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ABSTRACT
Near-field electrohydrodynamic jet (E-jet) printing has recently gained significant interest
within the manufacturing research community because of its ability to produce micro/submicron-scale droplets using a wide variety of inks and substrates. However, the process
currently operates in open-loop and as a result suffers from unpredictable printing quality.
The use of physics-based, control-oriented process models is expected to enable closedloop control of this printing technique. The objective of this research is to perform a
fundamental study of the substrate-side droplet shape-evolution in near-field E-jet printing
and to develop a physics-based model of the same that links input parameters such as
voltage magnitude and ink properties to the height and diameter of the printed droplet. In
order to achieve this objective, a synchronized high-speed imaging and substrate-side
current-detection system was used implemented to enable a correlation between the
droplet shape parameters and the measured current signal. The experimental data reveals
characteristic process signatures and droplet spreading regimes. The results of these
studies are then used as the basis for a model that predicts the droplet diameter and height
using the measured current signal as the input. A unique scaling factor based on the
measured current signal is used in this model instead of relying on empirical scaling laws
found in literature. For each of the three inks tested in this study, the average absolute
error in the model predictions is under 4.6% for diameter predictions and under 10.6% for
height predictions of the steady-state droplet. While printing under non-conducive
ambient conditions of low humidity and high temperatures, the use of the environmental
correction factor in the model is seen to result in average absolute errors of 10.35% and
12.5% for diameter and height predictions.

viii

1. Introduction
The near-field E-jet printing process has recently gained significant interest within
the manufacturing research community because of its ability to produce micro/submicron-scale droplets using a wide variety of inks and substrates. This process uses
electric fields to create fluid-flows through micro-capillary nozzles to deliver ink onto the
substrate in the form of a charged micro-jet.
Figure 1depicts the schematic lay-out of the near-field E-jet printing set-up that was
used in this study. The basic elements include an ink chamber, platinum-coated glass
nozzle, substrate, and positioning system. The controllable printing process parameters
are the back pressure (pneumatic) applied to the ink chamber, the gap-height between the
nozzle and substrate, and the applied voltage potential between the nozzle tip and goldcoated glass substrate.

Figure 1. Setup for near field e-jet printing [1]
The feasibility of using a wide variety of inks/substrates along with its ability to
produce micro-/nanoscale droplets makes this process an ideal candidate for a multibillion dollar industry that includes applications such as printed electronics, bio-sensors,
and medical implants. However, the process suffers from unpredictable printing quality,
which has hindered its acceptance as a reliable micro-scale manufacturing technology [1],
[2].
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The precision of the near-field E-jet printing process can be improved by
implementing suitable closed-loop control strategies. While the substrate-side current
signal obtained [3] during the droplet deposition process can serve as the feedback signal,
this signal has an extremely short duration of 10-500 µs. This makes the extraction of
information for implementing closed-loop control very difficult without the use of
physics-based models that can predict the substrate-side shape-evolution of the droplet.
Unlike the well-studied far-field E-jet printing process [4] where a macro-scale jet first
breaks down into a stream of droplets before hitting the substrate, here the problem is that
of a micro-scale jet directly transforming into a micro-droplet upon its impact on the
substrate. Currently, models in the near-field e-jet regime lack the predictive power needed
for process planning.
The objective of this research is to produce a physics based model that links input
parameters such as applied voltage magnitude and ink properties to the height and
diameter of the printed droplet. To enable this, fundamental study of the substrate-side
droplet shape-evolution in near-field E-jet printing were required, and undertaken by
William Carter. In order to achieve this objective, a synchronized high-speed imaging and
substrate-side current-detection system was implemented to enable a correlation between
the droplet shape parameters and the current signal. The experimental results from these
studies were then used as the basis to develop a modeling framework to predict the final
shape of the droplet as a function of the applied voltage.
The remainder of this thesis is organized as follows: Chapter 2 provides a history of
electrohydrodynamic inkjet printing, as well as microdroplet and microjet impact,
focusing on recent and the most relevant work of near field and steady state jetting
systems, as well as the printing setup used in this thesis. This chapter also identifies gaps
in knowledge and the current state of research. Chapter 3 presents more in depth the
printing process and initial experimental results used to build the model. Chapter 4
provides the implementation of the model and methodology of calibration. Chapter 5 is a
discussion of the results and a comparison with the measured droplet sizes. Chapter 6 is
the conclusion of the work, with a reflection on future directions and what additional
research needs to be done in Chapter 7.
2

