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Computational Fluid Dynamics
Modeling and Online Monitoring
of Aerosol Jet Printing Process
The objectives of this paper in the context of aerosol jet printing (AJP)—an additive man-
ufacturing (AM) process—are to: (1) realize in situ online monitoring of print quality in
terms of line/electronic trace morphology; and (2) explain the causal aerodynamic inter-
actions that govern line morphology based on a two-dimensional computational fluid
dynamics (2D-CFD) model. To realize these objectives, an Optomec AJ-300 aerosol jet
printer was instrumented with a charge coupled device (CCD) camera mounted coaxial
to the nozzle (perpendicular to the platen). Experiments were conducted by varying two
process parameters, namely, sheath gas flow rate (ShGFR) and carrier gas flow rate
(CGFR). The morphology of the deposited lines was captured from the online CCD
images. Subsequently, using a novel digital image processing method proposed in this
study, six line morphology attributes were quantified. The quantified line morphology
attributes are: (1) line width, (2) line density, (3) line edge quality/smoothness, (4) over-
spray (OS), (5) line discontinuity, and (6) internal connectivity. The experimentally
observed line morphology trends as a function of ShGFR and CGFR were verified with
computational fluid dynamics (CFD) simulations. The image-based line morphology
quantifiers proposed in this work can be used for online detection of incipient process
drifts, while the CFD model is valuable to ascertain the appropriate corrective action to
bring the process back in control in case of a drift. [DOI: 10.1115/1.4034591]

Keywords: additive manufacturing (AM), direct write (DW), aerosol jet printing (AJP),
sensing, monitoring, and diagnostics, computational fluid dynamics (CFD) modeling, in
situ online (real-time) monitoring, digital image processing

1 Introduction

1.1 Goal and Objectives. The goal of this work is to quantify
the link between process parameters and the print quality in terms
of the morphology of printed lines (electronic traces) in aerosol
jet printing (AJP) additive manufacturing (AM) process; and
subsequently elucidate the underlying causal aerodynamic interac-
tions that lead to certain trends in line morphology versus process
parameters as observed from experimental data. In pursuit of this
goal, the specific objectives of this work are to:

(1) Quantify the line morphology using online images acquired
by an in situ charge coupled device (CCD) camera as a
function of two AJP process variables, namely, sheath gas
flow rate (ShGFR) and carrier gas flow rate (CGFR).

(2) Formulate a two-dimensional computational fluid dynamics
(2D-CFD) model to explain the experimental trends in
terms of ShGFR and CGFR, and thereby elucidate the
underlying aerodynamic phenomena that influence line
morphology in AJP. This will lead to an understanding of
how and why ShGFR and CGFR interact to influence line
morphology.

Accordingly, this paper seeks to connect the physical process
interactions in AJP with the morphological integrity of deposited

1Corresponding author.
Manuscript received April 21, 2016; final manuscript received August 10, 2016;

published online October 3, 2016. Assoc. Editor: Donggang Yao.

Journal of Manufacturing Science and Engineering FEBRUARY 2017, Vol. 139 / 021015-1
Copyright VC 2017 by ASME

Downloaded From: https://manufacturingscience.asmedigitalcollection.asme.org/ on 10/19/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



lines through online image analysis and CFD modeling, and thus
answers the following open research questions:

� What are the process-machine interactions in AJP that
influence the line morphology, and how to quantify the line
morphology from online images?

� What are the causal aerodynamic phenomena that govern
line morphology in AJP?

The practical aim is to use the CCD camera-based image
analysis to detect incipient drifts in line morphology and, sub-
sequently, invoke CFD model-derived predictions to suggest
the appropriate corrective action for future closed-loop process
control in AJP.

1.2 Motivation. Aerosol jet printing (AJP) facilitates a host
of strategic applications, such as manufacture of complex geome-
try antennae, organic photovoltaics, and embedded flexible
electronics [1,2]. In such emerging applications, line morphology
attributes, e.g., line width, overspray, line continuity, etc., are crit-
ical for ensuring device functional integrity [3–5]. Currently, AJP
lines are characterized using offline techniques, such as optical
microscopy and profilometry as exemplified in Figs. 1(a)–1(c)
and 2, respectively. However, these techniques are ex situ, and are
therefore not amenable for online rectification in case of a process
drift. Instances of deleterious process drifts in AJP are exemplified
in Fig. 5 (Sec. 1.5).

Consequently, it is practically expedient to suggest avenues for
sensor-based online monitoring of line morphology in AJP pro-
cess. Furthermore, physical models are required to elucidate how
the aerodynamics of aerosol flow influences line morphology.
This will facilitate model-based, closed-loop control of AJP pro-
cess in the future.

1.3 Feasibility of Online Monitoring in AJP Process. In
this work, we show that online monitoring of line morphology is
feasible by integrating high-resolution optical imaging hardware
and novel image data analytics approaches. For instance,
Figs. 1(d)–1(f) show that online images acquired using an in situ
CCD color camera (Point Grey, Grasshopper) installed on our
experimental testbed (Optomec—AJ-300) are comparable to the
offline images shown in Figs. 1(a)–1(c) captured using an optical
microscope (Carl Zeiss M1M Axio Imager). The experimental
setup is explained in detail later in Sec. 2 (shown in Fig. 6).

We note that the three-dimensional line morphology corre-
sponding to Figs. 1(a)–1(c) observed using an optical profiler
(Figs. 2(a)–2(c)) also depicts facets seen in the top view with
two-dimensional imaging (Fig. 1). This justifies that the use of
two-dimensional imaging for gauging line morphology is not
impractical. Although there is a loss of information in the vertical
direction, line facets, such as overspray are nonetheless captured
with 2D images. Figures 1 and 2 thus demonstrate the feasibility
of using the CCD camera-based optical imaging as a key data
acquisition step, which paves the way for online monitoring of
AJP process.

1.4 Overview of Aerosol Jet Printing (AJP) Process. Aerosol
jet printing (AJP) is a noncontact, droplet-based, direct write
(DW), additive manufacturing (AM) technique [1]. AJP is used in
the manufacture of flexible electronics, molded interconnect
devices, high aspect ratio interconnects, conformal antennas, bio-
sensors, among other such emerging applications [6–10] (see, e.g.,
Fig. 3). In these aforementioned applications, conventional elec-
tronics manufacturing techniques, e.g., photolithography, electro-
plating, etc., are limited due to geometry, harsh operating
conditions, and material properties [11].

Fig. 1 (a)–(c) Offline images of AJP-printed electronic traces captured by an optical
microscope (Carl Zeiss M1M); (d)–(f) online images captured by a high-resolution CCD
color camera installed on our experimental setup

Fig. 2 (a)–(c) Offline 3D profilometry images showing the line thickness profile taken with an
optical profilometer (Wyko NT-1100)
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Novel solution-based materials, such as metal nanoparticles,
graphene, and poly (3,4-ethylenedioxythiophene) polystyrene sul-
fonate, can be AJP-deposited. Furthermore, low temperature,
ambient fabrication of electronics is possible [7–10]. Figure 3
exemplifies some of the electronic devices and structures printed
using AJP process at the authors’ laboratories in Binghamton Uni-
versity (SUNY). These include an antenna printed on a flexible
glass substrate (Fig. 3(a)), reduced graphene oxide (rGO) superca-
pacitors (SCs) and silver interdigitated electrodes (IDEs) printed
on a slim glass substrate (Fig. 3(b)), silver test lines printed on a
polymer substrate (Fig. 3(c)), and IDEs printed on polyimide (Fig.
3(d)), respectively.

Key advantages of AJP, over competing processes, e.g., inkjet
printing, are that the process accommodates a wider range of ink
viscosities (0.7–2500 cPs), operates at larger standoff distances
(�1–5 mm) allowing printing over nonplanar substrates, and has
the capability of printing geometries with higher resolution
(�10 lm) [1,11]. Salient aspects of inkjet printing and AJP are
juxtaposed in Table 1 (data synthesized from Refs. [6] and
[12–17]). A schematic of the AJP process is shown in Fig. 6
(Sec. 2). A liquid ink, consisting of dispersed nanoparticles, such
as silver or copper (particle size approximately in the range of
30–50 nm), is nebulized/aerosolized using an ultrasonic or

pneumatic atomizer. The type of nebulization technique is predi-
cated by the application area and ink properties.

In the ultrasonic atomization technique, a transducer which has
a frequency, typically, in the range of 1.6–2.4 MHz is used for
droplet generation [2]. Inks having high vapor pressure and low
boiling point loaded with particles of less than 50 nm in diameter
can be ultrasonically atomized [17]. In addition, the range of vis-
cosity for such inks is limited to 0.5–15 cP [17]. On the other
hand, in pneumatic atomization, a high-pressure flow of a gas
(e.g., Nitrogen) disperses the ink into droplets. Pneumatic atom-
ization is usually accompanied with an aerodynamic separator
called virtual impactor (VI). Separation is carried out with the aid
of an exhaust flow, which eliminates small-medium sized droplets
[17]. As a result, only droplets with larger size and momentum
enter the deposition head. In general, inks having vapor pressure
less than 0.1 mm (Hg), boiling point larger than 180 �C, viscosity
in the range of 0.7–1000 cP, and particle size larger than 50 nm
are amenable for pneumatic nebulization [17].

A carrier gas flow (CGF) conveys the aerosolized ink (mist) to
a deposition head. The carrier gas flow is saturated by passing
through a bath (bubbler) of solvent material. This impedes
changes to the ink chemistry stemming from evaporation of the
solvent. The solvent used in the bubbler is contingent upon the
solvent(s) used in the ink. The saturated carrier gas, containing
the suspended ink droplets, then flows to a deposition head,
where the carrier gas is surrounded by another gaseous stream,
called sheath gas. The sheath gas flow (ShGF) aids in focusing/
collimating the carrier gas flow.

