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Image-Based Closed-Loop
Control of Aerosol Jet Printing
Using Classical Control Methods
Aerosol jet printing (AJP) is a complex process for additive electronics that is often unsta-
ble. To overcome this instability, observation while printing and control of the printing
process using image-based monitoring is demonstrated. This monitoring is validated
against images taken after the print and shown highly correlated and useful for the deter-
mination of printed linewidth. These images and the observed linewidth are used as input
for closed-loop control of the printing process, with print speed changed in response to
changes in the observed linewidth. Regression is used to relate these quantities and
forms the basis of proportional and proportional integral control. Electrical test structures
were printed with controlled and uncontrolled printing, and it was found that the control
influenced their linewidth and electrical properties, giving improved uniformity in both
size and electrical performance. [DOI: 10.1115/1.4043659]

1 Introduction
1.1 Objective and Motivation. Aerosol jet printing (AJP) is a

high-resolution printing technique for additive fabrication of elec-
tronics. Among the advantages of this technique are high resolution,
a wide viscosity range of materials, and a large standoff distance
from the substrate. This technique has been used for the creation
of various electrical devices, from interconnects and components
[1–6] to sensors [7,8], and even printing electronics directly on
objects [9]. Because of these advantages, work is being done to
improve the AJP process and allow for high quality, more consistent
prints. Accordingly, the objective of this work is to develop and
implement an in situ image-based monitoring and closed-loop
control approach to ensure print quality in AJP. This work thus
takes the first step toward the long-term goal that changes in the
print output may be sensed and compensated for while printing.

1.2 Background and Gaps. Currently, studies of AJP have
been done to characterize the printing process and optimize the
printed output, specifically AJP lines that are used to make traces
and structures. Mahajan et al. [10] described how printing with
the ultrasonic atomizer could be optimized and how the ratio of
sheath and carrier flows affects the formation of thick, narrow
printed lines. Verheecke et al. [11] demonstrated the optimization
of AJP lines using the pneumatic atomizer and rudimentary image
processing to optimize for narrow printed lines. Likewise, Goth
et al. [12] also optimized AJP using the pneumatic atomizer,

conducting experiments at different flows and observing the result-
ing linewidths to determine process parameters. Salary et al. [13,14]
also aimed to optimize AJP using visual quantifiers to indicate line
quality, which was confirmed through electrical measurements ver-
ifying print quality. Thompson and Yoon [15] discussed how AJP
quality can be optimized through toolpath planning and ensuring
a constant velocity during the printing process, as the print speed
is critical, but do not incorporate any control or monitoring into
their process. Smith et al. [16] also described the optimization on
different substrates using AJP with different process parameters
and also included an assessment of process drift. Gu et al. [17] pro-
vided an assessment of AJP printing capability using microwells
with a known volume, which are filled using printing to show the
rate of AJP material deposition and allow for the characterization
of the printing process. Sun et al. [18] and Li et al. [19] also inves-
tigated fitting complex statistical models to AJP quality based on
image data.
These characterization and optimization studies do not take into

consideration that AJP is not a static process and that it tends to
drift over time. During AJP, the observed output may drift or fluc-
tuate, leading to irregularities in the output even though the print
parameters have not changed. Additionally, they are all based on
off-line (postprinting) characterization data, assuming that the
optimal process operability window obtained from an experiment
can be usefully applied to subsequent experiments. Due to these
shortcomings in detection and compensation in print fluctuations,
we developed a new vision-based method for the monitoring, opti-
mization, and control of AJP. This method makes use of the stan-
dard process monitor camera on the Optomec AJ-300 aerosol jet
printer to observe print quality during the print and image process-
ing to provide information about the print quality while printing.
From this data stream, changes can then be made to the print
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parameters, such as process flows or print speed, and a more con-
sistent print can be obtained. Specifically, we alter the print speed
to compensate for changes in ink output and ensure a consistent
deposition rate of material based on print speed. Though this sort
of closed-loop control for deposited material is new for AJP, it
has been previously used for additive manufacturing based on
welding processes. In the work by Xiong and Zhang [20], a con-
troller using image data and extracting the distance between a
welding gun and workpiece was demonstrated. It was found that
this control could compensate for deposition and height variations
and give an output closer to a specified value. Xiong et al. [21] also
characterized the response of the weld process using a system iden-
tification process and subsequently designed a vision-based con-
troller to vary the weld travel speed to control for changes in
welding parameters such as current and temperature. This control
was also used to vary the width of the weld, and a part was dem-
onstrated with variable thickness, created by varying the weld
speed.
These works show an analogous process that was able to be con-