2. Historical Review
2.1 Early History of Electrospraying
The first historical mention of electric deformation of droplets or small quantities of
water lies in the work of William Gilbert, an English natural philosopher who attempted
to describe the nature of electrostatic and magnetic phenomenon, and who observed that
in the presence of a charged piece of amber, a droplet of water deformed into a cone [5]though no dispersion was observed.
John William Strutt, 3rd Baron Rayleigh, OM (12 November 1842- 30 June 1919) is
well known for a variety of discoveries, including his work discovering argon and
predicting the existence of surface waves. However, he is less well known for his theory
of the maximum amount of charge that could be held on the surface of a liquid droplet,
now known as the “Rayleigh Limit” [6], confirmed by later electrospray work and used in
this thesis.
John Zeleny of the University of Minnesota and later Yale, inventor of the Zeleny
electroscope, observed and published the first work on the behavior of fluid droplets
elongating in an electric field at the end of glass capillaries [7], as well as capturing the
first time-lapse images of the meniscus deformation, seen in Figure 2.
The final major precursor to modern electrospray studies was Sir Geoffrey Ingram
Taylor OM, a British physicist and mathematician who was an expert on fluid dynamics
and wave theory, and was a critical part of the development of supersonic aircraft via his
work in fluid dynamics and solid mechanics. While he retired in 1952 at the age of 66, in
1969 he published his final paper, on jets of conducting liquid motivated by electrical
fields-the modern electrohydrodynamic jetting. He described this work succinctly and in
a way that would predict the field for many years:
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Figure 2. Depiction of meniscus deformation [7]
“The disintegration of drops in strong electric fields is believed to play an
important part in the formation of thunderstorms, at least in those parts of
them where no ice crystals are present. Zeleny showed experimentally that
disintegration begins as a hydrodynamical instability, but his ideas about
the mechanics of the situation rest on the implicit assumption that
instability occurs when the internal pressure is the same as that outside the
drop. It is shown that this assumption is false and that instability of an
elongated drop would not occur unless a pressure difference existed. When
this error is corrected it is found that a drop, elongated by an electric field,
becomes unstable when its length is 1.9 times its equatorial diameter, and
the calculated critical electric field agrees with laboratory experiments to
within 1%. When the drop becomes unstable the ends develop obtuseangled conical points from which axial jets are projected but the stability
calculations give no indication of the mechanics of this process. It is shown
theoretically that a conical interface between two fluids can exist in
equilibrium in an electric field, but only when the cone has a semi-vertical
angle 49.3°. Apparatus was constructed for producing the necessary field,
and photographs show that conical oil/water interfaces and soap films can
be produced at the calculated voltage and that their semi-vertical angles are
very close to 49.3°. The photographs give an indication of how the axial
jets are produced but no complete analytical description of the process is
attempted.” [8]
These same tendencies and angles continue to be observed in the work covered by this
thesis, as do the regimes mentioned by Zeleny. Unfortunately, a true general universal
analytic solution for electrohydrodynamic jetting has yet to be developed, but this work
4

brings the field one step closer to being able to control the phenomenon for manufacturing
purposes.
As the electrohydrodynamic process developed, two basic domains emerged,
detailed in Table 1. Far-field e-jet processes are commonly used in industrial applications.
However, unlike in the near-field, the jet will display coaxial instability and separate into
a spray of droplets. In addition, the gap height between the nozzle and substrate is 2 orders
of magnitude higher than in near-field printing. Near-field processes, which have only
begun to be examined in the last decade as supporting actuation and imaging resolution
was developed, are at a much closer range (30-200um) and result in high nanometer-low
micrometer single droplets from a coherent jet (due to impact before instability causes
breakup). While the process that produces these two phenomenon is similar in physical
laws applied, they are fundamentally different systems and must be examined differently.

Table 1. Comparison of near-field and far-field E-jet processes
Near-field E-

Far-field E-

jet process

jet Process

Printing resolution
0.25-10 m

10-100 m

Gap Height

10-80 m

1-15 mm

Positional error in

Not

the final droplet

characterized

Applied Potential

~ 300 V

~ 10 kV

Nozzle diameter

0.2-10 m

100-500 m

(smallest droplet
diameter)

+ 20 m

2.2 Near Field Electrohydrodynamic Printing Process
Chen examined the capabilities of the electrohydrodynamic printing method to
produce single pulse 'drop and place' particle deployment [8], and along with following
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Figure 3. Printed pattern using NOA 73 at 1 kHz
printing frequency using a 2um ID capillary
nozzle [13]
work by Paine et al. [9] and Park et. al. [10] was shown to have a high degree of accuracy
in depositing femtoliter droplets. Due to the resolutions both demonstrated and speculated,
there are a number of possible applications-such as including printed electronics and
biological printing [11], microscale patterning [12], and potentially more advanced
multilayer 3d printing in the future. A viable printing method was patented by D.H. Choi
and I.R. Smith in 1998, under U.S. Patent 5838349.
Toward this end, a high resolution desktop e-jet printer was produced by Professor
Mishra et al. [2], [13] at UIUC with an achieved resolution of 1-2um droplets limited by
6