In our experimental testbed, a pure and dry stream of nitrogen
is used as both carrier and sheath gas flows. The focused aerosol
flow, which is a multiphase stream of solid nanoparticles and ink
solvents in a gas, is passed through a nozzle (�100–300 lm in
diameter) and deposited on a target surface/substrate (1–5 mm
standoff distance). Because there is a continuous flow of aerosol,
a mechanical shutter is used to control the deposition of material
on the substrate. The ratio of the sheath gas flow rate (ShGFR) to
the carrier gas flow rate (CGFR) is termed as the focusing ratio
(FR), which is a consequential factor in determining line morphol-
ogy [18]. Among other process factors (shown in Fig. 4), nozzle
geometry is also important as it influences the fluid flow dynamics
and, thereby, the morphology of printed geometries [4,19].

1.5 Literature Review: Research Challenges and Gaps in
the State of the Art. We now identify the main impediments in
the context of process control, monitoring, and modeling in AJP.

1.5.1 Process Complexity. Despite the advantages and novel
applications engendered by AJP, complex material, machine, and
process interactions influence line morphology as shown in Fig. 4.

Fig. 3 Electronic devices and structures AJP-printed at the
authors’ facilities in Binghamton University. (a) An antenna
printed on a flexible glass substrate; (b) reduced graphene
oxide (rGO) supercapacitors (SCs) and silver interdigitated
electrodes (IDEs) printed on a slim glass substrate; (c) silver
test lines printed on a polymer substrate; and (d) silver interdi-
gitated electrodes (IDEs) printed on polyimide.

Table 1 A comparison between inkjet and aerosol jet printing (AJP) [6,12–17]

Characteristic Inkjet printing Aerosol jet printing (AJP)

Deposition mechanism Electrostatic Aerodynamic
Viscosity (cP) 10–20 1–2500
Working distance (mm) 1 1–5
Print speed (mm/s) Up to 5000 Up to 200
Dynamic accuracy (lm) N/A 66
Line width (lm) 2–200 5–30
Line thickness (nm) 5–500 100–5000
Surface tension (mN/m) <60 <30
Particle size (nm) <100 10–700
Metal loading (wt.%) <20 >60
Droplet size (pl) 1–8 0.001–0.005
Registration (lm) 5–20 5
Feature size (lm) >30 10–200
Throughput (m2/s) 0.01–0.5 0.01–0.5
Nozzle diameter (lm) 10–50 100–300
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A review of literature reveals that the ShGFR and CGFR are the
most consequential factors [3,4,18].

Further process complexity stems from the effect of material
formulations and properties. Ink temperature instability, as well as
solvent evaporation are noted as the leading causes of material-
related fluctuations, such as ink predrying and particulate accumu-
lation within the nozzle [17]. As mentioned earlier, depending on
link viscosity, ultrasonic or pneumatic atomization can be used
[12,18,20–27]. For instance, Fig. 5 exemplifies different situations
where the aerosol flow deviates from its optimal target conditions.

� Figures 5(a) and 5(b): Improper process conditions, such as
low carrier gas flow rate and inadequate ink atomization,
lead to insufficient flow density and discontinuous flow.

� Figure 5(c): Overspray occurs as the focusing ratio (FR),
defined as the ratio of ShGFR to CGFR, exceeds the critical
limit necessary to maintain flow collimation.

� Figure 5(d): Excess flow results from increased ink tempera-
ture and, thus, excessive ink atomization (under fixed process
parameters).

� Figure 5(e): Inconsistent flow collimation usually occurs
when the FR is exceedingly high.

In other words, the AJP process has a tendency to drift,
given the complex interactions among variables. Hence, in situ
monitoring and closed-loop control in AJP process is a bourgeon-
ing need.

1.5.2 Lack of Quantifiers of Line Morphology. Several
researchers have investigated the effect of AJP process parameters
on print quality, employing offline characterization techniques

[18,28–33]. For example, in a study by Mahajan et al. [18], the
effects of sheath gas flow rate (ShGFR), carrier gas flow rate
(CGFR), and print speed (PS) on the geometrical and electrical
properties of aerosol jet printed lines were investigated. Ver-
heecke et al. [32] utilized image processing and profile analysis
for offline characterization of line morphology. For process con-
trol, more response variables capturing different aspects of print
quality, such as overspray, continuity, and density, should be
defined and quantified in a real-time fashion. There is a gap in the
literature in the context of online characterization of line
morphology.

1.5.3 Lack of Integrated Process Modeling. Several researchers
have worked on discrete-phase modeling as well as aerosol trans-
port and deposition mechanisms in AJP. Schulz et al. [34] pre-
sented mathematical models for discrete phase in a microcapillary
with a focus on a new deposition technique called collimated aer-
osol beam direct-write (CAB-DW). Their simulation results
showed that the degree of collimation at the nozzle exit is around
20 times larger than that at the nozzle entrance. Schulz et al. also
showed that at high velocities of the aerosol flow, the Saffman
force becomes significant causing the particles to migrate radially
inward (toward the center line) [34]. This phenomenon was fur-
ther corroborated by Akhatov et al. [35,36] where they showed
that not only the particle inertia and Stokes drag force but also the
Saffman force should be considered when modeling the aerosol
flow through long microcapillaries. The authors demonstrated that
the magnitude of the Saffman force (and as a result, the degree of
collimation) is influenced by the size as well as the position of
particles in a shear flow. Akhatov et al. [37] also presented a new
solution for gas flow in a nozzle of slowly converging diameter.

Maximum spread factor was one of the main aerodynamic crite-
ria employed by Feng [38] in modeling of aerosol deposition on
free surfaces. Feng studied the dynamics of microdroplet impact
in the phases of spreading, receding relaxation, and wetting equi-
librium. Feng’s experimental results showed that when the effects
of viscosity are small compared to those of inertia and surface ten-
sion, there is a clear distinction between periodic oscillation and
aperiodic creeping-to-capillary equilibrium. Feng also investi-
gated the phenomena of droplet bounce after deposition, which
may be significantly influenced by the contact angles and droplet
viscosity.

In another research work by Feng [39] concerning deformations
of a sessile drop under an impinging jet, it was shown that
unsteady droplet deformation occurs when the capillary number
(representative of the influence of viscous forces versus surface
tension across an interface) exceeds a critical value of shape insta-
bility. This phenomenon was captured by an empirical model
developed for a practical range of the Reynolds number and
droplet sizes.

The aforementioned CFD-related research in the literature pre-
dominantly focuses on the behavior of the discrete phase, while
more holistic physical models are necessary to establish a rela-
tionship between process parameters and line morphology attrib-
utes. The objective of the present work (from a CFD perspective)
is to forward a 2D model to explain the overall interactions
between the gas flows (namely, sheath and carrier) and to simulate
the influence of main process parameters on the aerodynamics of
aerosol flow in the print head, as well as during the deposition on
a free surface substrate. A 3D-CFD model will be presented as
part of our future work with consideration of more parameters,
such as contact angle, surface tension, and Weber number (We).

The rest of this paper is structured as follows: the experimental
AJP setup, integrated with a CCD camera, is described in Sec. 2.
A 2D-CFD model simulating aerosol flow in the deposition head
is presented in Sec. 3. A novel digital image processing method
devised to quantify line morphology and, ultimately, capture pro-
cess drifts is delineated in Sec. 4. The experimental results and
conclusions are discussed in Sec. 5. In closing, the conclusions
and future work are discussed in Secs. 6 and 7, respectively.

Fig. 4 A list of material, machine, and process factors
influencing the morphology and functional integrity of an
AJP-printed line

Fig. 5 Different situations where line morphology deviates
(drifts) from the target, stemming from complex materials,
process, and machine interactions. (The images have been
inverted and thresholded to binary equivalents.)
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2 Experimental Setup

2.1 Machine and Materials. All experiments discussed in
this paper were carried out using an Optomec model A-300 aero-
sol jet printer. Pure (99.998%) and dry nitrogen (at 20 �C) was the
primary source of material used for both sheath and carrier gas
flows. The carrier gas flow was saturated, initially, by passing
through a bubbler containing deionized water. Conductive lines
were printed on a commercial glossy photo paper (HP, 4� 6 in.)
using an aqueous ink (Clariant PRELECT

VR

TPS-50) loaded with
silver nanoparticles (50 wt.%, particle size in the range of
30–50 nm). The ink density, viscosity, and surface tension were
1.8 (g/ml), 15 6 2 (mPa s), and 35 6 3 (mN/m), respectively. The
ink solvent system was made up of water and isopropyl alcohol
(1:1 by volume). The ultrasonic bath stabilizer was set at 21 �C.

2.2 CCD Camera Integrated AJP Setup. A picture and a
schematic diagram of the sensor-integrated Optomec AJ-300 AJP
printer are shown in Fig. 6. A five megapixel (5 MP) CCD color
camera (model: Point Grey-Grasshopper) with a 2.5�–10� vari-
able magnification lens was the primary source of images in this
study. Illumination was provided by an light-emitting diode ring
light, which has brightness in the range of 30,000–40,000 Lux and
a color temperature of 6000 K. The images taken have dimensions
of 2448� 2048 pixels, and each pixel has dimensions of
0.36� 0.36 lm at the set field of view.

As schematically shown in Fig. 6(c), immediately after printing
a set of lines, the platen is automatically translated under the high-
resolution CCD camera (installed perpendicular to the substrate,
coaxial to the nozzle), and digital images are acquired. The whole
process of translation and imaging is completed within 30 s (see
Sec. 4.2 for a note on processing time delay). In other words, our
experimental setup enables monitoring of the AJP process in an
online, near real-time manner. Subsequently, as delineated in
Sec. 4, six morphological features, i.e., (i) line width (LW), (ii)

line density (Lq), (iii) edge quality/smoothness (LEQ), (iv) over-
spray index (LOS), (v) line discontinuity (LDisc), and (vi) internal
connectivity (measured using the Fiedler number (k2)), are quanti-
fied using the image processing method developed in this study.
Next, we use a computational fluid dynamics (CFD) model to
explain the various aerodynamic phenomena influencing print
quality in AJP.

