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Abstract
Aerosol jet printing offers a versatile, high-resolution prototyping capability forflexible and hybrid
electronics. Despite its rapid growth in recent years, persistent problems such as process drift hinder
the adoption of this technology in production environments. Here we explore underlying causes of
process drift during aerosol jet printing and introduce an engineered solution to improve deposition
stability. It is shown that the ink level within the cartridge is a critical factor in determining atomization
efficiency, such that the reduction in ink volume resulting fromprinting itself can induce significant
and systematic process drift. By integrating a custom3D-printed cartridgewith an ink recirculation
system, ink composition and level within the cartridge are bettermaintained. This strategy allows
extended duration printingwith improved stability, as evidenced by 30 h of printing over 5 production
runs. This provides an important tool for extending the duration and improving reliability for aerosol
jet printing, a key factor for integration in practicalmanufacturing operations.

Introduction

Printed, flexible, and hybrid electronics offer a com-
pelling platform for emerging applications spanning
consumer devices, wireless connectivity, and distrib-
uted sensing [1–3]. Among the relevant manufactur-
ing technologies for these systems, digital techniques
are well-suited to rapid prototyping and smart fabrica-
tion. Aerosol jet printing, in particular, offers a
promising combination of digital control, non-con-
tact deposition, fine patterning resolution, and broad
materials compatibility [4–6]. Based on these attri-
butes, this method has attracted interest for hybrid
electronics manufacturing [7–10], logic circuits
[11–13], energy devices [14–16], and sensors [17–20].
Despite its potential, more widespread adoption of
aerosol jet printing is hindered by process drift. While
seldom discussed in research papers, the aerosol
deposition rate can vary significantly, even over
relatively short print durations [21]. This is a notable
barrier to industrial applications, leads to significant
material waste, and confounds process optimization
efforts [22]. While strategies have been introduced to
monitor and respond to process drift, these do not
address underlying causes [22–24]. Recent efforts have
explored the physics of the technology to better

understand print outputs such as line resolution and
overspray [25–28], but a basic understanding of print
stability remains lacking. Here we explore the under-
lying causes of process drift during aerosol jet printing
and introduce a strategy to mitigate this problem at its
source.

During aerosol jet printing, a liquid ink containing
functional materials is atomized to produce 1–5 μm
droplets. These droplets are picked up by a carrier gas
stream and transported to the printhead, where an
annular sheath gas flow surrounds the aerosol stream.
This collimates the aerosol flow and accelerates it
through a narrow deposition nozzle, typically
100–300 μm in diameter. Under typical conditions,
this results in a 10–100 m s−1 jet originating 1–5 mm
above a substrate. The high inertia of the aerosol dro-
plets causes them to deviate from the gas flow stream
and impact the substrate, resulting in high resolution
(20–100 μm) features. Process drift can arise from sev-
eral sources, including variation in atomization yield
and ink composition, both of which affect drying
kinetics within the printhead and can lead to unex-
pected outcomes [27]. Depending on the ink and pro-
cess parameters, this drift can be significant. For
example, Smith, et al observed a doubling in the cross-
sectional area of silver lines after only ∼20 min
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printing, while the majority of published reports
neglect to report print stability results entirely [21].
While process drift is present, efforts to optimize the
process face significant challenges. In some cases, this
leads researchers to discard ink and refill the cartridge
periodically, leading to severe material waste. This is
also a clear barrier to more widespread industrial
adoption of this method, in that print stability and
reliability are prerequisites and in many cases more
critical than peak performance metrics such as
resolution.

Here we explore the basic mechanisms for process
drift, related to variation in the ink composition and
loading level, using a combination of theory and
experiments. Based on the results, we introduce a
recirculating cartridge that improves stability and
allows for extended duration printing. While this does
not provide a complete solution for process control, it
provides an important tool by addressing the under-
lying causes of drift. Using this custom cartridge,
printing over a period of 30 h during 5 separate pro-
duction runs is demonstrated, supporting this promis-
ing strategy to improve the application scope and
industrial relevance of aerosol jet printing.

Experimentalmethods

Materials
Printing experiments used a magnetite nanoparticle
ink based on commercially available nanoparticles
from UT Dots, Inc. The base material, UTDMI-SD, is
a viscous paste containing magnetite nanoparticles in
xylenes. A stock solution is prepared from this by
diluting the paste with xylenes in a 1:4UTDMI:xylenes
ratio (w/w). The ink for aerosol jet printing is prepared
by combining this stock solution, xylenes, and terpi-
neol in a 5:31:4 (v/v)mixture. This ink is mixed using
a laboratory shaker to yield a low viscosity, brown
dispersion.