Figure 4. Modes of Electrospray [15]
the nozzle diameter. Earlier work was focused on laying the ground work to improve the
printing speed and droplet size control, two of the largest challenges for jet-printing
techniques, primarily focusing on an examination of scaling of frequency, as well as the
effect of changing pulse-width values. Success was achieved via using a pulsed dc voltage
signal, cutting down printing times by three orders of magnitude from previous methods
while delivering consistent droplet deposition rates and sizes, with results seen in Figure
3. Follow-up work sought to improve control over the size of the droplet, and developed
a real-time current sensor for feedback control. However, the monitored current signal was
not available and an ILC algorithm was used in batch processing [1]. In this domain, three
stages were isolated-jet ejection, jet transport, and droplet spreading, enabling building the
model in this thesis.
Droplet size was found to decrease as voltage increased, as frequency of ejection
increased. Resolution and accuracy was maintained up into the 10Khz range, with .3um
and .4um standard deviations on droplets with 3.9um and 8.1um diameters. In addition,
pulsed applied voltage was found to cause printing faster than a constant background
voltage. Further advances continue to be made, such as the addition of a ring electrode
instead of directly charging the substrate so as to facilitate ejection onto non-conducting
substrates [14], which contributed to the patent application filed by P.M. Ferreira, D.
Mukhopadhyay, J.U. Park, and J.A. Rogers under U.S. Patent Application 12/669287,
along with methods of creating a large number of nozzles.
The fundamental nature of the problem involves formation of the Taylor cone
followed by ejection, the impact of the jet onto the substrate, and the subsequent evolution
of final droplet shape for useful process predictions.
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2.3 Electrohydrodynamic Jet Ejection Modeling

Figure 5. Depiction of the relation of pulsation frequency
with radius of nozzle [26]
Early work on electrospray jetting revealed initial domains of operation, as well as the
complexity of the problem and the number of related variables, as well as the variation of
the jet diameter and the ratio of drop charge to Rayleigh limit charge [15]. However, the
number of different domains found, shown in Figure 4, as well as the sheer number of
variables that affected the system caused difficulties in the generation of constitutive laws,
leading following literature to primarily use scaling laws to describe how variables effect
the system. Most work in the e-jet ejection literature body was in the far-field range, until
recently.
Following this, De La Mora performed a number of studies were performed on the
constitutive relations and scaling laws governing electrohydrodynamic jetting in the far
field (droplet breakup due to axial instability) case. These studies helped fix the size and
charge of the fission products in coulombic fission and to correlate the exploding droplet
to the steady electrified cone-jet [16], examine the distribution of charge and diameter of
drops emitted from electrified liquid cones in the cone-jet mode [17], and examine the
fluid dynamics of the fluid cone as well as the following ejection [18].
8

However, the number of different domains found, as well as the sheer number of
variables that affected the system caused difficulties in the generation of constitutive laws,
leading following literature to primarily use scaling laws to describe how variables effect
the system.
Further work was done examining including fluid mechanics, including work by Notz
et al. [19], successfully using a finite element method to predict the formation of a droplet
from a nozzle in both the case of no applied electric field, as well as in the electric field
case, with mode of drop formation shifting from dripping to jetting to micro-dripping.
Gamero-Castano et al. [20] measured the current produced by sprays in cone-jets with a
variety of applied fields, while minimum flow rate, and jet diameter as a function of
applied electric field were examined byHartman et al. [4].Finally, early scaling laws on
the size of the droplet produced as a function of electric field and fluid properties were
proposed by Ganon-Calvo et al [21].
Wei et al. [22] examined the difference in pulsation between ‘naturally pulsed’
electrospray from a constant applied voltage, and a controlled higher frequency
electrospray resulting from the pulsed applied voltage. Follow-up work was done
examining the differences between applied AC voltage, pulsed DC voltage, and
superimposing DC to applied AC voltage [23], with a result of finding that the meniscus
frequency may be double or equal to the applied frequency when it is lesser than or greater
to critical frequency (respectively), and that using a pulsed dc voltage provided the most
stable signal. Li et al. [24] superimposed pulses to a background voltage, finding that
increased pulsed voltages led to relatively greater droplet formation while greater
background voltage was associated with smaller droplets. Marginean et al. [25] looked at
how much charge there is on a pulsating Taylor cone, the interaction with the diameter of
the nozzle, as seen in Figure 5, as well as how that effects the final ejection frequency.
Further constitutive relations were put forth for the near-field regime. Unlike the far
field regime, where the jet breaks up into multiple droplets and their size and current is
affected by this (with a distribution of droplet sizes), the near field regime is when the
substrate is sufficiently close to the nozzle that the jet impacts before it has a chance to
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Figure 6. Applied voltage versus cone formation time,
with bias voltage [10]
break up into droplets. Chen [26] and Choi [27] attempted to relate the applied electric
field and fluid properties to the mass flow rate of the ejection, the diameter of the jet, the
current of ejection, the frequency of ejection, and the final droplet width (through simple
volume relations), with some success. However, these were scaling laws instead of
predictive equations. Paine et al improved previous work on characterizing the electric
field, as well as the effect of the behavior of the jet or electrospray following high voltage
switching, and examining the role of the Bond number on cone formation time [28].
Increasing the bias voltage was found to decrease the formation time as a function of
applied voltage, seen in Figure 6.
While a variety of relations and scaling laws have been proposed, they have primarily
been of a descriptive variety, or a different regime (ie fluid pumped, electrospray, etc.)
This leaves a gap in knowledge with regards to control oriented methods that attempt to
calibrate and work with existing knowledge to prepare an in-situ algorithm for predicting
ejection values.
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2.4 Electrohydrodynamic Impact Modeling
2.4.1

