, the solids
fraction can vary depending on the

Vinkwell = T Ginkwell X Linkwen

dinkwe

'( ,,,,,,, y’

T
/

v,
— _inkwell
Rink Tt
inkwell

inkwell

FIGURE 2. The inkwell method depicted here allows for the determination of an ink
stream deposition rate R, [14].
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FIGURE 3. Passive components of electronic circuits can be additively fabricated as illustrated here in a printed resistor, a printed

capacitor (center), and printed inductors (right).

shown in figure 3; however, most ICs are too com-
plex to be additively fabricated. For example, it is not
possible to print an integrated circuit on par with an
Intel 16-bit 8088 from the late 1970’s, let alone a 32-
bit Pentium or 64-bit Core i7 processor from the last
two decades.

Nevertheless, such an IC chip can be removed from
its package and used stand-alone, where the package
and lead frame are eliminated and the wire bonds are
replaced by printed interconnects. An example of a
packaged IC is compared to a bare die with printed
interconnects in figure 4. This allows for a hybrid
circuit approach to be developed, where components
can be printed where possible and placed as bare die
when printed versions are not possible. In addition
to the printed and hybrid components, the PCB itself
can be replaced with printed circuitization traces.
Largely, it is this ability to print a replacement for the
PCB that enables a variety of possibilities from rapid
prototyping of circuits, to partially printed circuits,
to fully printed hybrid electronic (PHE) circuits.
Examples of each of these will be presented and dis-
cussed in the following section.

From rapid prototyping to PHE circuits

In figure 5, two commercially available circuit boards
are shown, the first one is a Mini Circuits, Model

ZFL-1000LN+, low noise amplifier (LNA) and the
second is an Arduino Mini.

Both of these circuits can be modified such that
rapid prototype and PHE versions can be fabricated
using A] printing methods. Let’s first consider the
LNA circuit in order to illustrate how additive man-
ufacturing can be used for the rapid prototyping of

-
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2 mm

IC Package

FIGURE 4. Most integrated circuits (ICs) are too complex to be
additively fabricated but can be removed from their package and
used stand-alone. Here is an example of a packaged IC contain-
ing the bare die microcontroller IC chip that is shown (left) as a
stand-alone bare die with printed interconnects (right; scale bar
related to both images).
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FIGURE 5. Standard commercially available PCBs—(left) Mini Circuits, Model
ZFL-1000LN+, low-noise amplifier (LNA) and (right) an Arduino Mini—can be
modified such that rapid prototype and PHE versions can be fabricated using

AJ printing methods.

mounted. One of the challenges with this
is that it is not easy to solder to printed
Ag (the standard AJ conduction ink), and
as such, the components are typically
glued in place with a dot of electronic ad-
hesive and then electrically connected by
syringe printing an Ag paste that bridges
between the component and the printed
trace. This method works reasonably
well but is not always as robust, as many
of the Ag pastes end up creating a brit-
tle electrical connection. This is an area
that provides opportunities for further
research into the ability to incorporate
soldering methods into additively manu-
factured circuitization. As additive manu-

an electronic circuit. Suppose we wanted a similar
circuit in a different form factor (geometry), that is,
not a square geometry but rather a version that is
long and skinny. Figure 6(a) shows the commercially
available LNA circuit. The circuitization layout can be
redesigned for a different form factor and turned into
an AJ tool path that can be printed onto basically any
surface. In figure 6(b), (c), and (d), versions of this
circuit with circuitization are printed in ratios of 1:1
(b), 3:1 (c) and 5:1 (d) are shown [22].

Once a new design layout exists, depending on
the complexity of the circuit, a new prototype can
be printed in a matter of hours. At this prototype
stage, the electronic components are still fully surface

facturing of electronic circuits progresses
from the rapid prototype capability to a fully fabricat-
ed PHE version of a circuit, it is possible to mix and
match standard surface-mounted components, bare
die versions of components, and printed components
all together in a single circuit. Indeed, there will be
many occasions where bare die versions of a pack-
aged component are not available. One workaround
to the soldering problem related to integrating such
packaged components into an additively fabricated
circuit is to use a leadless chip carrier (LCC) version
that is mounted upside down in a cavity with printed
interconnects. In this same manner, standard passive
components can also be used prior to being swapped
out for printed versions. Figure 7 shows an LCC pack-
aged accelerometer and standard surface-mounted

resistor both mounted
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FIGURE 6. (a) For this unaltered LNA circuit, the circuitization layout can be redesigned for different
form factors and turned into an AJ tool path that can be printed onto basically any surface, as seen in
rapid prototypes (b) with a 1:1 ratio, (c) with a 3:1 ratio, and (d) with a 5:1 ratio.

in respective cavities.

Note that the
cavity always has to
be bigger than the
component which
necessitates a printed
moat fill (red adhe-
sive for the resistor
and clear polymer for
the accelerometer) to
create a continuous,
smooth surface onto
which the intercon-
nects can be printed.
Where bare die are
available, the bare die
itself can be mounted

onto a surface and



Resistor

FIGURE 7. On the passive resistor (left) and packaged accelerometer (right),
electronic components are mounted in cavities with moat fills printed to create a

smooth transition for printed interconnects.