trolled and optimized using visual data. We will follow a similar
approach for our control of AJP linewidth, varying print speed to
control linewidth. Likewise, tests are done with multiple speeds
to create data on the relationship between linewidth and print
speed. Regression is used to create a relationship between print
speed and linewidth, and we assume that the width is a direct func-
tion of print speed at a given material output. If the material output
changes due to drift or some other change in the printer, and the
linewidth increases, this change can be compensated for using the
same relationship we observe in changing the print speed. This rela-
tionship is used to create a simple proportional controller. The
regression slope is used as a basis for the controller gain, with the
reciprocal of it being used as the gain. Control inputs come from
the error between a specified linewidth, which is observed for the
initial print parameters, and the currently observed linewidth. The
controller also has a tolerance or deadband, as well as a function
to ignore unusually large changes in linewidth, as these are anom-
alies. If an error is larger than the tolerance, it is divided by the
regression slope to find a new print speed to increase or decrease
the linewidth back to the specified width. Given the slow, linear
nature of the drift, as described by Smith et al. [16], proportional
control with the tolerance defining a deadband could be adequate
to improve the AJP process and demonstrate closed-loop control
[22]. This monitoring and control is implemented through software,
and a few different languages and software packages are needed to
handle the communication, image processing, and execution of the
print process. This includes PYTHON-OPENCV, C++, ACSPL+ (language
of the ACS motion controller), and KEWA (Optomec AJP control
software). With the implementation of the forwarded vision-based
sensing and control approach, we (i) validate the ability to sense
linewidth in near real-time compared with in-line measurements;
(ii) create a regression model of linewidth versus print speed;
and (iii) demonstrate closed-loop control of printed linewidth
using proportional (P) as well as proportional-integral-derivative
(PID) controllers. Test structures are printed and compared with
those printed without control to assess the controller’s impact on
AJP quality. After initial experiments and results using this
controller, shortcomings were identified, and it was decided that
the design of a PID controller could further improve the perfor-
mance [22]. Design of a new controller used a simulation-based
approach with MATLAB SIMULINK used to simulate the printer
behavior with a PID controller. Using the SIMULINK model, a propor-
tional integral (PI) controller was designed and implemented. Test
structures were again printed and compared with those printed
without control, and the PI controller was found to improve AJP
quality, as compared with uncontrolled prints and the previous con-
troller. The following sections describe the experimental setup, with
the materials used and configuration of the printer for control, fol-
lowed by the results of the experiments and measurements of the
printed structures. The final section summarizes and concludes
this work.

2 Experimental Setup and Materials
2.1 Substrate and Ink. All printing was done on Ube Plastics

UPILEX 125S polyimide, which was used as received. Paru
PG-007AP silver nanoparticle ink was used in the pneumatic atom-
izer of the Optomec AJ-300 printer. This ink contains silver nano-
particles with an average size of 100 nm.

2.2 Camera Configuration. The AJ-300 printer includes two
cameras, one for process monitoring, observing the spot of deposi-
tion, and one for alignment, allowing visual location and inspection
of features on the substrate and setting of the print origin. Both are
used in this study and are standard for the Optomec AJ-300 system,
with the process monitor camera for in situ images and the align-
ment camera for validation images. Both cameras are configured
and controlled using a custom Windows application written in
C++ using Point Grey’s FLYCAPTURE2 application programming
interface (API). Both cameras are set to free running mode with
frame rates of 50 fps. The start/stop of the image capturing is trig-
gered using memory buffer flags of the motion controller set/reset
in synchronization with the printing start/stop.
The process monitor camera, which is inclined to look at the point

of ink deposition at approximately 45 deg, was used to capture
images of the printed line while it is being deposited. All prints are
made in the y-direction of the stage, so that the line is always
in-line with the camera, and the imaged area is in focus. The
process monitor camera consists of a Point Grey Flea3 1.3 MP
Color GigE camera, with an Infinity Photo-Optical InfiniStixTM