Jet Impact

Figure 7. Depiction of Impact [29]
Some work has been done examining final droplet shape generated by an e-jet. De la
Mora [16] proposed a scaling law of mean droplet diameter (assuming jet breakup) , while
Ganan-Calvo [21] proposed a universal droplet scaling formula based on fitting a curve to
experimental results. However, these predictive measures were both designed for the far
field case, after axial instabilities have caused breakups, as well as fundamentally
probabilistic/statistic measures establishing a base size and standard deviations. To
compensate for this, impact literature from other fields was examined to understand the
mechanisms of fluid impact on a substrate and how scaling laws impacted this.
While the field of general jet impact is significantly more developed than that of
electrohydrodynamic printing, the specific problems encountered within the scope of this
thesis remained outside the range of previously examined cases, due to the unique
properties and opportunities offered by electrohydrodynamic inkjet printing. This is due
to two primary reasons. The first reason is that the regime of fluid properties examined
(Reynolds number of~ 4-40, Weber number of~ .4-4) is incredibly small, and very few
impact studies have been performed in this regime. In addition, the smallest scale impact
studies have been done with microdroplets, as opposed to the microjets examined in the
case of electrohydrodynamic inkjet printing.
However, inspiration and similarities can be examined in literature. Due to the fact
that the liquid regime examined in this work is enabled by the setup, liquid microjets
impacting in the same regime were not found. The most useful and similar work came
11

from examining general papers on microdroplet impact. Two of the primary such works
include the work done by Roisman [29] on developing a model for post-impact droplet
spreading (Figure 7) and receding and examinations and the work done by PasandidehFard et al. [30] on post-impact droplet spreading and equilibrium at a scale where capillary
effects are relevant, as well as the effect of surface properties.
Papers examining microjets include examination of the effect of impinging microjets
on heat transfer, such as early work by Miyazaki et al. [31] on the flow resulting from a
two-dimensional laminar jet impacting a flat plate and followup work by Nakoryakov et
al. [32] on the hydrodynamics and mass transfer of a radial liquid jet impinging on a
horizontal plane. While both of these studies helped establish models of the spread of a
continuous liquid jet on a flat plate, including work on predicting such phenomenon as the
hydraulic jump (further examined and modeled by Gradeck et al. [33]), neither the scale
(Weber and Reynolds numbers) nor the form (continuous flowing jet) match our case.
Similar work was performed examining the heat-transfer effects of microjets
impinging on flat plates, primarily for cooling purposes in manufacturing and
micromanufacturing. Among others, Zumbrunnen et al. [34] developed a laminar
boundary layer model for heat transfer from a non-uniform jet, Baonga et al. [35]
performed an experimental of the hydrodynamics and heat transfer of a free liquid jet
impacting a flat circular heated disk, and Bhunia et al. [36] examined the secondary effect
of efficiency of a power-conversion module cooled by micro-jet impingement.
When examining the effect that jet impact has on the kinetic and surface energy of the
jet via jet dissipation, additional work was considered. This included work on turbulent
energy dissipation in the viscous wall region by Bradshaw et al. [37], spreading and
imbibition of a viscous liquid on a porous base by Davis [38], and the general case for
impingement of flowing inviscid jets of an arbitrary velocity profile on a wall by Phares
et al. [39]. Viscous jet literature was the primary examined due to being closer in terms of
dimensionless numbers, as well as the moderately thicker nature of some e-jet inks.
However, as above, the regime operated in in this work was not found and only
methodological inspiration and understanding of the general field of hydrodynamic impact
was taken from these papers.
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Some simulation based work has been done in the field of nanoscale jets. Murad’s
work [40] on nanoscale jet formation and impingement on flat surface was of a
significantly smaller simulated scale than our own, with jets on the order of 1 nanometer.
However, the trends seen in our own work of surface energy being a significantly larger
determinant of outcome were exaggerated due to the decreased scales in the nanojet case.
However, as before, there is an examination of continuous spreading instead of limited
single event deposition.
2.4.2

Droplet Impact Literature

Correspondingly, some gains can be garnered from papers on droplet impact. These
papers have a much larger range of sizes and cases, including ones that more closely
resemble the relevant scales covered by this thesis.
Unlike the case of the jet, in which most studies examine a freely flowing jet and how
it spreads, a droplet is a finite volume of liquid, similar to the jets produced in E-jet
printing. The fluid dynamics of an impacting droplet are more well defined, with White’s
‘Viscous Fluid Flow’ as a primary reference manual examined both in this work and some
cited works [41].
The two most relevant pieces of literature are work by Bolleddula et al. [42] on the
applications of droplet impact simulation to the pharmaceutical industry. This work was
highly useful to the work due to surveying work and varieties on the energy and spreading
models of other work (such as Roisman, mentioned above) and preparing its own
modifications to the energy balance equations pursuant to the needs of the paper.
The other key piece of literature used was by Ghai et al. [43] who used an energy
balance model similar to that used commonly across literature with total volume sizes only
slightly larger than our own, and modeled the impact of microdroplets for cooling.
However, the primary contribution of her work was the development of the surface area
of a spreading ellipsoid, a complicated geometric problem. While our case is simpler than
hers, having a circular rather than elongated top profile, her work provided the source of
our more specific equation for surface area modeling, necessary for the energy balance
due to the proportion of surface to kinetic energy.
13

Tanner developed an early model of the spreading of silicon oil drops [44], and with
derivative work developing into a general model for impacting droplets and maximum
spread on a horizontal surface. Park’s work [45] on droplet spreading and retracting of a
single droplet used a similar energy balance method to predict the maximum spreading
ratio at a relatively low impact velocity, but it was done in a regime (Re 180-5513, We .2176) far outside the relevant ranges of this work. Similarly, Ukiwe et al. [46]followed up
on the model of Pasandideh-Fard [30] mentioned above, but was in a regime (Re 18665498, We 18-370) where droplet retraction was observed, shown in Figure 8.