We also attempted to incorporate a high power lens to the exist-
ing alignment camera on the AJ-300 printer. However, this caused
significant jitter and instability (attributed to the added weight).
The other challenges with using the alignment camera are as
follows: (1) the alignment camera is not coaxial, hence it is not
tractable to capture the topology of a line; (2) only a small portion
of the line was captured in the absence of a high magnification,
wide angle lens on the alignment camera; and (3) consistent illu-
mination cannot be provided due to the glancing-angle nature of
the alignment camera.

2.3 Test Artifact. In this work, we focus on simple line-type
geometries as shown in Fig. 1. This is because simple geometries
allow more accurate modeling and analysis of process phenom-
ena. Furthermore, the overlapping lines used in making complex
structures may occlude the changes in print quality. In contrast, a
single line can provide greater sensitivity and clarity for analysis.
From a practical vista, real-life electronic devices are replete with
simple lines; indeed, simple line-type features are printed on elec-
tronic devices and wafers as part of the layout for quality assuran-
ces purposes. This placement of simple line-type features is
analogous to the process monitoring coupons or structures used in
electronics fabrication. Simple structures, such as Van der Pauw,
transfer length measurement, or capacitor structures, are routinely
built on printed circuit boards and wafers to verify the quality of
the deposited material and processes [40]. Accordingly, the use of
simple line-type structures for process monitoring is reasonable
from a practical perspective.

Fig. 6 (a) and (b) Pictures and (c) a schematic diagram of the experiential setup showing the
imaging components installed on the Optomec AJ-300 system
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3 A 2D-CFD Model to Study the Aerosol

Flow Dynamics

A 2D-CFD model is proposed in this study to explain underly-
ing aerodynamic phenomena that govern the experimentally
observed trends in line morphology. The intent is to quantify line
morphology as a function of nozzle geometry, gas flow rates, as
well as ink characteristics (viscosity, density, surface tension,
etc. [12]).

CFD modeling and simulation of the AJP process under identi-
cal experimental conditions will facilitate a priori anticipation of
the effects of the process parameters, such as ShGFR and CGFR,
on line morphology. Moreover, in case of process drift, the CFD
model will provide a baseline for understanding how the process
may have changed, and thus facilitate bringing the process back in
control. The technical terms used in this section are listed in
Nomenclature.

3.1 Geometry Modeling and Meshing

3.1.1 Determining the Deposition Head Geometry. As the
first step toward constructing a CFD model, the deposition head
assembly including the nozzle (Figs. 7(a) and 7(b)) was modeled
in the ANSYS-FLUENT environment. The nozzle has a diameter of
150 lm. The veracity of the constructed model was corroborated
based on a patented design by King [41] (of Optomec, Albuquer-
que, NM; please see Fig. 1(e) in the patent referenced in [41]).
This patented design is identical to the nozzle used in our
machine. Furthermore, to observe the internal structure and mea-
sure the dimensions more accurately, we X-ray computed tomo-
graphy scanned the deposition head as shown in Fig. 7(c). Figure
7(a) depicts the main components of the deposition head
including:

(1) an outer shell on which both ShGF and CGF inlet ports are
embedded;

(2) ShGF-guiding upper and lower plenum chambers (UPC
and LPC, respectively);

(3) a converging combination chamber (CC) where the aerosol
flow is ShGF-collimated, and then accelerated; and

(4) a deposition nozzle, which further increases the linear
momentum of the flow required for stable and coherent
aerosol deposition.

3.1.2 Meshing. Having determined the geometry, the closed
surface was divided into discrete facets which allow finer meshes
to be generated, and as a result, the geometric domain to be
approximated more accurately. Both the horizontal and vertical
edges were further divided into ten sections with no bias allowing
for mesh refinement. Soft, quadrilateral dominant meshes with
no suppression were generated and refined three times with con-
sideration of a medium degree of smoothing to ensure accuracy of
simulation results.

3.2 Governing Equations. The aerosol flow in AJP is essen-
tially a multiphase flow composed of three components: (i) solid
nanoparticles suspended in a (ii) liquid environment forming the
ink droplets conveyed by a flow of (iii) carrier gas (usually Nitro-
gen) [42–44]. The density-based Navier–Stokes algorithm was
employed to solve the multiphase problem, which is a high-speed
compressible flow in a nozzle with complex geometry. The veloc-
ity, pressure, and density fields are obtained from the momentum
equations (Eqs. (2) and (3)), the equation of state (Eq. (5)), and
the continuity equation (Eq. (1)), respectively.

For the ShGF-collimated aerosol deposition through a long,
converging microcapillary nozzle, the equations of continuity,
momentum, and energy are solved simultaneously. For each simu-
lation under steady-state conditions, a converged solution was
obtained. Equations (1)–(5) show the governing equations for a
2D compressible, Newtonian fluid flow [45,46]

Continuity equation :
@q
@t
þ $ � quð Þ ¼ 0 (1)

x-momentum equation :

@ quð Þ
@t
þ $ � quuð Þ ¼ �

@p

@x
þ $ � l$uð Þ þ SMx (2)

y-momentum equation :

@ qvð Þ
@t
þ $ � qvuð Þ ¼ �

@p

@y
þ $ � l$vð Þ þ SMy (3)

Energy equation :
@ qeð Þ
@t
þ $ � qeuð Þ

¼ �p$ � uþ $ � k$Tð Þ þUþ SE (4)

Equation of state ðfor perfect gasÞ : p ¼ qRT and e ¼ CvT (5)

where q is the fluid density (kg/m3), u is the velocity vector (m/s),
u is the x-component of velocity (m/s), v is the y-component of
velocity (m/s), p is the fluid pressure (Pa), l is the fluid dynamic
viscosity (mPa s), e is the specific internal energy (J/kg), k is the
fluid thermal conductivity (W/(m K)), T is the fluid temperature
(K), R is the universal gas constant (m3 Pa/(K mol)), and Cv is the
heat capacity at constant volume (J/K). In addition, SM and SE

are the momentum and energy source terms, respectively; U rep-
resents the dissipation function [46].

We note that under steady-state conditions, the time-dependent
term, @ð:Þ=@t, in Eqs. (1)–(4) vanishes. With consideration of the
nozzle outlet diameter as well as the average diameter of the com-
bination chamber (both as the characteristic length) together with
the mean velocity, density, and dynamic viscosity of the fluid
flow, the Reynolds number (Re) was computed under identical
experimental conditions as a function of ShGFR. It was observed

Fig. 7 (a) The main components of the deposition head. (b) The deposition head assembly. A
cross-sectional view of the deposition head and (c) obtained using X-ray computed
tomography.
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that the flow regime would remain laminar in the specified range
of the ShGFR (40–140 sccm). Hence, a laminar viscous model
was chosen. Figure 8 shows the Reynolds number plotted against
ShGFR for the internal flow in the combination chamber as well
as at the nozzle exit, demonstrating that the flow regime remains
laminar as the ShGFR increases.

3.3 Discrete-Phase Modeling. The aforementioned continu-
ity, momentum, and energy equations must be modified when the
fluid flow is composed of multiple phases. Equations (6)–(9) [47]
express the combined phase continuity, momentum, and energy
equations
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þ $ �
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� �
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¼ _q þ _w (9)

where N, in general, represents the individual phases or compo-
nents constituting the multiphase system, qN is the density of the
individual phase, /N is the volume fraction of the individual
phase, uN and vN are, respectively, the x- and y-components of the
velocity of the individual phase, uN is the velocity vector of the
individual phase, p is the mixture pressure, g is the gravitational
acceleration vector, rd

c is the deviatoric stress tensor, and eN is the
specific internal energy of the individual phase. In addition, _q and
_w are the rate of heat transfer and work done per unit mass,

respectively.
Interacting with the continuous phase, the discrete phase is pri-

marily composed of the ink droplets having a mean diameter of
3 lm. It was assumed that the discrete phase has the same temper-
ature as the ink vial bath (21 �C). In addition, the droplets are
injected from the CGF surface (inlet) in the normal direction
(shown in Fig. 10) with an initial velocity which is the same as the
carrier gas flow velocity.

Newton’s second law of motion, Eq. (10), is employed to deter-
mine the movement of droplets,

X
F ¼ Vdqd

dv

dt
(10)

where Vd is the droplet volume, qd is the droplet density, and v is
the droplet velocity vector. Schematically shown in Fig. 9, the
sum of hydrodynamic forces,

P
F, acting on a particle is mathe-

matically expressed by the following equation:X
F ¼ FD þ FBasset þ FVM þ FPG þ Fg þ FBu þ FSaff þ FMag

(11)

where FD is the drag force, FBasset is the Basset force, FVM is the
virtual mass force, FPG is the pressure gradient force, Fg is the
gravitational force, FBu is the buoyancy force, FSaff is the Saffman
lift force, and FMag is the Magnus lift force [2,35,36].

The drag force, FD, exerted on a particle moving in a laminar,
viscous flow is given by the following equation [48]:

FD ¼ 3plcDvf ðu� vÞ (12)

where lc is the dynamic viscosity of the continuous phase, Dv is
the volume-equivalent sphere diameter, f is the drag factor, and
ðu� vÞ is the relative velocity. Depending on the conditions and
physics of a problem, the Stokes equation, i.e., Eq. (12), should be
corrected; a new term referred to as the drag coefficient, Cd, is
added to the Stokes equation, as follows [2]:

FD ¼
p
8

qCdDv
2f u� vð Þ2 (13)

In this study, aerosol particles are assumed smooth spheres.
Hence, the following form of the drag coefficient called the
Spherical Law [49,50] was chosen as part of modeling the discrete
phase in ANSYS

Cd ¼ b1 þ
b2

Re
þ b3

Re2
(14)

Fig. 8 The Reynolds number as a function of ShGFR showing
that the internal flow remains laminar both in the combination
chamber and at the nozzle exit. A laminar viscous model was
chosen as a result.

