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HIGHLIGHTS

Employed optical measurements for in-situ qualification of aerosol jet printing

Mapped deposition rate to positional coordinates with sub-second precision

Predicted bulk electrical properties using real-time light scattering data

Demonstrated automatic repair of defects in printed features

ABSTRACT

Aerosol jet printing is a contactless, digital, and additive technique broadly used for
manufacturing flexible, hybrid, and conformal electronics. However, both intra-batch and batch-
to-batch variability have hindered widespread industry adoption and scaling to production
volumes. Recently, light scattering measurements have emerged as a tool to measure aerosol
volume fraction — a key parameter determining deposition rate — and have proven an effective
feedback source for closed-loop control on timescales ranging from tens of minutes to hours.

While this is a promising capability to mitigate long-term process drift, it lacks the temporal



resolution to validate print quality for complex and precise electronic circuits. Here, real-time

process monitoring with <1 s resolution is demonstrated for in-situ qualification of aerosol jet

printing. To begin, the correlation between light scattering and aerosol deposition is validated at

500 ms time intervals, allowing deposition rate to be mapped to positional coordinates and

providing a new data stream to drive quality control assessments. This allows optical scattering

to be connected to electrical properties including line and sheet resistance, resulting in

predictions nominally within 10% of measured values for sets of printed devices. Finally, the

ability to spatially correlate print defects during fabrication is demonstrated as a foundation for a

print repair framework, successfully repairing prints with randomly induced defects to achieve

resistance within 5% of a control set.

GRAPHICAL ABSTRACT

Data-Driven Quality Control

Light Scattering Data
Scattered Light

Time

Rerosal et eTueiaag)
A WS\ W\ &
ScaxXiex\ g,

Physics-Based Design

L'
“a L aas
St et

Resistance

® Measured
A Predicted

Print /
pL

Resistance: R = = A

[Light Scattering Datal

KEYWORDS: additive manufacturing, printed electronics, process monitoring,

hybrid electronics, digital manufacturing

ACKNOWLEDGEMENTS




The authors acknowledge Honeywell FM&T for funding support under PO N000478736,
along with Northrop Grumman NG Next Research Laboratories. Honeywell FM&T is supported

by the U.S. Department of Energy National Nuclear Security Administration under contract DE-

NA0002839.

FUNDING

Funding to support this work was provided by Honeywell FM&T under PO N000478736.
Honeywell FM&T is supported by the U.S. Department of Energy National Nuclear Security
Administration under contract DE-NA0002839. Additional funding support for this work was

provided by Northrop Grumman.

1. Introduction

Additive manufacturing (AM) techniques have become widely accepted across multiple
manufacturing sectors, including aerospace, medical, energy, and automotive [1,2]. AM
currently fills several important niches, allowing for on-demand production of intricate parts
otherwise impossible or too costly with conventional methods, as well as rapid prototyping and
low-volume production runs. However, the serial nature of AM production, combined with the
complex interplay of machine parameters and resulting material properties and functional
tolerances, makes component design and qualification a notable challenge [3]. In this regard, the
inherently digital nature of AM offers a compelling route to establish a data-rich, intelligent
manufacturing system to combat such difficulties. Within the field of printed electronics, aerosol
jet printing (AJP) offers a promising technology for flexible and hybrid electronics
manufacturing, with demonstrated devices spanning wireless communication [4—6], physical and

chemical sensing [7—13], energy storage [14—16], and transistors [17,18], among others. AJP is a



non-contact, digital technique in which an aerosolized, liquid ink containing functional materials
is transported to a printhead by a carrier gas stream. There, the aerosol stream is collimated by an
annular sheath gas and directed through a nozzle onto the target substrate. Typical feature sizes
range from 10-100 pum depending on the ink, hardware, and process setup. Printable materials
typically span metallic nanoparticles [19] and polymers, but can also include semiconductors
[20] and carbon-based inks [21,22]. The high nozzle-to-surface offset, resolution, and materials
compatibility has made AJP popular in electronics packaging applications [23-25], as well as
conformal printing on components with 3D surface topography [26-29], including additively

manufactured polymeric substrates [30,31].

Despite its promise, AJP currently lacks adequate tools to design and qualify prints
commensurate with the requirements and expectations of the electronics fabrication industry.
Setting up an aerosol jet print to achieve a target geometry or bulk property, such as thickness or
sheet resistance, is an empirical, largely manual, and iterative process. Even with an experienced
operator familiar with both the printer and the particular ink, the amount of material deposited
remains unknown until after print completion, post-processing, and off-line measurement, and
can moreover exhibit significant variation within the time scale of typical production runs [32].
In recent years, several techniques have been proposed to address these shortcomings, especially
with regard to reducing process drift. Automated imaging techniques have been applied to detect
variations in printed line width [33,34]. While this can be a sufficient quality control measure in
some applications, printed line width and the true deposition rate are not in general directly
correlated, and multi-layer printing on disparate materials can confound imaging-based
inspection [35]. Gu et al. deposited aerosol droplets into inkwells etched into a silicon wafer to

quantify a wet deposition rate [36]. The deposition rate was estimated by the inkwell volume and



fill time, based on a user observation, providing feedback for the operator to tune printing
parameters. Using a different approach, Salary et al. investigated an in-situ, post-deposition
imaging method, estimating feature heights with a shape-from-shading algorithm [37,38]. This
data stream was later combined with a closed-loop control algorithm to maintain constant

deposition rate [39].