Figure 8. Depiction of Droplet Impact [46]
Dong et al [47] investigated temporally-resolved inkjet drop impaction on surfaces in
a work very similar in scales to our own (Re 100-700, We 3-105), though of a sufficiently
different volume that a larger kinetic/surface energy ratio was maintained and some
retraction was observed. No new mathematics were proposed, primarily an examination
of prior models. Work by Son et al. [48] was also in a similar regime to our own (Re 10100, We .05-2) with minimal retraction and similar final droplet shape observed. This is
shown in Figure 9. This work also used a model based on the work by Pasandideh-Fard.
The general methodology used for balancing mass and energy is similar between the
case of the impacting droplet and the impacting jet, and the field of literature provided a
base upon which to work. However, due to the geometry and difference in relative scales
involved, as well as the aspect ratio (a sphere has a ratio of side length of unity, the jets
14

Figure 9. Depiction of drop impact dynamics [48]
produced generally have at least an order of magnitude greater length than width) meant
that further data was sought elsewhere.

2.5 Summary of Literature Review
The problem of electrohydrodynamic inkjet ejection is not a problem that lacks
examination in literature. However, to this point most efforts have been primarily
examination of phenomenon and regimes, or use of scaling factors to describe how the
system changes as a result of changing variables in broad strokes. A desirable outcome for
use in manufacturing is a system that allows for predictable and tunable final droplet
shapes as a function of system and fluid parameters.
The energy-balance formulation has been shown to be an especially effective tool at
low-energy impact values where splashing and mass loss are not an issue, with the regime
examined in this thesis being a perfect example (as nanoscale instabilities such as those
examined in Murad have not yet come into play). However, the vast majority of prepared
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literature was done in regimes with droplets larger than 50um, with only limited work in
regimes approaching the relevant ones of this thesis (Re 4-40, We .4-4). Due to the scale
of surface and kinetic energy at this size, as well as the shape differentiation between
droplet and jet impact, these works have limited application. Recent work done by Ghai
[43] has shown how formulations done in this manner can be prepared for a controlsystems centric, tunable approach, as is needed for e-jet utility.
Primary work drawn on in this thesis is the work done by Mishra and colleagues on
near-field electrohydrodynamic printing [13], as well as scaling law systems proposed by
Choi [27]. Also heavily used were Ghai’s characterization of the shape of an offset
ellipsoid and the relevant energy balances [43], and Roisman’s energy balance
methodology [29]. The setup used is also used in William Carter’s work [3].

2.6 Gaps in Knowledge
Based on the review of literature in Chapters 2.2 and 2.3, the following gaps in
knowledge have been identified and specifically addressed by this thesis:
No model has been developed that could be used for process planning for near-field
electrohydrodynamic e-jet processes, limiting the application of the process outside of the
laboratory.
While empirical scaling laws exist for the ejection in the near-field regime, no models
are currently used that use substrate current signal as a basis for doing prediction, which
would allow real time signal detection.
Jet impact is a common field in literature, but limited work has been done in low
Reynolds and Weber numbers, with no work done in jet impact at the regime examined in
this thesis, where not only does the jet have a kinetic energy significantly smaller than its
surface energy, it also presents a jet than when impacting the substrate coalesces into a
droplet instead of splashing or flowing out from the point of contact.

2.7 Objective of Research
The objective of this research is to produce a physics based model that links input
parameters such as applied voltage magnitude and ink properties to the height and
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diameter of the printed droplet. To enable this, fundamental study of the substrate-side
droplet shape-evolution in near-field E-jet printing were required, and undertaken by
William Carter. In order to achieve this objective, a synchronized high-speed imaging and
substrate-side current-detection system was implemented to enable a correlation between
the droplet shape parameters and the current signal. The experimental results from these
studies were then used as the basis to develop a modeling framework to predict the final
shape of the droplet as a function of the applied voltage.
This thesis does not address far-field e-jet printing. Inks addressed fall within a
narrow range of mixes ranging from 25% glycerol and 75% water, to 10% glycerol and
90% water. Ink conductivities range from ~250μS/m to ~1400 μS/m. Temperatures fell
between 18 and 23 degrees Celsius, with humidity ranging from 39% to 75%. In addition,
this thesis does not address the geometry of the forming cone on the nozzle prior to
ejection.
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3. Printing Process and Experimental Setup
3.1 System Setup
Figure 1 depicts the schematic lay-out of the near-field E-jet printing set-up that was
used in this study. In addition to the components mentioned in Chapter 1, a CORDINTM
530 high-speed camera and OlympusTM microscope combination was used to view the
formation of the micro-jet and its subsequent transformation into a micro-droplet. A
triggering system was also implemented to synchronize the firing of the micro-jet with the
collection of the high-speed images and the substrate-side current signal.
Table 2.Experimental Conditions
Ink 1