Fig. 9 A free body diagram showing the forces acting on a par-
ticle in a shear flow. u is the carrier flow velocity vector, v is the
particle velocity vector, and xd is the particle rotation vector.
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where b1, b2, and b3 are constants, which are selected over ranges
of the Reynolds number.

The Basset force, FBasset, is expressed as [2,48]

FBasset ¼
3

2
D2 ffiffiffiffiffiffiffiffiffiffiffiffi

pqclc

p ðt

0

d

dt0
v� uð Þffiffiffiffiffiffiffiffiffiffi
t� t0
p dt0 þ v� uð Þ0ffiffi

t
p

2
4

3
5

(15)

where D is the droplet diameter, qc is the density of the continu-
ous phase, u is the velocity vector of the continuous phase, v is
the droplet velocity vector, and ðv� uÞ0 is the initial velocity dif-
ference or relative velocity.

The virtual mass force, FVM, also known as the apparent mass
force, is defined as follows [48]:

FVM ¼
qcVd

2

Du

Dt
� dv

dt

� �
(16)

where Vd is the droplet volume. Assuming the droplets are smooth
spheres, a virtual mass factor (added mass coefficient) of 0.5 was
used [2].

The force resulting from the difference between the pressure of
the continuous phase and that of the discrete phase is represented
by the pressure gradient force, FPG, given by the following
equation [2,35,36]:

FPG ¼ m
qc

qd

du

dt
� v� uð Þ � $½ 	u

� �
(17)

where m and qd are the droplet mass and the density of the dis-
crete phase, respectively.

The buoyancy force, FBu, is equal to [2,35,36]

FBu ¼ m 1� qc

qd

� �
g (18)

where g is the gravitational acceleration vector.
The Saffman lift force, FSaff , which is due to the pressure distri-

bution on a droplet in a velocity gradient [48], is expressed as

FSaff ¼ 1:61lcDju� vj

ffiffiffiffiffiffiffiffiffiffiffiffi
D2

cc

du

dy

s
(19)

where cc is the kinematic viscosity of the continuous phase.

The Magnus lift force, FMag, which is due to rotation of par-
ticles is expressed as follows [2,48]:

FMag ¼ �
3

4
m

qc

qd

1

2
Xc � xd

� �
� v� uð Þ (20)

where Xc is the vorticity of the continuous phase surrounding the
droplet and xd is the angular velocity of the droplet.

Because the size of aerosol particles is typically in the range of
0.5–5 lm [2] and the continuous phase is a gaseous medium
assumed to be nonrotational, only the drag force, as well as the
Saffman lift force, is significant, and accordingly, included in the
discrete phase modeling [2,36,48,51].

3.4 Boundary Conditions. As shown in Fig. 10, the follow-
ing four types of boundary conditions were defined:

(1) Velocity-inlet was the type of boundary set for both sheath
gas flow (ShGF) and carrier gas flow (CGF) with considera-
tion of the initial velocity (u0) and pressure (p0). Flowing
normal to the boundary surface at ambient temperature
(300 K), these two gas streams consist of nitrogen with a
mass density and dynamic viscosity modeled by the ideal-
gas law and Sutherland’s law, respectively. Equation (21)
gives Sutherland’s formula developed for the shear viscos-
ity of gasses [52].

l
lr

¼ Tr þ A1

T þ A1

T

Tr

� �1:5

(21)

In this equation, lr represents the gas viscosity at the refer-
ence temperature of Tr and A1 is a constant.

(2) Stationary-wall boundary condition was set for both the
deposition head and the nozzle interior surface with no-slip
condition for the continuous phase and reflect condition for
the discrete phase. It was assumed that all of the deposition
head surfaces are made from stainless steel.

(3) Pressure outlet with escape condition for the discrete phase
was the boundary type defined for the jet flow leaving the
nozzle in the direction normal to the surface at atmospheric
pressure.

(4) Stationary wall with no-slip condition for the continuous
phase and trap condition for the discrete phase was the type

Fig. 10 The four types of boundary defined for each zone of the problem modeled in the
ANSYS-FLUENT environment
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of boundary set for the substrate operating at 40 �C. A mov-
ing wall condition allows simulation of print speed. We
will employ the moving wall scenario in our future work
for 3D-CFD modeling.

3.5 A Review of the Numerical Schemes Used for Solving
the CFD Model. The CGF inlet is the surface wherefrom the
computation of the flow field variables starts. The implicit
method, the least square cell-based method (Eq. (22) based on the
Green-Gauss theorem), as well as the second-order upwind
scheme (Eq. (23)) [49] were employed, respectively, for the dis-
cretization of time, gradient, and flow in order to obtain the face
fluxes for all cells [49].

ð$1Þ0 � Ddi ¼ ð1i �10Þ (22)

1f ¼1þ $1 � d (23)

In Eqs. (22) and (23), $10 is the gradient of the scalar of inter-
est at the central cell (i.e., cell 0), Ddi is the displacement vector
between the centroids of cell 0 and the ith cell, and 1f is the face
value of the scalar of interest. The Roe flux-difference splitting
(Roe-FDS) scheme was used for evaluation of the inviscid flux
vector, J, at each face as shown by the following equation [49]:

J ¼ 0:5 ½ðJR þ JLÞ � CjĴjdQ	 (24)

where JR is the right flux vector, JL is the left flux vector, Ĵ is the
inviscid flux Jacobian composed of a diagonal matrix of eigenval-
ues as well as a modal matrix, C is the preconditioning matrix, and
dQ is the spatial difference between the right and left solution vec-
tors. Based on the eigenvalues of the system, the flux vector con-
tains characteristic information as advancing through the domain.

The drag coefficient on the interior wall of the deposition head
was selected to monitor the convergence of solutions. All simula-
tions presented in this study converged to a steady-state solution.

3.6 Limitations of the 2D CFD Model. We herewith note
the following limitations of the 2D-CFD model of AJP presented
in this work, vis-�a-vis a 3D model:

� The velocity and pressure fields obtained from a 2D and a
3D flow may differ due to distinctive definitions of the
boundaries of a geometry. A 2D model assumes that the
geometry of the print head assembly is infinitely wide in
the z-direction, while a 3D model considers the wall effects.

� Furthermore, with the moving wall condition, a 3D-CFD
model allows simulation of print speed. We were not able to
explain the observed experimental trends of line morphology
versus print speed with the 2D model; hence, these observa-
tions were relegated to the Appendix of this paper.

Hence, from the line morphology perspective, unlike the 2D
model, almost all the morphological features observed experimen-
tally, such as overspray, line density, line discontinuity, and edge
smoothness, can be verified by a 3D model.

In general, a 3D model might furnish tighter model agreement
with experimental observations of influence of AJP process parame-
ters, such as print speed and standoff distance, on line morphology,
which are not captured with a simplified 2D model of the process.
We will extend the present 2D model to a 3D-CFD model for AJP in
our future work. In Sec. 4, we detail the image-processing approach
devised to quantify line morphology obtained from online images.

4 Digital Image Processing for Online

Characterization of Line Morphology

The aim of this section is to propose morphology quantifiers
from image data to capture different attributes of line quality.

These quantifiers are: (1) line width (LW), (2) line density (Lq), (3)
edge quality/smoothness (LEQ), (4) overspray index (LOS), (5) line
discontinuity (LDisc), and (6) internal connectivity measured via
the Fiedler number (k2).

Unlike image-based transforms, such as 2D-FFT, Hugh trans-
form, and Radon transform, which may only capture the overall
morphology of an image, these quantifiers are specifically formu-
lated to capture specific (local) aspects of the morphology [53]. In
case of drift in print quality, the presented approach can be used
to identify the specific characteristics of line morphology that are
affected. This allows an appropriate corrective action to be taken
based on the CFD model. Furthermore, because elementary matrix
operations are used to obtain these quantifiers, they are more
computationally efficient compared to involved image analysis
techniques.

4.1 Initial Processing of Online Images. As an initial step in
the quantification of line morphology, an online red-green-blue
(true color) image is converted to its grayscale equivalent. Then,
two spatial threshold parameters, called Line Threshold and Over-
spray Threshold, are determined systematically using a threshold
estimator (proposed in this study). It calculates the global extrema
of the first derivative of the image’s intensity profile as exempli-
fied in Figs. 11(a)–11(c). Based on the values of two threshold
parameters, the image is segmented into three separate zones of
background (BG), overspray (OS), and line width (LW). The
threshold parameters are determined once and remain fixed there-
after, provided that illumination conditions and camera settings
are not changed. The zone detection and segmentation paves the
way for the main morphology-quantifying algorithm (delineated
in Sec. 4.3) to quantify the morphological features of the line.

To further illustrate the threshold estimation approach proposed
for initial processing of online images, we consider the line shown
in Fig. 11(a). We note that the line is printed horizontally and
hence the image should be processed row-wise. If the average
intensity of all pixels located in a row is considered and plotted
against row number, the intensity profile shown in Fig. 11(b) is
obtained.

The intensity profile in Fig. 11(b) indicates the approximate
range of the line, overspray, and background. To find the coordi-
nate and intensity of each zone more accurately, the first deriva-
tive of the intensity profile is estimated as shown in Fig. 11(c).
Based on this intensity profile, by definition, the line width zone
(LW) is composed of those pixels whose intensity derivatives fall
between the two global extrema. The corresponding intensities of
the extrema are used as reference values in the quantification of
line width (Sec. 4.3.1). Also, their corresponding coordinates are
referred to as the threshold lines (as shown in Fig. 12).

Similarly, the overspray zone (OS) is composed of those pix-
els whose intensity derivatives fall between a smaller reference
value near zero (referred to as the overspray threshold) and the
negative global extremum (for the upper side), as well as
between the positive global extremum and the overspray thresh-
old (for the lower side). Finally, the background zone (BG) con-
sists of those pixels whose intensity derivatives are almost zero
on average.