All of these methods are key advancements offering a new source of data on deposition rate,
but they remain unable to provide data in real time. While drift occurs over extended time scales
(minutes to hours), AJP is also susceptible to variations in deposition rate over shorter
timescales. Applications with strict requirements for electrical resistance or thickness require a
rigorous and robust quality control technique focused on the deposition rate. In pursuit of this
goal, optical extinction and scattering methods have been developed for real-time monitoring,
with deposition rate showing a strong linear relationship with optical power measurements
[40,41]. Most recently, Rurup et al. demonstrated a closed-loop control architecture employing
light scattering measurements as a feedback source [42]. While this work effectively mitigated
long-term drift during deposition, allowing for reliable average output on time scales of tens of
minutes to hours, it neglects short-term variability. Addressing this blind spot is crucial for
electronics production, for which a rapid but severe printing defect can result in an open or
shorted electrical connection. Machine operators require information on the position, magnitude,
and duration of defects to assess their impact on electrical functionality. With this refined data,
operators can make an informed decision to scrap a part with a critical defect, attempt repair, or
continue to the next production step if the defect occurs in a non-critical region. This unmet need

for AJP is the focus of the present work — with the same hardware concept as previous work, but



using the data within a more sophisticated platform to enable a qualitative advance in the

confidence and precision of quality control.

Here, light scattering measurements are shown to provide physically meaningful data
regarding the deposition rate over short time scales, enabling tools for enhanced qualification,
physics-based process design, and even defect repair for AJP parts. To lay the foundation for this
work, a strong linear correlation between optical scattering and physical properties — cross-
sectional area and electrical conductance — is validated within a print lasting only 10 s, with
scattering data recorded at <1 s intervals. Precision at this measurement frequency enables high-
fidelity prediction of deposition rate within prints, rather than averaging over printed samples,
including correlating the measurements spatially within the printed part. Because light scattering
is a proxy for the aerosol volume fraction, a fundamental contributor to the deposition rate or
mass flux, scattering measurements can be substituted into equations for electrical resistance and
sheet resistance. This methodology is experimentally validated, and enables a mutable, physics-
driven approach to predicting electrical properties of printed devices, thus allowing a new
method of in-situ qualification for AJP. Additionally, the sub-second precision of scattering
measurements is harnessed to demonstrate, for the first time, an automated repair technique,
selectively adding material to under-filled regions of a printed sample. Altogether, this work
demonstrates a fundamental methodology to enable more rigorous and efficient procedures for

design and qualification of aerosol jet printed parts in production and research environments.



Deposition Rate

Time

Paxosal ek amag,

NN
(a) Sc:a\\ex\“g

Fig. 1. (a) Diagram of an aerosol jet printer equipped with an optics cell to measure light
scattered by aerosol droplets, enabling real-time detection of deposition rate. (b) Image of the
optics cell hardware and fiber optic cables installed on the printer, immediately upstream of the
flow cell and nozzle. (c) An image of a serpentine pattern printed via AJP (right), with its
corresponding colormap depicting the light scattering measurements plotted at XY coordinates

(left) indicating a region with inadequate material deposition.

2. Theoretical Foundations

2.1. Deposition Rate

Aerosol jet printing is an additive technique, and thus the amount of material deposited will
impact the geometrical and functional characteristics of the final printed device. Here, the

deposition rate of solid material for AJP is defined as



Tdep = Vafa)(snimp (1)

in which the deposition rate (r4p, m* s!) is a product of the volume fraction of aerosol in the
carrier stream (v,), the carrier gas flow rate (f;, m> s), the ink solids volume fraction (xs), and
the impaction efficiency of droplets exiting the nozzle (#imp) [40]. As Tafoya et al. note, porosity
in the printed sample can certainly affect cross-sectional area or volume measurements, but this

effect is independent of the true deposition rate.

Variability in deposition rate poses a significant challenge for print validation and quality
control, particularly when attempting to maintain strict manufacturing tolerances on thickness or
resistance [43]. Some parameters of (1) are relatively straightforward to control, such as the
carrier gas flow rate, which is set via precise mass flow controllers (within £1% accuracy). The
solids volume fraction of the ink can in principle vary slowly, but this can be mitigated with
selection of low vapor pressure solvents or use of solvent add-back or bubbler systems [44].
Thus, the largest uncontrolled source of variability is the aerosol volume fraction. Aerosol
droplets are generated via one of two atomization systems — ultrasonic or pneumatic. With
ultrasonic atomizers, a piezoelectric transducer oscillating at high (MHz) frequency induces a
capillary wave on the ink surface, resulting in droplet formation. With pneumatic atomizers,
aerosol is generated by a high velocity gas flow directed over the liquid ink, as shear forces and
fluid instabilities interact to produce droplets. Both methods result in a polydisperse aerosol, and
the number and size of droplets generated is a complex and poorly understood outcome of many
variables, with insufficient direct control. For AJP, ink composition, temperature, cartridge fill
level, pressure, and many other parameters can influence atomization, posing a challenge for
highly controlled production as well as systematic material development [32]. For the purposes

of this study, the fact that neither technique allows for precise, in-situ control of the aerosol



volume fraction is a key motivator to monitor and, where possible, correct for variation in this

important parameter.