Aerosol jet printing
All printing experiments were performed on a cus-
tom-built aerosol jet printer based on a modified IDS
Nanojet system. Custom-designed printer cartridges
were employed, along with a custom printhead using a
250 μm diameter nozzle orifice. For typical experi-
ments, a series of 2×2 mm films was printed, each
one designed to take 3 min. After each film, the flow
rates are changed. After each set of 10 films, a line is
printed to track line width during the process. Typical
printing conditions were 36 V atomizer setting
(∼20W), 8–14 sccm aerosol carrier gas flow rate, a
sheath flow rate of 3× the aerosol flow rate, 17 °C
cartridge temperature, 60 °C substrate temperature,
and a print speed of 2.5 mm s−1. For stability experi-
ments without the recirculating cartridge, an initial
volume of 2 ml ink was used. Following printing, all

samples were heated to 150 °C for 45 min to ensure
complete drying.

Characterization
Film thickness measurements were collected using a
Bruker Dektak XT stylus profilometer with 3.0 mg
force and a scan speed of 0.5 mm s−1. Profile data were
analyzed using a Matlab script, with three measure-
ments performed across each film. Line width mea-
surements were collected using a Keyence VHX-7000
digital microscope. Automated routines were used to
distinguish the line from the substrate and reduce user
subjectivity in linewidthmeasurements.

Modeling
All mathematical models were implemented using
Matlab software. Descriptions can be found in the
supporting information, available online at stacks.iop.
org/FPE/5/015009/mmedia.

Results and discussion

Experiments for this study used a custom-built printer
based loosely on the IDS Nanojet architecture and
described in prior work [27, 28]. This printer uses an
ultrasonic atomizer and a compact cartridge, shown in
figure 1(a), located immediately adjacent to the
deposition nozzle (figure S1). This reduces the aerosol
transport distance, limiting the settling of droplets en
route to the printhead. A standard printing run was
performed as a control experiment to assess the effects
of process drift, as described in the Experimental
Methods. A magnetite nanoparticle ink was used for
these experiments, formulated for aerosol jet printing
from a commercial paste, because it provides a
moderately complex model system with a dual-comp-
onent solvent system, dispersed nanoparticles, and an
adhesion promoter [13]. This complexity provides a
challenge for process drift, as any change in ink
composition can alter atomization and printing char-
acteristics, while the active component of magnetite
nanoparticles is relevant for applications in security
printing, power devices, sensing, and communications
[29, 30]. While factors external to the printhead, such
as substrate surface energy, substrate roughness,
ambient temperature, and ambient humidity, are
likely to have some effect on print quality, this study
focuses on internal factors related to the ink and
cartridge, as these are expected to dominate drift in
deposition rate. Furthermore, the colloidal stability of
the ink was confirmed by a series of dynamic light
scattering measurements (figure S2), such that
observed variations do not result from the specific ink
chemistry and are expected to be generally applicable.
Following printing and drying, the thickness of each
film is measured by stylus profilometry and correlated
to the print time. This allows straightforward analysis
of drift in the deposition rate. While variation in the
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resolution is tracked, it is given lower priority, as the
resolution is principally related to gas flow rates and
nozzle dimensions which are fixed. Variation in the
deposition rate will have indirect effects on resolution,
however, so stability in this metric is critical to the
process overall and representative of process drift.

The results for this baseline test are shown in
figures 1(b), (c) and S3. Over the first 150 min of print-
ing, the deposition is fairly consistent, including both
the deposition rate (as measured by film thickness)
and the line width. However, after this initial stable
period, the deposition rate falls off dramatically, ulti-
mately reaching a level of 12.5%±1.0% of the initial
value following six hours. The line width shows a simi-
lar change resulting from the reduction in deposition
rate, decreasing from 219±6 μm in the first hour to
95±7 μm in the sixth. Both of these effects are con-
sistent with a reduction in the atomization rate of the
ink, and thus a lower aerosol density. Similar behavior
is typical for aerosol jet printing, and presents an
impediment to broader applications of the
technology.

The first cause of drift we explore is well known,
and is related to variation in the ink composition. Dur-
ing the baseline test, a dry gas is continuously flowing
through the ink cartridge. Micron-scale droplets fea-
ture evaporation timescales on the order of milli-
seconds, and so solvent is continuously removed from
the cartridge [31, 32]. This is illustrated using simple
models, shown in figures 2(a), (b) and discussed in the
supporting information. The case considered here is
representative of the model ink, and most inks for
aerosol jet printing, in that it considers a two-comp-
onent ink solvent system based on a primary,

moderate volatility solvent and a secondary, less vola-
tile solvent at 5%–20% [13, 33]. Due to the rapid nat-
ure of evaporation from micron-scale droplets, both
solvents are expected to saturate the carrier gas. The
low-volatility solvent typically has amuch lower satur-
ation vapor pressure, causing this component to be
enhanced relative to the primary solvent. This can
affect downstream drying effects induced by the
sheath gas, potentially increasing the apparent deposi-
tion rate. In addition to this change in solvent compo-
sition, the solids loading of the ink increases in the
cartridge. For inks near the threshold of atomization, a
small resulting increase in viscosity can reduce atomi-
zation yield, thereby reducing deposition onto the
substrate. This illustrates how process drift can lead to
unexpected outcomes, with both an increase and
decrease in deposition rate possible. As this cause of
drift is well known, a partial solution is also widely
adopted, namely running the carrier gas through a sol-
vent bubbler upstreamof the printhead.