1.0X, 94 mm working distance video lens and 4X magnification
module. The camera was restricted to 300 × 100 pixels to observe
an approximately 300 × 100 μm section of the printed line with
1.01 μm/pixel resolution, with an exposure time of 1 ms and frame
rate of 50 fps. Narrowing the camera window size (also known as
windowing) serves two functions: (i) it restricts the image to only
the depth of field of the camera and (ii) it reduces the image size,
which allows for faster image processing. Images are saved as
raw12 data format and .tif file format. A Dolan-Jenner PL-800
fiber coupled lamp is used to illuminate the printed line. It is
mounted opposite of the camera to provide the greatest amount of
reflected light to it. A paper diffuser is mounted on the end of the
fiber, and the fiber is positioned so that the background of the image
is saturated, aiding in the identification of the linewidth. The layout
of this camera and illumination is shown in Fig. 1, and an example
image in Fig. 2(a).
The alignment camera is used to look at the printed line after it is

printed and provide validation information on the width of the
printed line. This camera is mounted perpendicular to the platen
and consists of a Point Grey Flea3 1.3 MP Color GigE camera
mounted to an Infinity Photo-Optical InfiniTubeTM FM-200,
which has coaxial illumination and a 4X, 18 mm working distance
objective, which provides a total magnification of 8X. The camera
was windowed to 720 × 480 pixels to observe a 150 × 100 μm
section of the printed line with 0.48 μm/pixel resolution, with an
exposure time of 1 ms and frame rate of 50 fps. Images are saved
as raw12 data format and .tif file format. Illumination is provided
by a Philmore 80 Lumen, 6000 K color LED placed on the
coaxial illumination port. The layout of this camera can be seen
in Fig. 1 and an example image in Fig. 2(b).

2.3 Image Processing and Analysis. A major component of
this effort is the need to analyze the collected images and extractmor-
phology data from them to be used for analysis and control while
printing. In our previous work [13,14], we successfully implemented
algorithms for in-line analysis. These intensity-based linewidth algo-
rithms were optimized and implemented in PYTHON-OPENCV, a compi-
lation of image processing functions and algorithms executable
from PYTHON. The PYTHON-OPENCV implementation provides us the
capability of high-speed image processing in our application. The
computational complexity and the workload of the image processing
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were optimized such that enough computational resources were allo-
cated for other control project-related applications.
The algorithm for finding the linewidth starts by importing a saved

image (I ), I∈ Rm×n, in gray-scale format into PYTHON-OPENCV, where
it is initially complemented, transposed, and normalized (to be glob-
ally mapped in the range of [0,1]). We note that the background is
saturated during printing in all experiments. The imported images
are then dynamically cropped to prevent oversampling. Subse-
quently, in order to remove noise and obtain a smooth profile of

intensity, the pixel values of each row are averaged and stored as a
new element in a vector (J ), J ∈ Rn×1. The resulting vector reveals
the regions of line and backgroundmore smoothly. Finally, the algo-
rithm searches for vector indices whose row-wise averaged intensity
values are less than or equal to a set threshold. After the locations of
the edges are found, the difference between them is calculated for the
width. The quantified line width is logged and shared with other
modules of the code to execute control. This method has appeared
to be accurate, efficient, and quick for process control. It is worth
mentioning that we have developed several other image processing
algorithms (although not used in this work) that can be utilized for
edge detection in various process and illumination conditions. An
example of edge detection on an image is shown in Fig. 3.
As mentioned above, image processing is used to solve the

problem of oversampling the printed line. Oversampling results
from the fact that an observed line in an image is 100 μm long,
and at low print speeds, such as 2 mm/s, the printer will only
travel 40 μm between images, meaning 60% of the image was
already sampled for linewidth determination, as shown in Fig. 3.
To avoid this, a routine is implemented to crop images based on
print speed, removing the previously sampled areas from the anal-
ysis. This allows the use of a constant sampling rate while prevent-
ing oversampling of the printed line with the changing speed. It is
known though, that operating at this frame rate will result in under-
sampling at higher speeds, as the printer will travel 200 μm between
images at 10 mm/s. This is of course undesirable, but unavoidable,
as the frame rate cannot be increased further at this time. The results
of this cropping are shown in Fig. 3.

3 Communication Protocols, Synchronization, and
Control
3.1 Communication Protocol. A custom Windows program

written in C++ communicated to the cameras and the motion con-
troller. The camera communication is implemented using Point
Grey’s FLYCAPTURE2 C++API. The functionalities of the application
include registering camera settings, image capturing, and file
saving. The communication to the ACS motion controller is imple-
mented using ACS SPIIPLUS C++ API. The application is capable of

Fig. 1 Photo of process monitor and alignment cameras on the
Optomec AJ-300 used in this study

Fig. 2 Example images collected in this study from the process monitor (a) and the align-
ment camera (b). Note that the shading in the process monitor image is due to the lighting
and observation at an angle.