Ink 2

Ink 3

100µM PBS (90% 1mM PBS (90% 2.2mM PBS (75%
Ink Composition

by volume)

by volume)

by volume)

Glycerol (10% by Glycerol (10% by Glycerol (25% by
volume)

volume)

volume)

259 µS/m

1367µS/m

1390 μS/m

Viscosity

0.142 Pa*s

0.142 Pa*s

0.354Pa*s

Nozzle

30µm

30µm

30µm

Offset Height

200µm

200µm

200µm

Surface Tension

68.5 dynes/cm

68.5 dynes/cm

67.0 dynes/cm

800V

810V

850V

Electrical
Conductivity

Diameter

Minimum

Printing

Threshold
Room
Temperature
Relative Humidity

18°C
75%
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3.2 Experimental Conditions
The studies were done using a nozzle of 30µm inner diameter that was offset at 200µm
from the substrate surface. The three inks used were mixtures of phosphate buffer solution
(to vary the electrical conductivity) and glycerol (to vary the viscosity).The use of this
mixture allowed the conductivity and viscosity of the inks to be independently adjusted
while still maintaining a fairly constant surface tension value. The minimum printing
threshold voltage, i.e., the lowest voltage value at which a droplet is deposited, is different
for each of these inks. This threshold value was determined by starting with a sufficiently
low voltage and increasing it in 10V increments until the onset of jetting was detected
using the current detector and the high speed camera. Table 2 lists the properties of the
three inks used in this study along with their minimum threshold voltage values and the
temperature and humidity conditions during the test.
For each of the inks, the printing studies were carried out at 10 V increments past their
respective minimum printing threshold value until the voltage resulted in jetting rates that
were faster than the ability of the high-speed camera triggering system to capture the
deposition of a single droplet. Three droplets were printed for each of the voltage
conditions. During the printing process, the droplet formation was studied using the highspeed camera system, the substrate-side current signal was analyzed, and the final steadystate droplet dimensions were recorded.

Figure 10. Micro-jet Impingement with
Corresponding Substrate-side Current Spike
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Figure 11. (a) Voltage vs. steady state diameter (b) Voltage vs. steady state
height

3.3 Experimental Results
Figure 10 depicts an image that correlates the impingement of the micro-jet
(accompanied by the spreading of the micro-droplet) to the substrate-side current signal
for Ink 2 at a voltage of 850V. As seen in the figure, there is a direct correlation between
the duration of the current spike and the deposition of the droplet.
Once the current spike reverts back to zero, additional spreading of the droplet was
seen to occur in Region 3 that finally resulted in the steady-state droplet diameter and
height after two minutes. The diameter and the height of the droplet at the end of Region
3 are the critical dimensions of interest for closed-loop process control for the near-field
E-jet printing process.
Figure 11 (a) and (b) depict the trends for the diameter and height of the droplet for each
of the inks as a function of voltage. For most of the cases, both the droplet diameter and
height tend to decrease with an increase in voltage. This corresponds to a decrease in the
volume of material deposited as the voltage is increased. Ink 1, which has a lower electrical
conductivity, produced droplets with a larger height and diameter than Inks 2 and 3. Inks
2 and 3 have similar conductivities as well as comparable droplet sizes.
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Figure 12. Time-evolution of Droplet Volume, Diameter and Height
While the trends seen in Figure 11 (a) and (b) are based on the steady-state diameter and
height of the droplet after printing, an analysis of the high-speed images is expected to
reveal more about the underlying physics of the near-field E-jet printing process. Figure 4
(a)-(i) depicts the time-evolution plots for the volume, diameter and height of the droplets
formed for each of the inks. It should be noted that these figures are plotted on a log-log
scale and that the characteristic Regions 1-3 are indicated using dotted lines on each of the
plots. For each of the inks, the plots are done for three representative voltages that are 10,
20 and 30 V higher than the respective threshold voltages for each of the inks (identified
in Table 1).
Figure 12 (a)-(c) show the time-evolution of the volume of the droplet for each of the
inks. In Region 1 the volume shows a near-linear rise on the log-log plot thereby implying
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that the volume deposited on the substrate is exponentially increasing with time. For each
of the inks, this region of jetting appears to be when the maximum mass transfer occurs
between the nozzle and the substrate. While the slope of the volume variation line in
Region 1 shows some fluctuations as a function of voltage, the trends are not conclusive.
In Region 2, the mass transfer from the nozzle to the substrate appears to plateau given
that the jet has started to recede. In Region 3, the droplet volume appears to be conserved
for all the inks indicating that there are no evaporative effects.
Figure 12(d)-(f) and Figure 12(g)-(i) depict the time-evolution of the droplet diameter
and the height, respectively for each of the inks. In Region 1, as expected, the droplet
height and diameter both show a near-exponential increase. This increasing trend more or
less plateaus in Region 2. At the end of the time duration of Region 3, the droplet diameter
shows a significant increase indicating that there is spreading that happens before the
droplet reaches its steady-state diameter. The spreading of the droplet results in diameters
that are nearly 2-3 times the droplet diameters seen in Region 2. Since the volume is
conserved for all the inks, the height of the droplet shows a significant decrease at the end
of Region 3. Thus, after deposition, the droplet appears to become shorter in height while
spreading and increasing in diameter.
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4. Model Implementation
4.1 Closed-Loop Control Paradigm for Near-Field E-Jet Printing
Figure 13a shows the existing control paradigm for the near-field E-jet printing
process. As seen in