2.2. Volume Fraction and Optical Scattering

In previous work, a linear relationship has been shown between the aerosol volume fraction
(v4) and the intensity of scattered light (Py.), as described by (2) [41]. For aerosol jet printers
equipped with ultrasonic atomizers, the droplet size distribution is expected to span
approximately 1-5 um [45]. Mie scattering dominates the interaction with visible and near
infrared light for droplets in this range, and other scattering mechanisms applicable to a wider
range of droplet size maintain proportionality of scattering with the number density of scatterers
under dilute conditions. Precisely relating aerosol volume fraction and scattering power requires
accurate information on the droplet size distribution at the instant of measurement, refractive
index of the ink, and details of the measurement configuration [46], but the proportionality of
aerosol volume fraction and scattering power is valuable in itself, as these ink- and process-
specific parameters can be accounted for with appropriate calibration. Previous work has
validated this for inks with distinct optical properties, spanning transparent solutions and
optically dense colloidal dispersions, to confirm the proportionality of volume fraction with

scattering power for the scope of materials relevant to AJP.

Va X PSC (2)

To more practically align (2) with AJP, scattering power is substituted into (1), additionally
normalizing to the feed rate, or print speed. This creates a generalizable process metric for
inferring the deposition rate. This term is referred to as the linear deposition metric (LDM), and

is defined as



Pscfa (3)
Vr

LDM =

where LDM is the linear deposition metric (W m?), Ps. the scattering power (W), /. the carrier
gas flow rate (m> s!), and v the feed rate (m s!). The LDM may be thought of as a proxy for the
cross-sectional area, or more precisely as a representation of the volume of material deposited
per unit length, with um*/mm being an appropriate unit. Rurup et al. demonstrated a strong linear

correlation between the LDM and the actual linear deposition rate, as expressed in (4) [42].
A =LDM *m, + b, 4)

Here, A is the cross-sectional area (m?), while m, (W) and b, (m?) are a slope and y-intercept
from calibration data. These two terms capture information on the solid loading of the ink and
losses downstream of the measurement point, as well as the droplet size distribution and optical
configuration. With perfect impaction efficiency and dense microstructure, the y-intercept term
would go to zero, and the slope term would be a pure correlation coefficient relating the amount
of light scattered per volume of solid in the aerosol droplets. In addition to cross-sectional area, a
congruent relationship was demonstrated between LDM and conductance for conductive inks.
These prior findings provide the foundation for the present work, which shifts the focus to high
rate sampling to spatially correlate print quality within a printed component, rather than simply

averaging deposition rate over the entire part as done previously.
3. Materials and Methods

3.1. Inks and Materials

All experiments for this study used an ink formulated from UTD-Ag40X from UT Dots,

Inc., a dispersion of 40% wt. silver nanoparticles in xylenes. Terpineol and additional xylenes



were added to produce an ink with the ratio 2:7:1 v/v UTD-Ag40X/xylenes/terpineol. Glass
microscope slides were used as the substrates for all printing experiments to provide a well-
defined baseline for measurements. Prior to characterization, the silver nanoparticle test prints

were sintered at 250 °C for 1 hr on a hotplate.

3.2. Aerosol Jet Printing and Optics Instrumentation

A custom, home-built aerosol jet printer was used for all experiments. This machine uses a
1.65 MHz ultrasonic atomizer for aerosol generation. A Python program was written to control
the machine and record data related to deposition rate. All samples were printed with a 200 um
plastic tapered nozzle (Nordson EFD), with printbed and cartridge temperatures of 60 °C and 20
°C, respectively. Unless otherwise noted, the carrier and sheath gas flow rates were set to 18 and

90 sccm, respectively.

During aerosol jet printing, fluctuations in the aerosol characteristics can lead to short-term
variation in deposition rate. To detect these fluctuations during printing, an optics cell is
integrated with the printing system upstream of the printhead to measure light scattering from the
aerosol stream (Fig. 1a). As shown in Fig. 1b, this optics cell includes fiber optic connections to
bring in light from a laser source, and couple scattered light to a photodetector. This optics cell
contained one transparent window for light input and a second for collecting scattering
measurements at a 60° forward scattering angle. The light source was a 30 mW, 940 nm laser
diode, and scattering power measurements were collected using a fiber-coupled InGaAs
photodiode and transmitted back to the Python software via a USB interface. While this basic
configuration has been demonstrated in our previous work [42], the crucial distinction here is
that higher sampling rate and underlying software allows the scattering measurement to be

correlated with the printhead position. When a defect is introduced into a serpentine toolpath,



causing low deposition for one section of the pattern, the scattering measurement can be mapped
to position for visualization (Fig. 1c), demonstrating the concept that light scattering

measurements with <I s intervals can provide localized information about print outcomes.

3.3. Characterization methods

Cross-sectional area measurements were taken using a Zygo NewView™ 9000 optical
profilometer. The raw measurements spanned a printed feature length of 1.7 mm, and the
reported cross-sectional area is the average across the entire segment. Resistance measurements
were collected with an electrical probe station employing a Keithley 2450 source meter and a 4-

point probe measurement configuration.