Fig. 3 Graphic depiction of cropping and image analysis at 2 mm/s print speed. The previous image is shown on the
left, and the area analyzed and cropped from that image is removed from the current image. The current image is then
cropped an analyzed, with the detected line edges shown in blue.

Journal of Manufacturing Science and Engineering JULY 2019, Vol. 141 / 071011-3

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/141/7/071011/6407512/m
anu_141_7_071011.pdf by U

niversity of N
ebraska - Lincoln Lib user on 22 M

arch 2020



detecting the axis motion, reading/writing the axis speed, and
reading the global buffer of the motion controller.

3.2 Synchronization. The system requires the C++ Windows
application and the PYTHON script (used for linewidth detection and
print speed calculations) to run simultaneously. The interprocess
communication/synchronization is accomplished via shared files
accessible by both programs. The C++ application writes to a flag
file setting/resetting the motion flag depending on when the axis
motion starts/stops. The PYTHON-OPENCV application reads this file
and starts/stops image processing based on it. It then writes a calcu-
lated speed to a speed file specifying the target speed of the axis.
The C++ application reads this file and sets the axis motion speed
accordingly. Both C++ and PYTHON applications constantly and
appropriately check these file contents and change the program
behavior accordingly. Operating system level file access control
allows proper read/write synchronization. Furthermore, proper
error handling has been incorporated into the applications to
avoid possible file access errors. The Windows C++ application
uses POSIX Threads (Pthreads) to run image capturing and
motion controlling in separate threads to avoid any delays intro-
duced by a sequential execution of two functions.

3.3 Control. Both C++ and PYTHON-OPENCV are running before
a print in the waiting mode. Next, we start the printing by running
an ACSPL+ file through KEWA. The ACSPL+ file contains the toolpath
for the print, and it sets/resets a user-defined global flag variable
when it wants the camera to start/stop capturing the images. As
soon as the motion starts, the C++ application sets the motion
flag file, driving the PYTHON application to ready mode and starts
reading the user-defined global flag variable in the buffer of the
motion controller. It then starts/stops image capturing in synchroni-
zation with the global flag variable value. As soon as the images are
available, the PYTHON application analyses the images, applying the
cropping and processing methods discussed earlier. PYTHON-OPENCV
may then make changes to the speed file based on the images read
in. Any changes in the speed file are read by the C++ application for
updating the motion speed.
The previous general description is how all the pieces work

together to collect data during a print. This process forms the
basis for the data collection in calibrating the process, finding the
controller gain, and implementing the control. For collecting infor-
mation on the gain, the relationship between the linewidth and print
speed, the print speed is varied based on the number of images cap-
tured, giving the ability to collect data on the linewidth for different
speeds in one experiment. After this experiment, a PYTHON code is
used to quickly analyze the data and find the gain by selecting 30
points from each speed and performing linear regression on the
selected data. This gain value is also written to a text file to allow
it to be accessed for controlled printing.
The speed calculation is also implemented in PYTHON-OPENCV and

is similar in its implementation of writing a calculated new print
speed to a file that will be continuously read by the C++ application
and fed into the motion controller. The difference is that the speed is
being computed with each photo that is taken based on the linewidth
value. This linewidth value is logged and also passed to the algo-
rithm for control. The algorithm for the speed control also consists
of a few logical operations to create a tolerance or deadband,
remove anomalous linewidths, and prevent extreme print speeds.
The algorithm consists of first estimating if the difference
between the specified linewidth and observed linewidth is greater
than the deadband and less than the anomalous result threshold. If
either of these conditions is violated, then the linewidth is rejected
and the print speed is unchanged. If the linewidth is within the
window of error, a new print speed is calculated based on Eq. (1).
That is, by subtracting the original specified linewidth from the
observed linewidth, an error signal is produced. This is then multi-
plied by the reciprocal of regression slope (the proportional gain), to
give a correction speed to be added to the original print speed,

creating the new print speed.

New print speed = default print speed +
error

regression slope
(1)

where error is the difference between the specified and observed
linewidth. This new speed is then compared with maximum and
minimum print speeds, and if it is between them, it is written to a
file for the C++ application to implement, otherwise the previous
speed is maintained and if no history is recorded, it is set to the
nominal value of 4 mm/s.
The proportional integral control is implemented in a similar way

and uses PYTHON-OPENCV to calculate the correction added to the
default print speed based on current and integrated error, as
shown in the standard form of the proportional integral controller
in Eq. (2)

New print speed = default print speed

+ Kp error +
1
Ti

∫
error

( ) (2)

where Kp is the proportional gain and 1/Ti serves as the integral gain
[22]. The integral of the error is calculated using the trapezoidal rule
and logged in the PYTHON-OPENCV program. The same protections for
anomalous linewidths and minimum and maximum speed are also
kept.