Figure 13 (a), this existing paradigm relies on high-speed images to

identify the dimensions of the printed droplet. This information is then combined with the
user experience to adjust the voltage input in order to induce the desired changes in the
droplet dimensions. It should be noted here that, while the substrate-side current signal is
picked up, it is only used to confirm the deposition of the droplet on the substrate and not
for any feedback control [1], [13]. This use of cameras for feedback control does not lend
itself to the implementation of “on-the-fly” changes in voltage magnitudes to affect the
process outcomes. As a result, closed-loop control strategies for high-speed printing are
not currently possible for this process. Furthermore, the process relies on user experience
that is not repeatable.

Figure 13. Control Paradigms for Near-Field E-Jet Printing
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Figure 13 (b) shows the closed-loop control paradigm being envisioned to enable
high-speed printing using the near-field E-jet process. As shown in

Figure 13 (b),

the approach relies on the substrate-side current signal to not just confirm the deposition
of the droplet on the substrate, but rather on using that signal as an input to a physicsbased, control-oriented process planning model. This model uses the signature of the
feedback current signal in-conjunction with other process variables such as ink properties
and operating conditions to predict the steady-state height and diameter of the printed
droplet. Thus, the model is used to provide “sight” to the process without the use of
cameras. These predicted droplet height and diameter values can then be compared to a
model prediction-based look-up table in order to incorporate the voltage correction that is
needed to achieve the desired droplet dimensions. The proposed control strategy will
enable high-speed, on-the-fly correction of voltage patterns to enable desired droplet
diameters and heights. Currently, there are no such physics-based process-planning
models existing in the literature for the near-field E-jet printing process.

4.2 Modeling Approach
The primary goal of the modeling effort is to be able to predict the steady-state
diameter and height of a droplet printed using the near-field E-jet process as a function of
the input voltage magnitude, the ink properties, and the operating conditions. The
following assumptions are made for developing such a physics-based control-oriented
modeling frame-work:


Assumption 1: For implementing a closed-loop control strategy for the E-jet
process, the time-evolution of the droplet shape in Regions 1 and 2 (Figure 10)
is not critical. Instead, the height and diameter of interest is that which is
observed at the end of Region 3 (Figure 12). Therefore, the time-evolution of
the droplet will not be the primary focus of the modeling efforts. Instead, an
experimentally-calibrated semi-empirical model that would lend itself to onthe-fly process monitoring and control will be developed.



Assumption 2: Jet ejection and its subsequent transport to the substrate will
be de-coupled for the purposes of modeling, the assumption being that the jet
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is fully expelled from the tip of the nozzle before it hits the surface. This
assumption allows for a simpler energy-based calculation that is
implementable for closed-loop control strategies, at the loss of temporal
resolution of the droplet shape in Regions 1-2 (Figure 12).


Assumption 3: Droplet volume is conserved during the printing process. The
evidence of this exists from the results shown in Figure 12.



Assumption 4: The model would be limited to the case of a single droplet
deposition on the substrate for a given voltage value. Droplet-on-droplet
printing scenarios will not be modeled.



Assumption 5: The model will be calibrated for two extreme values of
voltages and the model will be used for predictions only between those voltage
limits. The calibration factors are expected to capture the effects of intangible
printing conditions such as humidity, temperature etc. Therefore, any change
in the environmental factors will warrant a recalibration for the ink in question.

Figure 16 depicts the overall approach taken towards modeling the droplet height and
diameter as a function of the operating voltage. Based on the control-based modeling
framework and the assumptions outlined earlier in the chapter the model development is
broken down into three phases, viz., Jet ejection (Phase 1), Jet transport (Phase 2), and Jet
impact (Phase 3). It should be noted that the modeling Phases 1 and 2, when combined,
form the experimental Region 1 in Fig. 2, whereas the modeling Phase 3 combines the
phenomenon in Regions 2 and 3 of the experiment (in Figure 10).
As seen in Figure 6, the modeling effort starts in Phase 1 where the jet ejection on the
nozzle-side is modeled. The goal here is to model the time-duration of ejection as a
function of the mass/volume of liquid ejected at a particular voltage and to determine the
amount of charge carried by that volume of liquid. As a result, parallel calculations for the
mass and charge ejection are needed for this phase. The charge ejection calculation will
map the amount of charge ejected as a function of the mass/volume of a particular ink
ejected from the nozzle. The mass ejection calculation will enable the correlation between
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Figure 14. Flowchart Outlining Modeling Approach
the time of ejection and the volume/mass flow of the ejection. Since the near-field E-jet
process parameters are affected by a host of environmental conditions such as temperature,
humidity, and surface energy variations, these models will rely on experimentallycalibrated factors to enable accurate prediction. The factors will be calibrated for the two
extreme operational voltages for the ink. A suitable interpolation scheme will then be used
to interpolate the calibration factors for intermediate voltage values.
The Phase 2 jet transport model deals with the calculation of the surface energy and
the kinetic energy of the jet as it gets transported through the surrounding medium before
hitting the substrate. This model uses the substrate current feedback signal as an input to
determine the actual time-duration of the charge/mass ejection. Based on this input the
velocity of the jet and the effective jet length is calculated.
The final Phase 3 of the model deals with jet impact and the prediction of the steadystate droplet diameter and height. First, a droplet shape parameterization scheme is
developed that captures the shape of the final droplet. Using energy balance and volume
balance equations, the final droplet diameter and height are then obtained for a particular
voltage input.
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4.3 Model Development
4.3.1