4. Results and Discussion

4.1. Mapping Deposition Rate to Cartesian Space

In many printed electronics applications, a localized defect can put a device out of
manufacturing tolerance. Overprinting can short adjacent lines with narrow spacing, while
under-printing results in potential pinholes (for dielectrics) or higher resistors (for conductors),
or in the extreme case open connections. Knowledge of local variations in printing — for
example, not simply whether a 10 min print exhibits 1% average deviation from a target, but that
it exhibits a discontinuity for 1 s during printing — is critical to developing an informed and
rational response. Moreover, different regions of a complex electronic assembly have different
tolerances — while contact pads can tolerate variation in properties, the same variation on high
density interconnects could result in complete failure. Thus, having foreknowledge of a defect’s
location, without post-print inspection and electrical testing, would allow manufacturing

engineers to rapidly determine if a print is out of spec. In this section, the positional accuracy of



light scattering measurements is examined over sub-second time intervals to provide a robust and

quantitative evaluation of the basic concept.

A single 60 mm long line was printed at a print speed of 6 mm/s, and data on both the carrier
gas flow rate and scattering power were measured at 125 ms intervals over the course of this 10 s
print. Cross-sectional area measurements, line widths, and electrical measurements were
collected at 3 mm intervals along the full length of the print, each representing a time interval of
500 ms. To simulate a spatially localized defect, a Python script was employed to drop the carrier
gas flow rate for 1.5 s near the beginning of the print. In Fig. 2, the LDM and cross-sectional
areas are compared at 500 ms intervals. Because the scattering measurements are taken upstream
of the nozzle exit, there appeared to be approximately 250 ms of latency between measured and
actual deposition rate, representing both latency between the motion system and optics
instrumentation and the aerosol’s time of travel between the optics cell and the substrate. With
this latency accounted for, the plot shown in Fig. 2a indicates that the strong relationship

between LDM and cross-sectional area holds even at very short time intervals.

Regarding the defect creation technique, while the decrease in carrier gas flow rate did drop
the deposition rate in a somewhat artificial manner, the scattering measurement — and hence the
aerosol volume fraction — also decreased and remained lower even after the carrier gas flow rate
had returned to its baseline value. This strengthens the notion that carrier gas flow rate by itself is
an insufficient predictor of deposition rate. All three parameters — carrier gas flow rate, scattering

power, and LDM - are plotted together in the Supplemental Information (Fig. S1).
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Fig. 2. (a) Cross-sectional area and linear deposition metric plotted over time and X-position at
approximately 500 ms intervals over the 10 s print, demonstrating the utility of light scattering
measurements for tracking deposition rate at sub-second time intervals. (b) Image of the full
printed line segment (top), with microscope images before defect initiation (lower-left), at defect

maximum (middle), and after defect recovery (right).

Given that resistance is a function of cross-sectional area in (5), a similar relationship is
anticipated between light scattering measurements and length-normalized conductance. In the
following two equations, R is resistance (), p is resistivity (Q2 m), L is length (m), 4 is cross-
sectional area (m?), and c is the length-normalized conductance (Q! m). In (6), c is equated with

LDM (W m?) via linear fit parameters m. (W' Q! m™) and b, (Q! m).



R=Pft_tL 5)
c
¢ =LDM *m, + b, (6)

This relationship is analogous to (4, except that m. and b. capture information on the
resistivity in addition to cross-sectional area, eliminating the need to obtain both cross-sectional

area and electrical measurements to predict resistance.

The results shown in Fig. 3 confirm the linear relationship between LDM and length-
normalized conductance. In Fig. 3a, the two variables are plotted over both time and position. At
each 500 ms interval, both measurements qualitatively line up well, although there was an
approximate 5% discrepancy between deposition rate and LDM before and after the defect. More
quantitatively, Fig. 3b contains a line of best fit of length-normalized conductance as a function
of LDM. The coefficient of determination (1) of this data over the whole 10 s interval is 0.914, a
strong linear fit for this sampling duration. These results demonstrate that light scattering
measurements can be matched with positional coordinates and be used to provide high-fidelity
data on deposition rate over short time intervals, forming a strong foundation for in-situ

qualification of AJP.
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Fig. 3. (a) A comparison of measured conductance normalized to length (LN Cond.) and LDM at
500 ms intervals over the full 10 s print. (b) Line of best fit with LDM as a predictor of length-
normalized conductance, verifying that a strong linear relationship can be expected for print

durations on the timescale of seconds.

4.2. Prediction of Electrical Properties

4.2.1. Serial Resistive Elements

In prior work, light scattering measurements have been linked to the deposition rate and
electrical conductance, but only averaged over an entire print and for a specified sample
geometry [42]. The demonstration in the preceding section encourages the generalization of this
to short time scales and arbitrary geometries — in effect, that the linear deposition metric can be

employed as a finite element to predict resistance of features printed with AJP. Material



deposited by AJP can be conceptualized as a continuous, conductive wire with varying cross-

sectional area. In this case, resistance is represented by the integral

L
= = (7)
Reor f AL = 1511?02/1 Asi

where Ry is the total resistance (Q2) of the wire of length L (m) extending in the s-direction, p is
the resistivity (Q'm), and 4 is the cross-sectional area (m?). In the simplest terms, this definition
is nothing more than the familiar equation for resistors in series R = R; + R> + ... + Ry. If the

length interval between cross-sectional area measurements is sufficiently small, a close

approximation of the true resistance can be made.