3.4 Automated Test Printing. Given the complicated, multi-
component nature of this experiment, it was decided that the best
way to implement the printing of test structures was to automate
the process. This allows for the printing of test structures quickly
and uniformly, with a random pre-allocation of whether or not
they are printed with control, based on a text file read by C++
and PYTHON-OPENCV, with data being collected throughout the print-
ing process. The ACSPL+ file was modified to print multiple four-
point or Kelvin structures, which is done by adding a loop to add
an offset to the toolpath with each iteration. While the printer is exe-
cuting the ACSPL+, C++, and PYTHON-OPENCV are running as well,
with the C++ code saving images based on the flag variable in
the ACSPL+ file for image collection, and changing the print speed
based on text file value written by PYTHON-OPENCV. The C++ will
also create a new folder to save the images for each new print
based on the file specifying prints, and PYTHON-OPENCV will read
and analyze those images, changing the speed for control, and
saving linewidth data to a text file once motion stops. The relation-
ship among the control applications (software programs) is summa-
rized in Fig. 4, which shows all the components/blocks of the
proposed closed-loop control platform as well as the flow of data
among them.

4 Experimental Procedure
The experimental execution of this work can be split into two

parts: the validation of the in situ monitoring and the implementa-
tion and execution of printing with closed-loop control. The proce-
dure used to validate the monitoring will also serve to find the gain
used for the proportional controller in the closed-loop control exper-
iment. All printing experiments used the pneumatic atomizer with
the Paru ink, the 200 μm tip and 3 mm standoff from the polyimide
substrate. The print parameters of 40, 600, and 580 sccm were used
for sheath, atomizer, and exhaust flows, respectively, and resulted in
a line of approximately 70 μmwide at 4 mm/s print speed, the base-
line for these experiments. The experiment consisted of printing the
test for linewidth as a function of speed, after a 5-min equilibration
period, followed 2-min later with the first set of four-point struc-
tures. Each set consisted of ten structures. Two more sets of four-
point structures were printed, 10-min apart, 5 min printing and
5 min waiting. This brought the total print time to be approximately
40 min, a generally accepted runtime for the printer.
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4.1 In Situ Monitoring Validation. In this experiment, we
prove that the results given by the process monitoring camera
while printing are nearly identical to results gathered from the anal-
ysis of images taken after the fact. The procedure was to create an
ACSPL+ file to print a line 50 mm long, and program the
PYTHON-OPENCV to change the speed file (therefore the print speed)
after 50 images were taken at randomly assigned print speeds of
4, 2, 10, 6, and 8 mm/s. After this line is printed, it is then observed
using the alignment camera, running the same ACSPL+ file, with
speed file modified to run with the speed at 4 mm/s the whole
length, and the parameters for image analysis changed to analyze
these different images. The linewidths recorded from these two
observations were then compared to validate the process monitor
camera linewidths.
The linewidth data from the process monitor camera was then

used to create the regression model between the linewidth and the
print speed. From this linewidth data, 30 points were taken from
each observed print speed and used for the fitting of the regression
model. These same points were used for both the linear regression
used for the P controller and later the polynomial regression used
for the creation of the SIMULINK model in design of the PI controller.

4.2 Printing of Four-Point Test Structures. Once the con-
troller gain was determined from the in situ validation test, printing
of four-point test structures could be done. These structures were
used to accurately test electrical resistance, and a layout of one is
shown in Fig. 5. Their fabrication was done in two steps: first, the
printing of the conducting line, either at the default speed or with
control, then the printing of the pads for all the structures.
The run order was randomized, with ten structures printed, five

controlled and five uncontrolled. This run of ten structures was
done three times, with the start of each set 10-min apart. This is
done to assess the ability of the control to compensate for drift
over time. After printing, all samples were thermally sintered by
baking in a Binder convection oven at 200 °C for 60 min, with a
20-min ramp to temperature. Electrical measurements were made
with a Suss probe station connected to a Keithley 2614 source

measure unit. A current of 10 mA was used for the four-wire resis-
tance measurement of the printed structures. This procedure for
printing and testing was conducted for both the proportional and
proportional integral controllers.