4.2 Note on Processing Time Delay Due to Image-Based
Quality Monitoring. We concede that there is a certain amount
of delay associated with the proposed image-based line morphol-
ogy monitoring approach. For processing the true-color images
(from the CCD camera), the processing time is �1 s. However,
the time needed to translate the stage under the camera should be
added to the overall processing time. The stage on the Optomec
AJ-300 printer used in this study has a translation rate that can be
adjusted as high as 100 mm/s, while the CCD camera is approxi-
mately 200 mm away from the center of the platen. Accordingly,
such rapid translation would make the change in position from
printing to inspecting be a few of seconds, at most.
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In general, the image processing and acquisition delay is intrin-
sic to any putative quality control scheme, and is often character-
ized with a term called response time (and others, such as
overshoot, jitter, nonlinearity, in control theory [54,55]).
This response time can only be minimized but not eliminated.
Nonetheless, the tradeoff between delay time and quality control
is inherent to the electronics manufacturing industry. We give the
following practical examples from electronics packaging:

� The latest component placement machines are capable of
working with rates exceeding 100,000/h. However, for preci-
sion components, automated vision-based inspection steps
are initiated, which slow down the placement rate to 5000/h.

� In placement of precision components, local fiducials are
often used as guides in addition to global fiducials to mini-
mize errors. The placement of components relative to local
fiducials requires high fidelity imaging, which invariably
leads to delay.

� In flux dipping process, handling precision components are
inspected using image/vision acquisition systems, both
before and after dipping. This inspection step adds a delay to
the typical flux dipping process, but is done nonetheless to
ensure component quality.

Likewise, the emphasis in AJP is on low volume-high,
complexity-high value exotic devices (e.g., conformal antennae,

flexible electronics, etc.). Hence, in this work, accurate assess-
ment of line quality is given precedence over delay.

4.3 Extracting the Line Morphology Features
From an Image

4.3.1 Line Width (LW). This quantifier is intended to ascertain
the average width of a printed line. Once the optimal values of the
threshold parameters have been calculated, their corresponding
image row coordinates are obtained from the intensity profile and
used as reference lines (called the threshold lines) in detection of
the upper and lower edges of a printed line. Then, for each column
array of pixels, the intensity of the individual pixels is compared
to that of the threshold lines. The line edge is found when the
intensity of a pixel matches the threshold intensity.

The algorithm is also applied to the other edge of the line. As
shown in Fig. 12, line width (LW) is defined as the difference
between the detected upper and lower edges of the line (repre-
sented by the two solid lines) for each column array of pixels
averaged over the entire column space, mathematically expressed
by the following equation:

LW ¼

Xn

j¼1

LE U;jð Þ � LE L;jð Þ
� �

n
(25)

where LEðU;jÞ and LEðL;jÞ are the upper and lower edges of the jth
column, respectively, and n is the total number of columns (repre-
sentative of the line length).

4.3.2 Line Density (Lq). This quantifier indicates how dense/
close/packed deposited aerosol particles are. Mathematically, line
density estimates the sparsity aspect of a line. It can be also reflec-
tive of the degree of material coalescence after deposition. The
density of a line is defined as the average of the grayscale intensity
values of all pixels located between the detected upper and lower
edges (i.e., located within the line area) as mathematically shown
by Eq. (26). In order to offset the effect of illumination on the
intensity of the pixels (depending on experimental conditions,
camera settings, etc.), the background intensity is subtracted from
the calculated line density

Lq ¼

Xn

j¼1

XLE U;jð Þ

i¼LE L;jð Þ

Ii;j

Xn

j¼1

LE U;jð Þ � LE L;jð Þ þ 1
� �� �IBackground (26)

Fig. 11 (a) The zones of background (BG), overspray (OS), and line width (LW) detected based on two spatial threshold
parameters (obtained using a threshold estimator, proposed in this study). (b) The one-dimensionalized intensity profile of
the image shown in part (a). (c) The first derivative of the intensity profile indicating the approximate range of each zone
based on which the threshold parameters (as reference intensities) as well as the coordinates of the threshold lines (shown
in Fig. 12) are determined.

Fig. 12 Visual representation of the morphology quantifiers
proposed in this study. Line width (LW): the average distance
between the upper and lower edges (shown as two solid lines);
line density (Lq): the average intensity of all pixels constituting
the line; edge quality (LEQ): the inverse, average distance
between each edge and its corresponding threshold line
(shown as two dashed lines); overspray (LOS): The weighted,
average distance between each overspray pixel and its corre-
sponding line edge multiplied by the intensity; line discontinu-
ity (LDisc): the average number of failures in the edge detection.
The image is read from top to bottom.
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In the above equation, LEðU;jÞ and LEðL;jÞ are the upper and lower
edges of the jth column, respectively; Ii;j is the intensity of the
pixel belonging to the jth column and ith row; n is the total num-
ber of columns; �IBackground is the background intensity (calculated
based on the intensity of the pixels located outside the overspray
zone).

4.3.3 Edge Quality or Line Smoothness (LEQ). This quantifier
is representative of the evenness or smoothness of the edges of a
line; it captures the degree of uniformity of material spread subse-
quent to deposition. Depending on the process parameters, as well
as the interaction between the ink droplets and the substrate influ-
enced by the surface energy, surface tension, and contact angle,
the edges of a printed line may vary significantly. Although not
pursued in this study, the smoothness of an edge can be further
quantified using the wavelength and amplitude of the sinusoidal
shape of the edge.

As mentioned above, based on the optimal values of the thresh-
old parameters, two reference lines, i.e., the upper and lower
threshold lines, are obtained. Referring to Fig. 12, edge quality
(LEQ) is defined as the inverse of the average distance between the
detected line edges (represented by the two solid lines) and their
corresponding threshold lines (represented by the two dashed
lines). This quality quantifier is mathematically expressed by the
following equation:

LEQ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1

LE U;jð Þ � YUT

� �2 þ LE L;jð Þ � YLT

� �2
� �

2n� 1

vuuuut
0
BBB@

1
CCCA
�1

(27)

where LEðU;jÞ and LEðL;jÞ are the upper and lower edges of the jth
column, respectively; YUT and YLT are the row coordinates of the
upper and lower threshold lines, respectively; n is the total number
of columns. Relatively large values of edge quality (LEQ) indicate
that the edges of a line have a high degree of smoothness.

4.3.4 Overspray Index (LOS). This quantifier measures
overspray or spread of the aerosols deposited beyond the edges of
a line. Overspray implies how efficiently aerosols are deposited
during printing. In general, overspray is always unfavorable and
should be minimized. Overspray is critical to the functional integ-
rity of a printed device as large overspray may lead to short cir-
cuits and higher resistance [18,56,57]. Overspray index (LOS) is
defined as the logarithmically weighted distance between each
overspray pixel and its corresponding line edge multiplied by the
pixel intensity averaged over the entire overspray space shown in
Fig. 12, as mathematically expressed by the following equation:

LOS ¼

Xn

j¼1

XLE L;jð Þ�1

i¼1

Ii;j � ln LE L;jð Þ � Yi;j
� �� �þ Xm

i¼LE U;jð Þþ1

Ii;j � ln Yi;j � LE U;jð Þ
� �� �2

4
3
5

Xn

j¼1

LE L;jð Þ þ m� LE U;jð Þ þ 1
� �	 
 (28)

where LEðU;jÞ and LEðL;jÞ are the upper and lower edges of the jth
column, respectively; Ii;j and Yi;j are the intensity and the coordi-
nate of the pixel belonging to the jth column and ith row, respec-
tively; the denominator terms define the entire overspray space.
The logarithmic function was employed to accentuate the adverse
effect of distance for an overspray particle located far from the
edge.

4.3.5 Line Discontinuity (LDisc). This quantifier captures the
condition of a printed line not being continuous. Generally, it is
desirable to minimize line discontinuity, as it may result in an
increase in line resistance. With reference to the approach used to
detect the upper and lower edges of a line (in line width (LW);
Sec. 4.3.1), line discontinuity (LDisc) is defined as the number of
times that no edge is detected by the algorithm normalized by the
total number of defect opportunities (i.e., the total number of
image columns multiplied by 2) when scanning through the entire
column space. This can be mathematically shown by the follow-
ing equation:

LDisc ¼
kF0k
2� n

(29)

where kF0k is the number of unsuccessful attempts (failures) in
edge detection and n is the total number of columns.

This quantifier assumes that the discontinuities of a line
influence the edges. LDisc cannot capture a crack, for example,
if the edges of a line are not affected. In such cases, other
quantifiers, such as line density (Lq) and Fiedler number (k2),
should also be used as part of the characterization of line
morphology.

4.3.6 Fiedler Number (k2). We use a graph-theoretic image
quantifier called Fiedler number (k2) as a lumped measure of line
morphology. Fiedler number is representative of the algebraic
connectivity of the graph resulting from a line. It can be a measure
of not only the surface morphology but also the internal structure
and/or structural connectivity of a printed line [58]. Our previous
publications give more details [58,59] on how the Fiedler number
for an image can be estimated.

We now detail experiments conducted to map the effect of three
factors, i.e., ShGFR (Sec. 5.1), CGFR (Sec. 5.2), and PS (men-
tioned in Appendix) on line morphology using the aforementioned
six quantifiers. The experimental line morphology trends observed
by varying ShGFR and CGFR will be juxtaposed with CFD simu-
lation results.

We have relegated the experimental results from varying PS to
the Appendix owing to the inability to verify the (experimental)
trends with the CFD model. This is because the current CFD
model is restricted due to the moving wall boundary condition. In
our future work, we will relax this boundary condition by suggest-
ing a 3D-CFD model.