The employed measurement frequency of approximately 125 ms was expected to be
adequate to approximate the integral in (7). Tying the linear deposition metric into (7), the

approximation of total resistance, R: (€2), becomes

li
— LDM; * m_. + b,

(8)

Rior =

where LDM; is the linear deposition metric (W m?) over segment i and /; is the length of segment
1. The fit coefficients m. and b. are obtained from a separate calibration print and equate LDM
with length-normalized conductance, having units W' Q! m™! and Q! m, respectively.
Following this hypothesis, any continuous feature printed by an aerosol jet printer can be
approximated using real-time light scattering data, in addition to historical data correlating

scattering measurements to electrical properties.

Putting this to the test, a series of two consecutive prints were performed. The first was a

calibration print to back out the precise relationship between LDM and length-normalized



conductance by finding the slope and y-intercept, m. and b.. The toolpath used to back out these
values was a generic, rectangular bar and is discussed in further detail in the Supplemental
Information (Section SI 2.) This curve is similar in nature to the one shown in Fig. 3b, except the
full print took place over approximately 20 min, rather than 10 s, to obtain a more reliable
approximation for the fit parameters. In the second print, a multitude of serpentine patterns were
printed over the course of about 35 min. In both prints, the feed rate and carrier gas flow rate
remained the same throughout each print, so the resulting variation in deposition rate results
solely from fluctuations in aerosol volume fraction. The measured resistances of each of these

prints are plotted in Fig. 4a, alongside the predicted resistances calculated using (8).

The predicted resistances line up closely with the measured results, demonstrating that light
scattering measurements capture the differences in deposition rate throughout each individual
device (Fig. 4b). The predictions tend high by ~10% across the sample set. Because this
inaccuracy was consistent throughout the whole print, measurement drift of the optics cell is
unlikely. Rather, this difference is attributed to the different sample geometry between the
calibration pattern (Fig. S2b) and the test pattern, which has only a single pass serpentine trace
with higher resistance by a factor of ~50. Better matching the calibration print geometry to the
test prints is thus a promising route to address this, and the modest error despite the different

resistance range illustrates the versatility of this approach.

Regardless, light scattering measurements provide a new data stream to aid with quality
control for point-to-point resistance measurements. Additionally, with stable definition of the
calibration fit parameters, (8) can inform print design and printing parameter selection. Using

data from a single calibration print, a researcher or engineer could preemptively determine the



flow rate, print speed, and number of layers to target electrical resistance for an arbitrary pattern

geometry, eliminating considerable empirical guesswork and iterative optimization.
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Fig. 4. (a) Comparison of measured resistances against resistances predicted using (8), verifying
that the 125 ms measurement frequency of light scattering measurements can be leveraged to
build finite elements capable of predicting bulk resistance of a printed device. (b) LDM

colormap and (c) image of one serpentine pattern printed in this test, demonstrating enhanced

data visualization beyond visual inspection.

4.2.2. Sheet Resistance

In many printed electronics applications, sheet resistance or film thickness are often the
most critical design parameters. Here, a mathematical model for predicting sheet resistance is
built using light scattering readings. As shown in the previous sections, LDM is an excellent

proxy for the cross-sectional area of a line printed via AJP. In the equation for a continuous wire



(7), cross-sectional area appears directly, and LDM was substituted without further modification.
On the other hand, the general equation for sheet resistance depends only upon resistivity and
thickness. In (9), Rs is sheet resistance (£¥/0), p is resistivity (2-m), and ¢ is the thickness (m). To
build a predictive equation for sheet resistance using LDM, the cross-sectional area of a single
printed line must be introduced. The exact formulation could vary depending on the toolpath
setup, but for a print with outside dimensions much larger than the line resolution and with an
evenly spaced infill pattern of overlapping lines, the quotient of infill pitch over cross-sectional
area can be substituted in place of thickness. Ultimately, this substitution results in (10),
averaging LDM in localized regions to estimate average sheet resistance over the whole print. A

more complete derivation may be found in the Supplemental Information Section SI 3.

p
Rg = - )
1 N M
_ _22 (10)
NMllelL U*mc+b

In (10), Rs is sheet resistance (€2/0), d is the infill pitch (m), and m. and b. are collected
separately in a calibration print and equate LDM with length-normalized conductance, with units
W' QT m!and Q' m, respectively. These two parameters are the same used in (8) to predict
resistance and can be obtained from the same calibration print. To average sheet resistance of a
single layer (and thickness by proxy) over the full region, the print is discretized into M x N

regions in the XY plane.

To test this experimentally, 5x5 mm square pads were printed using a conductive silver
nanoparticle ink over the course of about 90 min. A simple rectilinear infill pattern was

employed with a pitch of 40 um, following a raster motion back and forth in the X-direction for a



single layer. Each individual line was approximately 80 um wide, so the 40 um pitch allowed for
substantial overlapping. A full diagram for the toolpath is shown in Fig. S3. The values for m.
and b. were obtained from a separate calibration print performed immediately before the 5x5 mm
squares using the same generic pattern as in the previous section (as detailed in Supplemental
Information Section S 12). After sintering, resistance measurements were collected from each
conductive square using the Van der Pauw method (Fig. S4). Two measurements were taken
from each square pad, each measurement rotated 90° from the other to account for any

anisotropy. Using both measurements, the sheet resistance for each square pad was calculated.