When this strategy is implemented, overall print-
ing stability is improved, as shown in figures 2(c)–(e)
and S4. Figure 2(c) shows a photograph of a test sam-
ple layout for a six hour print test; drift during print-
ing, as judged by optical appearance, can be discerned
by eye. This observed difference is corroborated by
film thickness and line widthmeasurements, shown in
figure 2(d). Similar to the previous case without a sol-
vent bubbler, the ink initially prints with reasonable
stability for ∼150 min. Following this period, a
decrease in deposition rate is again observed, with the
final film thickness after six hours reduced to
25.5%±2.9% of the initial value. As shown in
figure 2(e), the line width also reflects this reduction in

Figure 1.Process drift during aerosol jet printing. (a) Schematic of aerosol jet ink cartridge and ultrasonic atomization, illustrating two
principle causes of process drift: changes in ink composition and volume during printing. (b) Film thickness and linewidth showing
severe drift over six hours of continuous printing in a control case, with no solvent bubbler and a standard cartridge design. (c)Optical
microscopy images of printed lines at various points during the six hour print run, showing clear reduction in the amount ofmaterial
deposited.
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aerosol density, with a decrease from 209±7 μm in
the first hour to 88±19 μm in the sixth. This suggests
that, while ink composition drift can have an impact, it
is not the sole basis for process inconsistency. Based on
the model, even if the solvent bubbler perfectly com-
pensates for ink drying, the very process of printing
changes another parameter that can affect stability,
namely the volume of ink in the cartridge.

To assess the impact of the ink volume on printing,
a careful study was performed inwhich the ink loading
level was deliberately manipulated to study its effect
independent of composition variations. At each ink
loading level, a sweep of atomizer voltage was

performed to determine the impacts of both para-
meters on atomization yield. The results are shown in
figure 3. At low ink loading levels (<1.0 g), the deposi-
tion rate, here measured by the film thickness, satu-
rates at fairly low values. In this regime, the deposition
rate is relatively insensitive to variations in voltage, but
the overall film thickness remains low. With a moder-
ate ink loading (1.0–2.0 g), the film thickness increases
steadily with increasing atomizer power. However,
when the ink loading exceeds this range (>2.0 g), the
film thickness again shows saturation at low values.
This suggests that the atomization yield is directly rela-
ted to the ink volume in the cartridge.Moreover, when

Figure 2.Effect of solvent bubbler on printing consistency. (a), (b) Simplemodel results of ink composition and volume changewithin
the print cartridge over six hours, based on drying induced by the carrier gas. Plotted lines show ink volume (black), primary solvent
volume fraction (red), cosolvent volume fraction (blue), and solids loading (green) on both an absolute (a) and relative (b) basis. (c)
Photograph of sample printed over six hours, showing visible changes in appearance reflecting the process inconsistency. (d) Film
thickness and linewidthmeasurements over six hours of printing, showing a significant reduction in bothmetrics beginning after
∼2 h of printing. (e)Opticalmicroscopy images of lines printed at various stages during the six hour print, showing a clear reduction
in linewidth as the print progressed.