5 Results and Analysis
First, the observations of the process monitor camera are vali-

dated, and the regression model based on these observations and
P controller is created. Experiments using the P controller are
described, followed by the creation of the SIMULINK model and PI
controller, and lastly, results of experiments with that controller.

5.1 Validation of the In Situ Monitoring Data. The first
experiment performed after the printer was started was to run a
print with different speeds, making different linewidths. The
purpose of this is twofold: to create the relationship between print
speed and linewidth and to provide validation for the new in situ
observation method.
A plot of the linewidth data for each observation method is

shown in Fig. 6. In Fig. 6, the average linewidth and standard devia-
tion for each print speed are shown, based on a sample of 30 points
at each print speed. A strong correlation of ρ= 0.993 is seen
between the two plots, indicating that they are seeing the same

Fig. 4 Diagram of the various inputs, outputs, and software used to monitor and control the AJP process

Fig. 5 Layout of the four-point test structures. The central line in
the structure was printed controlled or uncontrolled.
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Fig. 6 Comparison of observed linewidths at different print
speeds by the process monitor and alignment camera. The
results are highly correlated and similar. The error bars repre-
sent one standard deviation.
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changes in linewidth due to print speed. While the observations are
strongly correlated, there are still differences in measurements. This
is likely due to the less defined edges in the process monitoring
camera images, as shown in Fig. 2, and also slight changes in the
image intensity due to print speed. The reflectance and texture of
the ink can also change due to drying, and this change could be per-
ceived as different widths. Evidence for this is the fact that the large,
very wet 2 mm/s prints and the thin, very dry 10 mm/s had the
largest discrepancies, while the intermediate prints had less, as
shown in Fig. 6.
A final analysis of this data is performed to determine the gain to

be used in the proportional controller, performing a regression anal-
ysis with 30 linewidth points from each print speed. The plot shown
in Fig. 7 shows this data and the regression, which had an R2 value
of 0.962 and slope of −2.315. The reciprocal of this slope was then
used as the gain for the proportional controller. These experiments
validate the use of the process monitoring camera for monitoring of
the linewidth. We approximate a linear relationship between the
linewidth and print speed for simplicity in this attempt. This
serves as a basis for implementing proportional control.

5.2 Comparison of Controlled and Uncontrolled
Four-Point Structures. Before printing with and without control,
the proportional controller had to be implemented and updated.
This consisted of setting the anomaly rejection threshold, tolerance
for linewidth, and proportional gain. The terms of anomaly rejection
threshold and tolerance serve to prevent changes in print speed due to
erroneously large linewidths from contamination, such as dust parti-
cles, or excessive control effort being applied to nondrift variation in
the linewidth. The anomaly rejection is set to 15 μm, tolerance to
1.5 μm, and gain to −2.315. The anomaly rejection and tolerance
were set based on previous experience, while the gain was set
based on the previous print speed experiments. The first set of
printed four-point structures is shown in Fig. 8. The average line-
widths for the five controlled and uncontrolled samples in each set
are shown in Fig. 9. While the first set shows little difference
between controlled and uncontrolled, later sets, when changes in
the printer output occurred (i.e., when drift has become significant),
show a definite difference between the controlled and uncontrolled
samples in each set. This shows that the control is having an effect
and changing the linewidth in response to observation. When these
data are compared with the original specification made at the begin-
ning of the print for a linewidth of 70 μm, it is also clear that the con-
trolled samples remain closer to that specification. Although the
controlled linewidths show larger standard deviations within each
set, they show less variation among the three sets as compared
with the uncontrolled sets, as can be seen by comparing the averages
of the three controlled sets. This is likely due to oscillations in the

control system, an example of which is shown in Fig. 10, where
the linewidths in the third controlled and uncontrolled structures in
the second set of prints are plotted, where the linewidth will vary
in a regular pattern only in the controlled case.
This oscillatory behavior is typical for a proportional controller

and demonstrates that closed-loop control is initiated [22]. Addi-
tionally, it can be noted that the print speed has not reached its
maximum even though the line is continually out of specification.
This is likely due to the print output continuing to increase, such
that the initial regression curve is no longer valid, and the print
speeds determined by that initial curve are unable to bring the line-
width back into specification. Due to these issues with the P control-
ler, a PI controller was developed, as described in Sec. 5.3.
Electrical resistance data are shown in Fig. 11, from which a clear

difference can be seen between the controlled and uncontrolled
samples. While the controlled samples all had a higher resistance,
due to faster print speeds and less deposited material, they were
also more consistent, with an overall average of 7.158 Ω and stan-
dard deviation of 0.3579 Ω over the three sets. The uncontrolled,
however, has an average of 5.019 Ω and standard deviation of
0.7029 Ω across the three sets. The lower observed resistance is
due to the uncontrolled print settings creating oversized lines that
then have a lower resistance. This shows that the control method
was able to affect the electrical properties of the observed resistance.
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Fig. 7 Plot of observed linewidth as a function of print speed,
used to find proportional controller gain. The error bars show
the standard error of the mean.