With physical measurements completed, a Python script was used to predict sheet resistance
using (10) and available light scattering data. A comparison of measured and predicted sheet
resistance values is shown in Fig. 5a. Generally, the predictions were close to the actual values
but tended 5-10% high. A substantial degree of anisotropy in bulk electrical properties was
present in all the prints, most probably due to localized thickness variations caused by the infill
pattern. The film thickness was on the order of 1 um, fluctuating typically 400 nm with the
raster pattern. Resistance measured perpendicular to these peaks and valleys was notably higher
than resistance measured parallel to them (Fig. S5). By itself, LDM does not provide detailed
insight into the cross-sectional geometry (thickness, width, profile, etc.) of a single printed line,
only the cross-sectional area. Eq. (10) simply expresses volume conservation and has no
modality to account for effects of directional thickness variation on sheet resistance. Thus, it
requires a smooth, consistent film comprised of overlapping printed lines for optimally accurate
predictions of sheet resistance, with ink leveling dependent on both the ink properties and

printing parameters.



If more accurate sheet resistance predictions are required, the LDM data could be employed
to build a 3D solid model, which could then be fed into an electrostatics solver. This would
additionally require foreknowledge of the cross-sectional morphology of a single printed line as
a function of sheath and carrier gas flow rates, aerosol volume fraction, and print speed for a
given ink to build a mathematical approximation of the cross-sectional geometry. However, in its
simplicity, (10) was able to give reasonably accurate approximations of sheet resistance,
increasing the breadth of light scattering measurements as a tool for in-situ qualification in

aerosol jet printing.
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compared with values predicted by (10). (b) Color map of LDM values discretized by X and Y
position alongside (c) an image of the completed print. (d) Optical profilometry data showing the
presence of localized thickness variation resulting from the rectilinear toolpath, causing

anisotropic bulk electrical properties.



4.3. Print Repair

Thus far, light scattering measurements have proven an effective data stream for predicting
resistance over sub-second timescales. The high positional accuracy of scattering measurements
shown in previous sections could support a form of post-hoc print repair, acting as a closed-loop
control system. Due to its additive nature, repair with AJP alone would of course be limited to
filling in low spots. Mathematically, the objective in this case is to achieve a uniform cross-
sectional area across the full print. Where initially inadequate material deposition is detected,
additional layers would be selectively printed to reach this objective. Cross-sectional area would

be summed over multiple printed layers as

M M
A =ZA]- =Z[LDM]-*mA+bA] (11)

j=1 j=1
where 4; is the total cross-sectional area of segment i (m?) and 4, and LDM,; are respectively the
cross-sectional area (m?) and linear deposition metric (W m?) of each subsequent repair layer
over the number of layers, M, within segment i. Again, m, and b, are employed to relate LDM
and cross-sectional area via a linear fit. From an electronics perspective, the equivalent
1

relationship would be the summation of resistors in parallel, R/ = R/" + Ry + ... + Ry’

Replacing cross-sectional area with length-normalized conductance, the relationship becomes

M M
=) =) [LDM; «m, +b] (12)
. £

j=1 J
where ¢; is the total length-normalized conductance within segment i (! m). Likewise, ¢; and
LDM; are the length-normalized conductance (Q' m) and linear deposition metric (W m?) over

M repair layers. Again, m. and b. are employed to equate LDM and length-normalized



conductance via a linear fit. Incorporating this with the previous definition using LDM in (8), the

series resistance of a print with multiple layers would be

li
Riot = Z (13)
" & [E, (DM, s me + b)),

with the linear deposition rate of each pass in segment 1 represented by LDM;. This general
equation may be extended to any print with any parallel adjoining features — basic examples

being any print with multiple layers or a rectangle with an overlapping infill pattern.

To demonstrate this repair functionality, resistance measurements were compared across
three groupings of 20 mm long, single-pass lines. The target LDM at the initiation of each print
was 10 W pm?. In two of these three groups, defects were induced via Python script by dropping
the carrier gas flow rate for a random time between 4-8 s at a randomized position in the print
and then returning to the baseline flow rate, in an identical manner to Section 4.1. In one of these
two groups, a repair print was attempted, while the other was left unaltered. To achieve a
uniform cross-sectional area across the whole repair print, multiple passes at a lower LDM of 1.1
W um? were selectively deposited on each of the repair prints. The LDM was reduced by
decreasing the carrier flow rate from 18 sccm to 13 sccm and by increasing the feed rate from 1
mm s to 5 mm s™\. A Python script was written to automatically identify the regions with
inadequate deposition, determine the number of additional layers to fill them in given a target
LDM, and generate toolpaths to enact the repair. This methodology is depicted in Fig. 6a. Lastly,

the third group was left without induced defects to act as a control.
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Fig. 6. (a) Diagram depicting the print repair method, with a region of inadequate material
deposition being filled in with multiple light passes to reach consistent thickness throughout the
whole print. (b, ¢c) Cumulative LDM — including the initial pass and all repair layers — mapped
over X-position for two repaired prints targeting a constant LDM over the full print (blue line).
In (b), the defect occurs near the start of the print, while in (c) the material deficiency appears

later, thus requiring a unique toolpath for repair.