5 Experimental Results and Verification With the

CFD Model

In this section, the effects of the sheath gas flow rate (ShGFR)
and the carrier gas flow rate (CGFR) on line morphology are
quantified using the six quantifiers defined in Sec. 4. Besides, we
validate the 2D-CFD model with experimental data described in
Sec. 3. The current work will be further verified in the future with
a 3D-CFD model and multifactor design of experiments as part of
our future investigations.
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5.1 Effect of the Sheath Gas Flow Rate (ShGFR)
on Line Morphology

5.1.1 Experimental Observations. A randomized single-factor
experiment was conducted with the sheath gas flow rate (ShGFR)
varying from 40 to 140 sccm (in 20 unit increments). The carrier
gas flow rate (CGFR) was kept fixed at 30 sccm. Silver nanopar-
ticle lines (3 mm long each) were printed ten times in a single
pass for each treatment combination on glossy photo paper at a
speed of 1 mm/s, utilizing the ultrasonic atomizer (set at 550 mA)
and a 150 lm nozzle. Also, the platen temperature and working
distance (print standoff) were set at 40 �C and 3 mm, respectively.
Using CCD camera, digital images were captured from each line
and, subsequently, the six morphological features (described in
Sec. 4) were quantified (for each line).

As shown in Fig. 13, when the ShGFR increases from 40 sccm
to 80 sccm, the line width decreases. The line density as well as
edge quality remains approximately unchanged, and the amount
of overspray decreases slightly. However, as the ShGFR increases
further from 80 sccm to 140 sccm, not only do both line density

and edge quality decrease dramatically, but also the amount of
overspray increases significantly. Hence, the ShGFR of 100 sccm
can be considered as the critical point of flow instability.

5.1.2 Characterization of the Line Morphology. Referring to
Fig. 14, the following inferences can be made regarding the line
morphology characterized using the six quantifiers developed in
Sec. 4. Line width and overspray thresholds of 0.30 and 0.60 (in
the range of [0–1]) were set, respectively, as part of the algorithm
employed for image processing.

(1) The line width (LW) decreases almost linearly as the
ShGFR increases, confirming the trend observed visually
(Fig. 13).

(2) The line density (Lq) remains almost unchanged as the
ShGFR is in the range of 40–100 sccm. However, as the
ShGFR is increased further, the line density decreases dra-
matically to a minimum due to the transition in the stability
of the flow regime resulting in overspray formation. This
experiment also indicated the process condition where the

Fig. 13 The effect of the sheath gas flow rate (ShGFR) on line morphology. The carrier gas
flow rate (CGFR) and print speed (Ps) were fixed at 30 sccm and 1 mm/s, respectively.

Fig. 14 The line morphology features captured using the six quantifiers proposed in this study. The error bars are (61 r=n)
long where n equals the number of replications (10). The secondary abscissa tracks the corresponding sheath gas flow pres-
sure (ShGFP).
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highest amount of density is achieved, i.e., 60 sccm. Lines
with high density are desirable because they typically have
lower electrical resistance.

(3) Likewise, the edge quality/smoothness (LEQ) indicates that
the optimal operation for the ShGFR is in the range of
40–100 sccm where the edge smoothness quantifier approx-
imately remains unchanged. However, once the ShGFR
exceeds the critical point of 100 sccm, the edge quality
drops significantly.

(4) Overspray (LOS) decreases to a minimum as the ShGFR is
increased from 40 to 80 sccm. This is because, the aerosol
flow is collimated. An optimally collimated flow also leads
to well-defined edges. However, increasing the ShGFR
beyond the stability threshold results in overspray.

(5) Line discontinuity (LDisc) signalizes out-of-the-window
conditions (i.e., when the ShGFR is 120 and 140 sccm)
where either no edge is detected or edges are detected spor-
adically along the length implying the line is disconnected.
Such a line has a large degree of resistance attributed to the
poor density and high overspray.

(6) The trend in Fielder number (k2) indicates that the line
printed at the ShGFR of 60 sccm has the highest internal
connectivity and low overspray with density and edge qual-
ity being in the optimum range. Once the flow exceeds the
critical point of flow stability (ShGFR> 100 sccm, corre-
sponding to a focusing ratio, FR� 3), the least amount of
internal connectivity is obtained where the edges are
disconnected.

These visually corroborated experimental observations
(Fig. 14) lead to the following two inferences: (i) the six morphol-
ogy quantifiers are indicative of line quality; and (ii) an optimal
process window can be established with the ShGFR being in the
range of 60< ShGFR< 100 sccm, the CGFR being at 30 sccm,

and PS being at 1 mm/s. This corresponds to a focusing ratio (FR)
in the region of 2–3. This range of FR corroborates with the work
of Mahajan et al. [18].

5.1.3 Validation With Offline Measurements. In order to
validate the results and the trends observed in the online experi-
ment (Fig. 14), an identical and separate single-factor experiment
was repeated where the printed lines were examined off the exper-
imental testbed using an optical microscope. The same characteri-
zation method (delineated in Sec. 4) was employed to process the
images and quantify the morphological features.

For brevity, Fig. 15 demonstrates a comparison between the
online and offline results for three quantifiers of line morphology,
i.e., line density (Lq), overspray (LOS), and Fielder number (k2).
The morphological features extracted from the online and offline
images show identical trends when the ShGFR is varied from 40
sccm to 140 sccm. In other words, compared to the traditional off-
line method, the proposed online characterization approach is
capable of quantifying and capturing the variation in line quality.
This is verified by the Pearson’s correlation coefficient of approxi-
mately 95% between the offline and online results.

5.1.4 Validation With Pneumatic Atomization. A randomized,
single-factor experiment using the pneumatic atomizer was con-
ducted. This was done to test the hypothesis that the trends in the
line morphology features versus ShGFR are independent of the
type of atomizer used. In this experiment, the atomization and
exhaust flow rates were set at 550 and 540 sccm, respectively.
The results are shown in Fig. 16. The rest of the experimental con-
ditions (except the type of ink and substrate) are identical to the
tests hitherto described using the ultrasonic atomizer.

Juxtaposing Figs. 13 and 16, it is evident that the pneumatic-
and ultrasonic-based morphology features are visually similar;
note overspray beyond the ShGFR of 100 sccm in both cases.

Fig. 15 A comparison between the online and offline experimental results versus ShGFR, signifying the consistency
between the two methods. The error bars are (61 r=n) long where n equals the number of replications (10). Capturing the
same trend for each morphology attribute, the online and offline quantifiers were plotted on two axes to offset the difference
arising from different image properties.

Fig. 16 The changes in line morphology as a function of ShGFR, employing the pneumatic atomizer. The lines are of
Paru PG-007 Ag ink printed on a Ube UPILEX-75 S polyimide film.

Journal of Manufacturing Science and Engineering FEBRUARY 2017, Vol. 139 / 021015-13

Downloaded From: https://manufacturingscience.asmedigitalcollection.asme.org/ on 10/19/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Demonstrated in Fig. 17, a quantitative comparison between the
lines indicates the similarity of trends versus ShGFR for both
atomization techniques. Pearson’s correlation coefficient was
assessed to be in the range of 70–95% for the trends shown in
Fig. 17. The slight difference probably stems from the type of ink
and substrate.

5.1.5 Validation With CFD Simulations. The experimental
data (in Sec. 5.1.2) showed that as the ShGFR increases, the line
width, which is hypothesized to be proportional to the width of
the aerosol jet flow, decreases almost linearly to a minimum.
Additionally, it is hypothesized that the sheath gas flow interacts
initially with the carrier gas flow and as a result influences the
aerosol deposition. Proper material deposition results in lines
showing a large degree of internal connectivity, represented by
Fiedler number. We also hypothesize that beyond the critical point
of 100 sccm, the aerosol jet becomes hydrodynamically instable
leading to formation of overspray. These hypotheses are tested via
simulation of the deposition process using the 2D-CFD model
described in Sec. 3. The results are shown in Fig. 18.

Figure 18(a) reveals that both line width (left axis) and aerosol
jet width (right axis) are influenced by the ShGFR almost simi-
larly, corroborating the hypothesis that the line width is propor-
tional to the width of the aerosol jet flow. The difference between
the two trends stems from the 2D modeling of the process. A 3D-
CFD model could help alleviate this discrepancy. An empirical
geometry factor of 6 was used to scale the 2D simulation in
accordance with the experimental data. Figure 18(b) shows that
the ShGF significantly influences the CGF deposition spread (right
axis) and, consequently, the internal connectivity of the resulting
line represented by the complement of Fiedler number (left axis).
In other words, the interaction between the two gas flows influen-
ces the particle deposition distribution and, as a result, the final
morphology of the line.

A stable flow regime in the combination chamber, where the
sheath gas is introduced as a sheet-like flow, prevents the forma-
tion of overspray and allows unperturbed deposition of aerosols.
As shown in Fig. 19, at high ShGFRs (
100 sccm), due to the

Fig. 17 A comparison between the ultrasonic and pneumatic experimental results of line morphology versus ShGFR, cor-
roborating the consistency of trends between the two atomization techniques. The error bars are (61 r=n) long where n
(510) equals the number of replications.

Fig. 18 (a) The influence of ShGFR on line width (left axis) and on the aerosol jet width (right axis); (b) the influence of
ShGFR on the carrier flow deposition spread (right axis) and on the internal connectivity of the lines, represented by Fiedler
number (left axis). (c) Plot of the Reynolds number versus ShGFR indicating that the aerosol flow in the combination cham-
ber becomes hydrodynamically instable when the ShGFR
100 sccm (i.e., Re�950) [60]. The error bars are (61 r=n) long
where n equals the number of replications (10). An empirical geometry factor of 6 was used to scale the 2D-CFD simulation
to the 3D experimental data.

Fig. 19 The influence of increasing ShGFR on the flow velocity
profile and on the particle trajectory (a) and (b): in the combina-
tion chamber and (c) and (d): during the deposition
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maximum pressure limit, which is a function of the nozzle geome-
try, pressure builds up noticeably leading to uneven aerosol depo-
sition and, as a result, poor line morphology. This model-derived
observation is corroborated by the empirical results delineated in
Sec. 5.1.2, where it was shown that stable and collimated aerosol
deposition can be obtained when the ShGFR is less than 100 sccm
with CGFR at 30 sccm and PS¼ 1 mm/s. Furthermore, corrobo-
rated by the experimental observations, the degree of flow colli-
mation (represented by the particle deposition profile in Fig. 19)
increases with the ShGFR, as observed experimentally in Figs. 13
and 14.