Fig. 8 Photograph of the first set of four-point structures. The
dimensions of the four-point test structures are shown in Fig. 5.
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Fig. 9 Plot of average linewidth for the controlled and uncon-
trolled four-point structures using the P controller. The error
bars represent one standard deviation.
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Overall, comparing the results of controlled and uncontrolled
samples, we see that although the uncontrolled sets have smaller in
set variation, as shown by the smaller error bars in Fig. 9, the
average linewidth changes from 74 μm to 81 μm in the uncontrolled
case as compared with 72–75 μm in the controlled case over the
course of printing. A similar result is seen in Fig. 11, where the con-
trolled sets have a higher, but more consistent resistance.While these
results show that therewas an improvement, the specification for line-
width was not met in the second and third sets, and the controller did

not increase print speed to its maximum to meet this. As discussed,
this is likely due to a changing linewidth-print speed relationship,
with the slope and gain computed at the beginning of the print no
longer being relevant. This is backed up by the fact that the observed
print speeds, such as the example in Fig. 10, are accurate to that initial
setting; however, the change in the material output causes these
speeds to not have the same effect in decreasing linewidth. Further
study of this change in the print speed-linewidth relationship and
development of more sophisticated control algorithms, such as PID
control, could minimize this problem and are described below.

5.3 Improvements in Modeling and Control. Given the
shortcomings of the previous P controller, other controllers would
need to be investigated, such as the common proportional integral
(PI) controller. However, the challenge was finding the appropriate
value of the gains to be used in this controller. This in turn would
require a plant model of the printer for the linewidth and print
speed; however, this is not as trivial as anticipated due to the non-
linearity of the system response. This nonlinearity is due to the fact
that the motion controller sampling frequency and speed changes
occur very rapidly, on the order of milliseconds, while the camera
can only acquire images every 20 ms. This means that in a conven-
tional system identification bump test, where a step change is made
to the input and the output is observed, there are no observed inter-
mediate linewidths, only the steady-state linewidths at each speed,
with a 100 ms delay between the two values. This 100 ms delay is
an overall delay due to image acquisition, storage, and processing
time, as well as offset in observation from the point of print to
where the line is imaged. This implies that conventional transfer
function models and system identification could not be used to
create an accurate plant model. Since a conventional model could
not be used, we instead used the data on linewidth as a function
of print speed that was shown in Fig. 7 and used polynomial regres-
sion to create a model of the printer output. This equation is shown
in Eq. (3)

Linewidth = −0.055PS3 + 1.171PS2 − 9.478PS + 91.777 (3)

where PS is print speed and was found to accurately model the
average linewidth at each print speed and attempt to accurately rep-
resent the behavior of the printer. Using this equation and the
observed delay, a model for the plant and control could then be
made in MATLAB using SIMULINK. A screen capture of this model is
shown in Fig. 12.
It was found that this model could accurately replicate the line-

width of the printer and demonstrate closed-loop behavior, such
as oscillation. Using this model for the printer and controller, a
proportional-integral-derivative (PID) controller was tuned using
the MATLAB PID Tuner App, and the derivative term was found to
be 0, making the controller a PI controller. After initial gains
were found, the robustness of the control was tested by adding in
ramp inputs to simulate the drift of the printer and Gaussian noise
to simulate the normal variation in linewidth. This model was
also tested with different linewidth specifications, such as 65 and
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Fig. 11 Plot of average electrical resistance of the controlled
and uncontrolled four-point lines using the P controller. The
error bars represent one standard deviation.