The randomized defect creation script resulted in printed lines with distinct initial LDM
profiles over the full length of the print. This is demonstrated in the plots of Fig. 6b and Fig. 6c¢,
showing the accumulated LDM at increments on the full print, starting with the initially
defective layer and including each of the repair layers. For the print shown in Fig. 6c, the defect
develops much later than the defect shown in Fig. 6b and is not fully recovered from. Despite
these differences in the initial print, the measured conductance of these two prints after repair
were both within 5% of the average conductance of the control prints with no defect introduced,
demonstrating the success of the repair calculation script and the methodology in general. The

same goes for the other initially defective, post-repaired prints, as shown in Fig. 7. On the other



hand, the conductance of the printed lines with a randomly induced defect without follow-up

repair layers averaged 42% lower than the mean conductance of the lines with no defect.
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Fig. 7. Conductance and average LDM of three groups of 20 mm printed lines, with two groups
containing randomly induced defects and one control group without induced defects. Results
from the first group indicate successful repairs — initial LDM values are similar to the prints with

induced defects, while the post-repair LDM and measured conductance values are level with the

control group.

It bears noting that the defect creation demonstrated here is designed to challenge the
timescale for localization and repair. A brief, acute defect is the primary concern for this work,
because it strongly impacts electronic functionality and is not handled by previous quality
monitoring strategies. Moreover, the repair method could be adapted depending on materials and
device design. While this method used a constant deposition rate and relied heavily on the

machine’s shutter mechanism to print multiple layers, there is design freedom to vary the LDM



via carrier gas flow rate or print speed to minimize shuttering and printing passes. The ideal
repair strategy would depend heavily on the application and the ink properties, primarily on the
interaction of carrier flow rate and print speed with line resolution. While this method can of
course only address under-printing defects, coupling with a subtractive method such as laser
ablation could support broader applications. Regardless of the repair type, these results
demonstrate that the real-time nature of light scattering measurements can support a data-rich,
smart manufacturing process to enable robust quality control measures in a production
environment. This could take the form of a digital twin, and a more sophisticated model could
potentially account for overlap and leveling of traces to generate a 3D model of the
manufactured part based on process data [47], incorporating not just the deposition rate but
additional print characteristics such as resolution and line morphology. Furthermore, electronics
repair using AJP could be generalized using this technique by feeding profilometry or image data
to the repair calculation script, for example to achieve thickness uniformity and pinhole filling in

dielectric films, or to automate conductive trace repair for printed circuit boards.

5. Conclusions

Fundamentally, this work demonstrates two new applications for light scattering
measurements in AJP — data-driven quality control and physics-based process design. Regarding
the former, light scattering measurements have been shown here to provide meaningful data on
<1 s timescales, allowing them to be spatially correlated to the tool head position. This supports
an extensive data record for each printed part that captures process parameters, spatial position,
and a prediction of deposition rate. This enables operators and quality assurance personnel to
locate the position of a potential defect within a printed part, and thus make a more informed and

sophisticated determination of the defect criticality. Complex electronic assemblies have regions



with disparate sensitivity to fluctuations in deposition rate, and this methodology allows for high
fidelity in-situ qualification with a runway to continued improvement in sampling rate. Because
light scattering power represents the aerosol volume fraction, a physical parameter missing from
other measurement systems, the volume of material deposited can be reliably tracked. Provided a
calibration curve, the LDM is related directly to both cross-sectional area and length-normalized
conductance, and can thus be substituted into relevant equations to predict functionality. This
was demonstrated here for both point-to-point resistance and sheet resistance. Calibration curves
were developed in tandem with the printed devices to eliminate print-to-print variability related
to impaction efficiency or droplet size [46], which is attributed to suboptimal hardware design of

custom-built printer components.

Future work should address the aforementioned batch-to-batch variability in the relationship
of LDM to the true linear deposition rate, which could reasonably arise from second order effects
influencing impaction efficiency or droplet size, such as temperature. Once this limitation is fully
addressed, the mutable, physics-based approach for designing prints shown here will be
generalizable and transferrable. For example, to print a film with a specified thickness, key
process parameters including flow rate, print speed, layer number, and line pitch can readily be
calculated prior to printing using the constitutive equation for film thickness. Combined, these
two features provide a compelling foundation to integrate more advanced digital tools with the
AJP process. For example, 3D digital twins of the printing process could generalize this
capability to more complex patterns with diverse electronic functionality. The light scattering
approach could also work in tandem with imaging-based solutions [34,38,48], which would
simultaneously collect morphological data, such as line width and overspray, and provide

independent detection of shorts and discontinuities. Quality control is a broad challenge across



additive manufacturing, and this work demonstrates light scattering with <1 s sampling as a
viable approach to real-time quality monitoring of AJP, allowing spatial localization and repair

of defects along with direct prediction of electronic functionality.
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SI 1. Raw Data from Manual Defect Creation (Section 4.1)

The data shown in Fig. S1 is a comparison of the raw, unaltered LDM, carrier flow rate, and
scattering measurements shown in Fig. 3a. The plot shown in that figure has been sorted into 500
ms bins, with the LDM data in each bin being averaged, visually smoothing the plotted result,
but otherwise not altering the data. Here, the necessity of light scattering measurements is more
completely demonstrated. The defects induced for prints in Section 4.1 and Section 4.3 both
involved sharply decreasing the carrier gas flow rate, resulting in a delayed decrease in the light
scattering measurement — and therefore aerosol volume fraction. Despite the short duration of
defect inducement, this plot shows that tracking the carrier gas flow rate by itself would have

caused a substantial mismatch in the predicted and actual deposition rate.
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Fig. S1. Real time data comparing LDM, carrier flow rate, and scattering power over the course
of the print, showing that inducing a defect by rapidly dropping the carrier flow rate leads to a
delayed reduction in the aerosol volume fraction, necessitating light scattering measurements for

defect detection.