Although not investigated in this study, aerosol deposition
distribution is affected not only by the fluid’s inertia as well as
surface tension represented by Weber number, but also by the
contact angle and wetting mechanism. For example, an improper
contact angle leads to excessive ink dispersion (after deposition)
and distorted line edges [38]. Furthermore, the jet length and the
nozzle diameter both are consequential to the flow stability. The
current 2D model is primarily concerned with the aerodynamics
of the aerosol flow in the deposition head.

The pressure profiles of the aerosol flow at different levels of
ShGFR (40–140 sccm) are shown in Figs. 20(a)–20(f). The CGFR

Fig. 20 The influence of ShGFR on the flow pressure profile as well as on the trajectory of particles in the combination
chamber. The ShGFR of 80 sccm seems to be the onset of pressure buildup in the chamber. Hence, the maximum pressure
limit can be considered approximately 622 Pa. In this simulation, the carrier gas flow rate (CGFR) was set at 30 sccm.

Fig. 21 (a)–(f) The effect of the carrier gas flow rate (CGFR) on line morphology, both the
sheath gas flow rate (ShGFR) and print speed (PS) were fixed at 60 sccm and 1 mm/s,
respectively
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was fixed at 30 sccm. As the ShGFR increases, the flow pressure
in the combination chamber increases proportionately from
around 286 Pa (for the ShGFR of 40 sccm) to 1155 Pa (for the
ShGFR of 140 sccm). It is evident that pressure buildup in the
chamber starts at the ShGFR of 80 sccm onward. Therefore, it can
be concluded that the deposition head has a maximum pressure
limit of approximately 622 Pa.

5.2 Effect of the Carrier Gas Flow Rate (CGFR)
on Line Morphology

5.2.1 Experimental Observations. A single-factor experiment
was designed to investigate the influence of the CGFR (represen-
tative of the rate of aerosol transfer) on the main components of
line morphology. The CGFR was varied in a randomized fashion
from 20 to 45 sccm (with 5 sccm increments). In this experiment,
both the sheath gas flow rate (ShGFR) and print speed (PS) were
maintained at 60 sccm and 1 mm/s, respectively. These two values
were selected based on the results obtained from the experiments
of ShGFR (Sec. 5.1) and PS (see Appendix). Similar to these
experiments, silver nanoparticle lines (3 mm long each) were
printed ten times in a single pass for each CGFR level.

The effect of the CGFR on line morphology is visually shown
in Fig. 21. As the CGFR increases, the edge quality/smoothness
improves, remains steady between 30 and 35 sccm, and deterio-
rates at 40 sccm onward. The highest level of edge regularity was
observed at the CGFR of 30 sccm. No line discontinuities were
observed in this experiment.

The line width increases proportionately with the CGFR. For
the CGFRs of 30, 35, and 40 sccm, the line width remains approx-
imately unchanged because the aerosol flow reaches its maximum
collimation (focusing) capacity. Comparatively, in the range of
20–25 sccm, the carrier flow is lean in aerosol, and the flow colli-
mation remains undisturbed. This corresponds to a focusing ratio
(FR) of �2–3. In contrast, at the CGFR of 45 sccm onward no
more material can be accommodated in the flow without

perturbation, as a result both line width and overspray increase
dramatically.

Collimation capacity is defined as the ratio of the original width
(or diameter) of an unfocused aerosol flow to the minimum width
(or diameter) achievable via aerodynamic focusing. Collimation
capacity is a function of nozzle geometry as well as focusing ratio
(FR). At the CGFRs of 20 and 25 sccm (where the FR is 3 and 2.4,
respectively), the sheath flow is dominant over the aerosol flow.
In this region, any increase in the rate of material transfer (i.e., the
CGFR) leads to an increase in the line width. However, if the
CGFR is increased further, the flow reaches the maximum colli-
mation capacity where any increase in the flow rate no longer
results in an increase in the line width. Nevertheless, based on the
law of conservation of mass, this leads to an increase in the line
thickness. In this region where the sheath flow is still dominant,
the focusing ratio is in the range of 1.5–2. Ultimately, when the
FR drops below 1.5, the aerosol flow momentum disturbs the colli-
mation boundary layer. This phenomenon results in unfocused
material deposition and, consequently, overspray. Collimation
boundary layer is defined as the shear layer created due to the
velocity gradient between the sheath and aerosol flows.

5.2.2 Characterization of the Line Morphology. Referring to
Fig. 22, the following inferences can be made regarding the line
morphology characterized using the six quantifiers developed in
Sec. 4. Updated line width and overspray thresholds of 0.40 and
0.80 (in the range of [0–1]) were set, respectively, as part of the
algorithm employed for image processing.

(1) Line width (LW) increases with the CGFR as observed visu-
ally (in Sec. 5.2.1).

(2) The line density (Lq) stabilizes when the aerosol flow
reaches the maximum collimation capacity, implying that
any further increase in the flow rate results in an increase in
the line thickness and, as a result, the line density remains
unaffected.

Fig. 22 The main features of the line morphology as a function of the CGFR captured using the quantifiers developed in this
study. The error bars are (61 r=n) long where n equals the number of replications (10). The secondary abscissa tracks the
corresponding carrier gas flow pressure (CGFP, Pa).
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(3) The edge quality (LEQ) shows edges with the highest level
of smoothness are obtained when the CGFR is between 25
and 30 sccm.

(4) Overspray (LOS) increases almost monotonously with the
CGFR, depending on the flow collimation regime, repre-
sented by the focusing ratio (FR).

(5) Line discontinuity (LDisc) showed that all lines are printed
with zero degrees of discontinuity. Hence, this morphology
quantifier is not shown in Fig. 22.

(6) Fielder number (k2) is a graph-theoretic morphology quan-
tifier, utilized to assess the structural connectivity of the
printed lines. The maximum structural connectivity is
achieved at the CGFR of 30 sccm (FR� 2).

5.2.3 Validation With Offline Measurements. Following the
previous procedure for offline validation, Fig. 23 is a comparison
between the online and offline characterization of line morphol-
ogy. The features extracted from the online and offline images
show similar trends when the CGFR is varied from 20 sccm to
45 sccm.

5.2.4 Validation With CFD Simulations. The experimental
data (in Sec. 5.2.2) showed that as the CGFR increases, the flow
gains more momentum diminishing the degree of collimation
(exerted by the sheath flow) and, as a result, the line width
increases. In general, the degree of collimation can be defined as
the ratio of the width (or diameter) of an unfocused aerosol flow
(e.g., at zero ShGFR) to the width (or diameter) when the flow is
focused. This quantity relatively indicates the effectiveness of the
sheath gas flow vis-�a-vis the focusing of the aerosol flow. In this
section, to corroborate these observations, we first test the hypoth-
esis that the line width is proportional to the width of the aerosol
jet flow via simulation of the deposition process using the
2D-CFD model described in Sec. 3. As shown in Fig. 24, there is
a close agreement between the experimental and CFD-derived

trends substantiating the hypothesis that the line width (left axis)
is proportional to the width of the aerosol jet flow (right axis).

The flow velocity profile obtained from the CFD model is
shown in Fig. 25, which corroborates that the (central) aerosol
flow gains larger momentum when the CGFR is increased. The
increase of momentum enables the particles to overcome the colli-
mation force exerted by the sheath flow. As a result, the focusing
ratio (FR) decreases, and less collimated, wider lines (still smooth
and good in quality) are obtained, as observed experimentally in
Fig. 22(a). In other words, the degree of collimation (represented
by the particle deposition profile) decreases with increasing the
CGFR. However, if the CGFR exceeds the critical point of stabil-
ity, overspray forms as observed experimentally in Sec. 5.2.2.

6 Conclusions

This work has two main contributions: (1) An Optomec AJ-300
aerosol jet printer was instrumented with a CCD camera for online
monitoring of line quality; and various image-based quantifiers
were subsequently defined to capture different attributes of line
morphology. (2) A two-dimensional computational fluid dynamics
(2D-CFD) model was forwarded to explain the underlying

Fig. 23 A comparison between the online and offline experimental results versus the CGFR,
signifying the consistency between the two methods. The error bars are (61 r=n) long where n
equals the number of replications (10). Capturing the same trend for each morphology attrib-
ute, the online and offline quantifiers were plotted on two axes to offset the difference arising
from different image properties.

Fig. 24 The influence of the CGFR on the line width (left axis)
and on the aerosol jet width (right axis). The error bars are (61
r=n) long where n equals the number of replications (10). The
objective was to show the model could capture the same trend
as the experiment; a geometry factor of 6 was used for scaling
the CFD simulation results to the experimental observations.

Fig. 25 The influence of increasing CGFR on the flow velocity
profile and on the particle trajectory (a) and (b): in the combina-
tion chamber and (c) and (d) during the deposition process. In
this simulation, the sheath gas flow rate (ShGFR) was set at 60
sccm.
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aerodynamics of the AJP process. The image data and subsequent
analysis can serve to identify process drifts, and the CFD model
provides a basis for adjustment to correct the process drift. Spe-
cific outcomes of the work are as follows:

� Online images of printed lines were acquired using a CCD
camera mounted coaxially to the nozzle. Thereafter, we
developed six quantifiers of line morphology, namely, line
width (LW), line density (Lq), edge quality/smoothness (LEQ),
overspray index (LOS), line discontinuity (LDisc), and Fiedler
number (k2).