Li
ne

w
id

th
 (μ

m
)

70

75

80

85

Print Speed (m
m

/s)

4

5

6

7

8

9

Image Number
0 10 20 30 40 50 60 70 80

Controlled Linewidth
Uncontrolled Linewidth
Controlled Print Speed

Fig. 10 Plot of linewidth and print speed for the third controlled
and uncontrolled four-point structures printed in Set 2. Note how
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Fig. 12 A screen capture of the MATLAB SIMULINK model used to test PID controller designs and create a PI controller that was then
implemented on the printer
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80 μm, and was found to control the print speed to allow for those
linewidths.
This PI controller was then implemented on the printer, with the

P controller code modified to now numerically integrate the
observed error and use that to help control the linewidth based on
the print speed. Experimental tests of this controller showed that
it worked, and manual tuning to improve performance gave propor-
tional gain Kp of 1.055e−5 and integral time Ti of 6.667e

−6 when
written in the standard form. The same experiment using printed
four-point structures was then carried out to assess the impact of
the new PI controller on the linewidth and resistance of the
printed lines.

5.4 Comparison of PI Controlled and Uncontrolled
Four-Point Structures. The experiment to assess the impact of
the controller was then repeated with this new controller, with
flows of 40, 680, and 630 sccm for the sheath, atomizer, and
exhaust, respectively, which provided a line 80 μm wide, and the
specification for these lines changed to 80 μm, accordingly. While
this output and specification are different than the previous experi-
ment, they should still be accurate for printer behavior and useful.
Changes such as this regularly occur as a part of the AJP process,
due to unavoidable changes in the ink and flow path of the
system. The three sets of ten lines are then printed, and the linewidth
and resistance data were analyzed. It was apparent that the control-
ler was working to keep the linewidth at the specification, as shown
in Fig. 13, where the controlled average widths were within 3 μm of
80 μm, while the uncontrolled were within 8 μm.
When examining the speed and linewidth of an individual line,

such as that shown in Fig. 14, we observe that the PI controller is
also able to converge quickly to the specification and does not oscil-
late. The electrical characterization of the printed lines also shows
the effect of the controller, as shown in Fig. 15. While the overall
resistance of the line was higher, the variation in resistance with
controlled printing is lower, with a range of 0.73 Ω and standard
deviation of 0.227 Ω, as compared with 0.96 and 0.314 Ω for
uncontrolled. This is desirable, as consistent traces allow for more
accurate electrical design.

6 Summary and Conclusions
A closed-loop control of AJP based on image data was imple-

mented. This method of control is based upon the analysis of
images captured during the printing process, which provided data
on the print, specifically linewidth. Using this data, two types of con-
trollers were implemented, namely a proportional (P) and propor-
tional integral (PI) controller, to vary the print speed in this study.

The accuracy of the in situ measurements with in-line measurements
was verified with a correlation of 0.99 for the two methods. The line-
width and electrical characteristics of the lines printed under control
were also improved, with the linewidths closer to the specification as
compared with the uncontrolled prints. The electrical characteristics
of the printed lines were enhanced, and the line resistance of the con-
trolled lines was more consistent, albeit with a higher average resis-
tance. This is a crucial enhancement, as it allows practitioners to
better design and simulate printed circuits using specified parame-
ters. This enhancement is present for both controllers, but is much
improved in the PI controller, where the maximum difference
between the average linewidth of a set and the specified linewidth
was 1.661 μm versus 5.034 μm and variance among the set averages
of 1.548 μm versus 3.205 μm. A similar improvement can be seen in
the resistance, where the sets with PI control showed a variance of
0.035 Ω, while P control sets showed a much larger variance in
the set averages of 0.1511 Ω. This reduction in geometrical and elec-
trical variance is very important, as it enables the efficient and prac-
tical design of circuits, especially at high frequency, where
geometrical accuracy has a large influence on key parameters like
impedance [2,23–26]. The reduction in the variation shown in
these experiments helps move AJP closer to being a manufacturing
process, with repeatable, stable parameters for design.
Overall, this is a first attempt at the closed-loop control of a

direct-write additive manufacturing process and is mostly an
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Fig. 14 Plot of linewidths for the second controlled and uncon-
trolled lines in Set 2, as well as the print speed used for the con-
trolled printing. Note how the linewidth started above
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engineering process control that will eventually be combined with
statistical process control [27]. Improvements can also be made to
this method by increasing the sample rate, improving image pro-
cessing, adding capabilities such as the extraction of 3D topology
[13,28], and also adopting new control methodologies, such as
fuzzy control. Other process parameters, such as the process gas
flows, could also be incorporated as control variables, providing
the opportunity for multivariate control. Eventually, complex
printed structures could be analyzed, as opposed to the simple
lines here, and adaptive toolpaths could be generated to compensate
for print changes in making complex structures and creating optimal
pattern fills, similar to Ref. [29], with active, closed-loop control
enhancing the process.
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