SI 2. Calibration Print Data for Resistance Predictions (Section 4.2.)

For a full prediction of resistance, (8) requires external calibration data relating LDM to the
length-normalized conductance of a printed line. This is achieved in Fig. S2a, by generating a
line of best fit for the data, as described below. The toolpath used for the calibration pattern is
shown in Fig. S2b and Fig. S2c. The pattern consists of a several layer thick, 9 mm x 160 um
rectangle with four 0.5mm measurement pads for resistance measurements via four-point probe.
Atomizer voltage was manually manipulated to vary deposition rate for each print in the
calibration curve. For normalizing conductance to length, the measured conductance was

multiplied by the length between the two inner pads (5 mm) and divided by the number of passes



(10) to obtain a value with units of Q' mm. Finally, a linear fit line was calculated with LDM as

a predictor of these values of length-normalized conductance.
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Fig. S2. (a) Calibration curve used to obtain resistance predictions for the serpentine dataset in
Section 4.2.1., with regard to LDM as a predictor of measured conductance normalized to length
(LN Conductance) in millimeters of printed line. (b) Diagram (X and Y axes not to scale) and (c)

image of the toolpath used for calibration curve generation.
SI 3. Sheet Resistance Predictions

Thickness and Sheet Resistance Predictor Derivation

A derivation of the sheet resistance estimation in (10) is given below. With regard to the
toolpath, this model assumes an evenly spaced, overlapping (pitch smaller than line width)
rectilinear infill pattern, like the pattern shown in Fig. S3 and used in Section 4.2.2. The general
objective is to mathematically link the cross-sectional area of a single printed line with thickness.

First, the total volume ¥ (m?) of printed material is expressed with two equivalent equations; the



first in terms of thickness ¢ (m) and surface area A4,y (m?), and the second in terms of the cross-
sectional area of a single printed line 4. (m?) and the total length of the toolpath L (m).
V = Agurst = Ayl
The next objective is reducing 4s.,rand L in terms of the pitch or infill spacing d (m) and the
width of a printed region, / (m). Asu.r1s simply the product of the total length and width of the
printed region, and L is the summation of all line segments. The variable N is the number of
passes within the region.
Agyry = (N1
L=N({+d)=NlI
In the equation for total toolpath length L, the d term is neglected since it only affects the
exterior edges of the print. Substituting both into the volume equation yields the following.
V = (Nd)lt = ANl
The N and / terms divide out of both sides, resulting in the thickness being expressed as
shown below. Sheet resistance Rs (€2/0) is simply the quotient of resistivity p (€2 m) and
thickness and is expressed below, incorporating the new equation for film thickness.

Axs

d

_pd
&=

From here, all that remains is introducing the LDM and calibration fit parameters for cross-
sectional area and length-normalized conductance. These substitutions are shown below. These

expressions will yield the thickness or sheet resistance at a given XY position.

LDM *m, + b,
t = p
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Fig. S3. The toolpath used to print conductive square for sheet resistance measurements in
Section 4.2.2. This consists of a 5x5 mm square, with a uniform, 40 um rectilinear infill pattern,

making it valid for (10).

Resistance Measurements — Van der Pauw Method

The Van der Pauw method was used to collect sheet resistance measurements. For each of
the squares, an electrical probe was placed in each of the four corners. Current was sourced
across two adjacent probes, and voltage was measured across the remaining two, allowing for
resistance to be calculated, as shown below in Fig. S4. This was repeated twice for each square —
once measuring voltage perpendicular to the raster and once parallel to the raster. Sheet
resistance was then calculated using both measurements. Because sheet resistance cannot be
measured more locally using this setup, validation of local variations cannot be performed, and
are further challenged by the fact that the calculation of sheet resistance assumes a uniform

thickness. As a result, while we can show some value in estimating sheet resistance based on



process data, more sophisticated methods would be needed to account for real variations in
thickness and anisotropy. As these methods would be necessary for generalizing this approach to
point-to-point resistance with more complex geometries anyway, we view these as a natural next
step for using in-line measurements, requiring more sophisticated modeling but leveraging the

same process monitoring technology.
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Fig. S4. Sheet resistance measurements collected via the Van der Pauw method taken parallel to

the raster (left) and perpendicular to the raster (right).

In the physical prints, the resistance measurements obtained with the Van der Pauw method
showed a substantial degree of anisotropy. Fig. S5 shows the raw resistance readings obtained

using the Van der Pauw method both perpendicular and parallel to the infill direction.
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Fig. SS. Anisotropy in bulk electrical properties of the printed squares perpendicular and parallel

to the raster direction of the 5x5 mm squares printed for Section 4.2.2.