Figure 3.Effects of cartridge loading and atomizer voltage on deposition rate. (a) Film thickness plotted as a function of atomizer
voltage, for cartridge loading levels of 0.5–3.0 g in 0.5 g increments. At low and high cartridge loading, the deposition rate saturates at a
low value. (b) Film thickness plotted against both cartridge loading (x-axis) and atomizer voltage (y-axis), showing a clear change in
deposition rate at afixed voltage, corresponding to long-duration printing inwhich the cartridge loadingmonotonically decreases.
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the ink volume is outside of the target range, increas-
ing the atomization power has almost no impact on
atomization yield (figure S5). The primary cause of
this is likely the location of the liquid surface relative to
the ultrasonic atomizer. Ultrasonic nebulizers are
expected to display this behavior, as the ultrasonic
waves are focused on the liquid surface for maximum
coupling [34, 35]. In many cases, this effect of the ink
level can dominate any effects of atomizer power, and
modulating the atomizer power cannot compensate
for reduction in deposition rate due to ink level chan-
ges. This has important implications for extended
duration printing because the liquid level is not con-
sistent over the duration of the print. Therefore, even
if the ink composition is maintained, ink utilized for
printing or lost due to settling in the mist tube will
affect the atomization characteristics. This is illu-
strated in figure 3(b), which plots the measured thick-
ness against both cartridge loading and voltage. For a
long-duration print, the voltage remains consistent,
but the cartridge loading is gradually reduced. As the
plot is traversed from right to left, the deposition rate
initially increases to its maximum value, and then
decreases, with a limited plateau. This explains the
results in figure 2(d). With an initial ink loading of
∼1.9 g, the atomization is initially near its peak effi-
cacy. As printing progresses, the state of the cartridge
moves leftward in figure 3(b), and the deposition rate
drops off rather significantly after ∼2 h print time.
This behavior illustrates the challenge faced in achiev-
ing stable and consistent aerosol jet printing, and sug-
gests that, depending on where printing starts, either
an increase or decrease in atomization is expected not
as an isolated problem based on the particular ink, but
as an endemic feature of the atomization method
itself. Moreover, a change in atomization yield will
have downstream effects, including a direct impact on
deposition rate and indirect impacts on line resolution
andmorphology. Because this behavior is linked to the
atomizationmechanism, in this case ultrasonic atomi-
zation, these results are unlikely to translate directly to
pneumatic atomization systems. However, the obser-
vation that cartridge loading can affect atomization in
a general sense merits further investigation for pneu-
matic systems, and efforts here to mitigate changes in
the ink levelmay have broader applicability.

The identification of ink level as a critical factor in
atomization yield motivates strategies to control and
stabilize the cartridge loading. Direct addition of ink
or solvent to the cartridge has been proposed, but
would need to be perfectly compensated to the ink
usage, which precludes generalization in a straightfor-
wardmanner given the wide variation in inks and pro-
cess parameters used. Here, we develop a recirculating
ink cartridge to bothmaintain ink level in the cartridge
and buffer slow changes in ink composition with a lar-
ger reservoir, as shown in figure 4(a). In order to
implement this strategy, the ink cartridge is redesigned
and fabricated using stereolithography to

accommodate a continuous ink recirculation loop, as
shown in figure 4(b). A miniature peristaltic pump is
used to circulate the ink, isolating the pump from ink
solvents. The peristaltic pump is controlled digitally
using an Arduino, allowing speed and direction to be
adjusted as needed.

Using this recirculating ink cartridge, an extended
duration test of printing stability was performed using
the magnetite nanoparticle ink. As before, large grids
of 2×2 mm films were used to track the deposition
rate. Optical images of the samples illustrate the rea-
sonable degree of uniformity over 30 h of printing
spanning 5 print runs (figure 4(c)). The film thickness
measurements (figure 4(d)) corroborate this, showing
some fluctuations but limited systematic drift over the
duration of printing. While some variation is clear,
particularly on the third print run, this is reset at the
beginning of the following run and does not prop-
agate. Such effects could presumably be avoided by
programming stops during the print run at regular
intervals to reset the cartridge condition without
human intervention, providing a benefit over a more
labor-intensive manual reset of the system. Overall,
the film thickness increases to 131%±13% of the
initial value following 30 h printing, and during the
last 18 h of printing themeasured film thickness varies
with a relative standard deviation of 17%. Analysis of
the printed lines, shown in figure 4(e), is consistent
with these results, with a 9.4% relative standard devia-
tion in line width over the full 30 h (figure S6). In addi-
tion, although a solvent bubbler is employed for this
work, it is not expected to fully saturate the carrier gas,
and thus small changes in composition are expected.
The use of an external reservoir, in this case with 10 ml
ink initially loaded, will buffer these changes over a lar-
ger volume. At the end of 30 h of printing, the amount
of ink in the reservoir was decreased to the extent that
air was being drawn into the pump, thus prompting
the end of the experiment. However, for applications
requiring a longer print duration, simply increasing
the reservoir size is straightforward and economical.
Moreover, this strategy is independent of the specific
ink properties, and can thus be applied to alternative
materials (figures S7, S8), providing a practical and
general tool to address this key challenge in aerosol jet
printing.

Conclusions

Overall, this study demonstrates the influence of ink
level variation on process drift during aerosol jet
printing and proposes a simple and general strategy to
mitigate drift. This allows extended print duration,
here up to 30 h, with little observed systematic drift.
While this does not address short-term variability, it
provides opportunities to more confidently optimize
and study the process without the persistent challenges
of instability. In addition, this method addresses the
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core causes of drift and could be readily combined
with higher level monitoring and feedback strategies.
By decoupling the ink volume in the cartridge from an
external reservoir, small composition changes can be
buffered. Moreover, this provides opportunities for
monitoring the ink, rather than the aerosol stream, by
improving access external to the cartridge, thus estab-
lishing a framework to address true causes of drift
rather than symptoms.
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