FIGURE 8. In this optical image of a bare die
microcontroller chip, printed interconnects
are applied over fillets that replace the more
standard wire bonds within an IC package.

interconnects printed such that the electrical pads of
the die are properly connected to the printed circuiti-
zation and thus, as such, properly connected into the
electric circuit. Figure 8 shows an example of a bare
die with printed interconnects.

Just as with cavity-mounted components, the
printed interconnects here also need to have a
smooth, continuous surface over which they are
printed. A typical bare die can have a thickness of 50-
500 pm and so a “ramp” needs to be printed along the
edge of the bare die in order to establish the required
smooth surface [23]. Such fillets can be seen along
the die edges, where needed, in the image shown in
figure 8. With the capabilities highlighted in figures
6,7, and 8, we can redesign the Arduino mini circuit
shown in figure 4 so that the

(in blue, just below and to the left of center in the cir-
cuit layout), 2) an LCC-packaged version of a three-ax-
is accelerometer (in blue to the right of center in the
circuit layout), 3) LCC versions of both a 5-volt and

a 3.3-volt power regulator, and 4) a variety of cavi-
ty-mounted resistors, capacitors, and LEDs; a resistor
and LED are highlighted by the red box in the right
image). Figure 9(b) shows the corresponding, fully
fabricated PHE circuit, printed on a flat, 3D printed
substrate. PHE fabrication methods not only enable
printing onto flat surfaces, but also allow for the fab-
rication of circuits onto truly 3D surfaces. The circuit
design in figure 10 illustrates an earlier version of
the PHE circuit projected onto the surface of a 4-inch
hemisphere. In the same way that the PHE circuit
shown in figure 9 was fabricated, this hemispherical

circuitization for a similar PHE
circuit can be additively fabricat- boucus
ed. Figure 9(a) illustrates what

is referred to as a three-layer
circuit that represents an A]
printable, PHE circuit designed
to have similar functionality to
an Arduino Mini type circuit.

The red, green, and purple
features map out the three
circuitization layers, and the
magenta features map out the
component interconnects. This (a)

El

&

PHE circuit-level demonstrator
contains: 1) a bare die version of
an Atmega328P microcontroller

FIGURE 9. The design of a PHE version of an Arduino-type electronic circuit (left) is pic-
tured alongside the fully fabricated AJ printed PHE circuit-level demonstrator (right).

The Next Wave | Vol.24 No.1 | 2023 | 69

FEATURE



Additive Manufacturing of Electronic Circuits for Novel Applications

70

Bare Die

Power Connections

Accelerometer

Voltage Regulator

FIGURE 10. Design of a 4-inch hemisphere version of the PHE circuit
shown in figure 9 along with the AJ printed, fully fabricated circuit.

circuit was fabricated onto a similarly 3D-printed
surface. The only difference in fabrication was that,
for the hemispherical circuit shown in figure 10, a
five-axis AJ printer was used, while for the flat circuit
in figure 9, a three-axis A] printer was used.

Next steps

As with any new, next-generation technolo-
gy, proving out reliability and real-world ap-
plication can be a challenge. This is definitely
the case with PHE printing methods used

to fabricate 3D, additively fabricated elec-
tronic circuits. With this in mind, we are in
the process of fabricating some 220 compo-
nent-level test coupons relevant to the PHE
circuit-level demonstrators shown in figure
9 that will go through full reliability testing.
Additionally, we are partnering with a num-
ber of other government groups, defense
industrial base companies, and NextFlex the
Manufacturing Innovation Institute (MII) for
flexible hybrid electronics (FHE), in order to
advance the additive manufacturing ecosys-
tem and prove out the capabilities of this

technology. For example, we are collaborating with
NASA [Goddard Space Flight Center (GSFC), Marshall
Space Flight Center (MSFC), and their Sounding
Rocket Operation Center (NSROC)] to fabricate the
PHE circuit onto the inside surface of a door panel for

{

& N

FIGURE 11. (a) The layout of a curved version of the PHE circuit will be fabricated onto the inside surface of a sounding rocket door

panel; (b) the sounding rocket is pictured during testing and (c) launching.




a sounding rocket launch in late 2022. A conceptual
mock-up is shown in figure 11 with the actual rocket
door panel. Included in the figure is a photo of a rock-
et in test and at launch.

Conclusion

Additive manufacturing holds great promise as a
next-generation method for the fabrication of elec-
tronic circuits. For one thing, a stand-alone PCB can
now be replaced by printing multilayer circuitiza-
tion onto non-flat surfaces. This allows for the rapid
prototyping of circuits that can take on completely
different form factors than has been possible in the
past. Additionally, printed and hybrid versions of
electronic components are typically thinner and
lighter weight as compared to their surface-mount-
ed counterparts. This also eliminates the need for
soldering, thus further reducing not only weight but
also high thermal stress, processing steps, and the
number of different materials involved in the overall
fabrication process. All in all, the maturity of additive
manufacturing methods applied to the fabrication of
electronic circuits has the potential to usher in a new
era of electronics integration where the circuitry will
become inseparable from the mechanical, geometri-
cal aspect of the physical gadget that it controls. &
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