� Experiments were conducted with varying the main process
parameters, i.e., the sheath gas flow rate (ShGFR) and carrier
gas flow rate (CGFR), and the line morphology was charac-
terized using the six quantifiers, based on which an optimal
process window was ascertained. From our experimental
investigations, the optimal focusing ratio (FR) and print
speed (PS) are 2.7 and 1 mm/s, respectively. The accuracy of
these quantifiers was verified with offline characterization
results. The correlation between the online and offline meas-
urements was assessed to be in the range of 95%. Further-
more, the quantifiers were able to capture the trends in line
morphology irrespective of the type of atomizer (pneumatic
or ultrasonic) used; the method is therefore applicable to
both ultrasonic and pneumatic atomization (nebulization)
techniques.

� A 2D-CFD model was forwarded to account for the complex
aerodynamic phenomena governing the AJP process. The
CFD model explains the underlying reason for the trends
observed in line morphology contingent on the carrier and
sheath gas flow rates.

The experimental results of varying print speed (PS) are
presented in the Appendix because the current CFD model is two-
dimensional and hence cannot be used to explain the effect of PS.

7 Future Work

As part of our future work, the effects of and the interactions
among factors, such as the gas flow rates, print speed, atomization
current, and nozzle diameter, will be simultaneously investigated
through a multifactor design of experiment. The CFD model will
be augmented with more variables and further extended to
three dimensions. This will allow closer agreement between
experimental and theoretical results. We are currently researching
the following two aspects of online monitoring and thickness
measurement.

7.1 Online Monitoring Scheme. The proposed monitoring
method is independent of the type and shape of printed structures.
It monitors the system state by processing the signals extracted
from online images or from temporal sensors. Based on the mor-
phological features (developed in Sec. 4.3) of the geometries
printed under optimum conditions, a reference state is established.
Then, the system state is monitored with consideration of the
amount of deviation from the reference state.

The proposed monitoring scheme can be extended to be used
for process control. In the process control scheme, steady-state
images are programmed to be taken at regular time intervals or at
the end of each printing task. Next, the images are processed, and
the system state is determined using the developed morphology
quantifiers such as line width (LW), line density (Lq), overspray
index (LOS), Fiedler number (k2), etc. (Sec. 4.3). Subsequently,
the system state is classified according to predefined reference
states as, for example, acceptable (green), shifted (yellow), or
unacceptable (red). If classified as acceptable, the system will
continue printing. If classified as unacceptable (for example, due
to an assignable cause, such as nozzle clog), the system will stop
printing. If classified as shifted (for example, due to gradual pro-
cess drift), the method will adjust the process parameters (such as
ShGFR and CGFR) proportional to the amount of shift from the

targeted line morphology by invoking the CFD model akin to a
proportional control schema.

7.2 Online Quantification of Line Thickness. To quantify
line thickness (or height) using image processing, we will use a
stereomicroscopy-based approach in our future work. Such a setup
is shown in Fig. 26. In this technique, two images are taken at
slightly different perspectives (Figs. 26(b) and 26(c)) using cali-
brated stereo cameras (located off the testbed), and analyzed to
extract the height of the structure based on the differences in per-
spective. Stereo-photometry has been implemented in literature
[61,62]. This method has advantages of a large standoff distance
and is more robust to rough or irregular depositions. The shape
and thickness of the structures can be determined accurately off-
line, using methods such as stylus profilometry and/or white light
interferometric microscopy, and used to calibrate and verify the
measurement system.

Nomenclature

Glossary of the terms used in developing a CFD model of AJP
process. Vectors are represented as bold, non-italic symbols; sca-
lars are represented as italic, non-bold symbols. Subscripts/super-
scripts c, d, E, f, i, L, M, N, r, R, v, x, and y are, respectively, repre-
sentative of continuous phase, discrete phase, energy, face value,
the ith element, left, momentum, individual phase, reference state,
right, volume, x-direction, and y-direction.

Cv ¼ heat capacity at constant volume
d ¼ displacement vector
D ¼ droplet diameter (the uniform model was selected to

represent the droplet size distribution. The mean value is
3 (lm))

Dv ¼ volume-equivalent sphere diameter
e ¼ specific internal energy

eN ¼ specific internal energy of the individual phase
f ¼ drag factor (the drag coefficient was calculated using the

spherical drag law assuming smooth aerosol particles)
F ¼ inviscid flux vector
g ¼ gravitational acceleration vector
J ¼ inviscid flux vector
Ĵ ¼ inviscid flux Jacobian
k ¼ fluid thermal conductivity (the preset value of the fluid

thermal conductivity is 0.0242 (W/(m K)))
m ¼ mass
p ¼ fluid flow/mixture pressure (the fluid pressure was obtained

using the ideal-gas law, being in the range of 424–1734
(Pa))

Fig. 26 The proposed stereomicroscopy-based approach,
which will be used to quantify line thickness in our future work.
(a) A picture of the experimental setup equipped with a stereo-
microscope; (b) and (c) the left and right views of a printed line,
respectively. The line thickness is quantified based on the two
perspective views.
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Q ¼ solution vector
_q ¼ rate of heat transfer per unit mass
R ¼ universal gas constant

SE ¼ energy source term
SM ¼ momentum source term

t ¼ time
T ¼ fluid flow temperature
u ¼ x-component of the fluid flow/mixture velocity
u ¼ velocity vector

uN ¼ x-component of the individual phase velocity
v ¼ y-component of the fluid flow/mixture velocity
v ¼ droplet velocity vector

vN ¼ y-component of the individual phase velocity
Vd ¼ droplet volume

_w ¼ rate of work done per unit mass

Greek Symbols

/N ¼ volume fraction of the individual phase
C ¼ preconditioning matrix
cc ¼ kinematic viscosity of the continuous phase
l ¼ fluid flow/mixture dynamic viscosity (the fluid viscosity

was defined using Sutherland’s law)
lc ¼ dynamic viscosity of the continuous phase
q ¼ fluid flow/mixture density (the ideal-gas law was employed

to define the fluid density)
qc ¼ density of the continuous phase
qd ¼ density of the discrete phase (the preset value of the density

of the discrete phase is 1800 (kg/m3))
qN ¼ density of the individual phase
rd

c ¼ deviatoric stress tensor
1 ¼ scalar of interest
U ¼ dissipation function
xd ¼ angular velocity of a droplet
Xc ¼ vorticity of the continuous phase

Appendix

A.1 Effect of Print Speed (PS) on Line Morphology

A.1.1 Experimental Observations. As visually shown in
Fig. 27, a single-factor experiment was designed to investigate the
influence of print speed (PS), also known as translation speed or
stage speed (as one of the machine parameters compared to the
flow parameters delineated in Secs. 5.1 and 5.2), on line morphol-
ogy. The PS was varied in a randomized fashion from 0.5 mm/s to
5 mm/s (with 0.5 unit increments). In this experiment, both sheath
and carrier gas flow rates were kept at 60 sccm and 30 sccm,
respectively. These two values were selected based on the results
of the experiments conducted on the ShGFR (Sec. 5.1) and CGFR
(Sec. 5.2). Silver nanoparticle lines (3 mm long each) were printed
ten times in a single pass for each PS level.

An initial, visual investigation of the line morphology (shown
in Fig. 27) reveals the fact that the edge quality/smoothness is
influenced by print speed most significantly (compared to the
other features of line morphology developed in Sec. 4). As the
print speed increases, the edge quality deteriorates markedly;
similarly but less prominently, the line width decreases.

The physics behind the aerosol flow deposition under the influ-
ence of print speed can be captured by linear mass density (mass
per unit length) as expressed by the following equation:

km ¼
xp �qs/s

_Qg
60v

(30)

where km is the linear mass density of a printed line (g/mm), xp is
the mass fraction of the solid particles loaded in the ink, �qs is the
average density of the solvent system (g/mL), /s is the volume
fraction of the solvent in the aerosol mixture, _Q is the volumetric

flow rate of the aerosol or carrier gas flow (sccm), g is the aerosol
transport and deposition efficiency, and v is the print speed
(mm/s).

The above equation connects the aerosol volumetric flow rate

with print speed. At a constant volumetric flow rate ( _Q), there is a
nonlinear relationship between the linear mass density (km) and
print speed (v) implying that lines with poor quality are printed in
terms of density and discontinuity as the print speed increases
inordinately. This phenomenon is visually observed in Fig. 27.
The linear mass density is representative of the ratio of the mate-
rial deposition rate to the translation rate. Once the print speed
exceeds a critical value, the deposition process is no longer mate-
rial rate-dominated but print speed-dominated. In the print speed-
dominated region, there is no proper material coalescence after
deposition which adversely influences the edge quality, line den-
sity, as well as line discontinuity.

A.1.2 Characterization of the Line Morphology. According
to Eq. (30), an increase in the print speed results in less material
deposition per unit length. Referring to Fig. 28, the following
inferences can be made regarding the line morphology.

Fig. 27 The influence of print speed (PS) on line morphology.
The edge quality and line width are more significantly affected
than the other morphology features (developed in Sec. 4).
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(1) Line width (LW) decreases sharply in the material-
dominated region (PS� 1.5 mm/s) and, then, approximately
levels off in the print speed-dominated region. With regard
to the ink properties as well as the ink-substrate interaction,
it seems that the high rate of translation in the latter region
prevents the deposited aerosol from proper coalescence.
Hence, the print speed of 1.5 mm/s can be considered as a
critical point of translation beyond which the line linear
density decreases significantly.

(2) Edge quality (LEQ) is optimum when PS� 1.5 mm/s and,
then, deteriorates significantly once the rate of translation
becomes dominant.

(3) The highest level of line density (Lq) is obtained in the
material rate-dominated region where the phenomena of
aerosol coalescence and spread determine the final mor-
phology of the line governed by surface tension and surface
energy, respectively.

(4) Overspray (LOS) decreases exponentially, remaining approxi-
mately unchanged in the print speed-dominated region.

It can be concluded that the print speed (PS) parameter should
be maintained around the critical value of 1.5 mm/s for the process
to remain within the optimal operability window.
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