Phase 1: Jet Ejection

The ejection of a fluid from the tip of a nozzle using the electrohydrodynamic force is
a well-studied problem as part of the literature in the macro-scale electrospray domain [4],
[11], [15], [18], [49], [50]. For the case of the near-field E-jet printing process, though the
size scale of the ejection is significantly smaller than the ones modeled in literature, the
principle of the formation of the Taylor cone and its subsequent breakdown to form a jet
has been seen to hold true [10]. Figure 15 outlines this overall process. First, an increase
in the applied voltage results in the deformation of the meniscus into a conical shape
(known as a Taylor cone). As the meniscus of the liquid continues to grow under the action
of the applied voltage, the surface charge reaches a limit known as the Rayleigh charge
limit at which point the meniscus becomes unstable and ejects the jet. Once enough
mass/volume of the liquid and charge has been ejected from the meniscus, the jet breaks
and the meniscus retracts to restore the force balance. The cycle continues with increased
voltage.
The macro-scale electrohydrodynamic jet process has been well-studied and
successfully modeled as a function of process conditions. These models are calibrated and
validated by using flow-rate measurements that are easier to perform at the macro-scale.
While the operating principles remain the same for the near-field E-jet printing process,
there are size scale-related challenges that need to be considered while developing controloriented process models.

Figure 15. Stages of Meniscus Deformation [16]
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Given the extremely small volume of liquid deposited, it is difficult to measure the
flow-rates using a metering device attached to the nozzle. This necessitates indirect
estimation of the flow-rates and a suitable calibration approach for estimating the model
constants for Phase 1 jet ejection calculations (Figure 14).
The model constants should account for charge variations within the liquid and the
variations in the surface energies while printing under different conditions, since this
affects the nature of the substrate-side current signal.
While the droplet dimensions can be measured at steady-state using a microscope,
measuring the diameter of the jet during ejection is challenging given the small diameter
of the jet (hundreds of nanometers) and the micro-second time-scales involved in jetting.
The jet diameter will therefore have to be estimated indirectly for Phase 1jet ejection
calculations (Figure 14).
For every droplet deposition process, the only measurable quantities are the duration
and the shape of the current signal. For implementing a control-oriented process model
this current signal should be linked to the flow rate and volume of liquid deposited through
physics-based models that have experimentally-calibrated factors.
The volume of the liquid ejected from a Taylor cone, 𝑽𝒐𝒍𝒋𝒆𝒕 , has been established to
be a function of the diameter of the nozzle and the diameter of the jet [8], i.e.
𝟑

𝑽𝒐𝒍𝒋𝒆𝒕 ∝ (𝒅𝒏 𝒅𝒋𝒆𝒕 )𝟐 ,

(1)

where dn is the diameter of the nozzle and djet is the diameter of the jet. Similarly the flowrate, 𝑸𝒋𝑒𝑡 , ejected from a Taylor cone is given by [21]
𝝆𝜺

𝟏

𝑸𝒋𝑒𝑡 ∝ 𝒅𝒋𝑒𝑡 𝟐 ( 𝝈𝑲𝟎 )−𝟑 ,

(2)

where 𝝆 is the ink density, 𝝈 is the ink surface tension, 𝜺𝟎 is the permittivity of free space,
and 𝑲is the electrical conductivity. Based on Eqs.1-2 the time of jetting can be written as
𝒕𝒋𝒆𝒕 =

𝑽𝒐𝒍𝒋𝒆𝒕
𝑸𝒋𝒆𝒕

𝟑

∝
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𝒅𝒏 𝟐

𝝆𝜺

𝟏

𝟎
𝟑
𝟏/𝟐 ( 𝝈𝑲 ) ,

𝒅𝒋𝒆𝒕

(3)

where 𝒕𝒋𝑒𝑡 is the time of jetting. While this relation connects the time of jetting to the
diameter of the jet, a suitable constant of proportionality is needed that uses the
information embedded in the feedback current signal.
De la Mora [19] noted that the total charge ejected by the Taylor cone should
correspond to the Rayleigh limit, allowing the relation
∆𝒒 = 𝜶𝒒𝑹 = 𝜶√𝜺𝟎 𝝈𝒅𝒏 𝟑 ,

(4)

where ∆𝒒 is the total ejected charge from the meniscus, 𝒒𝑹 is the Rayleigh charge limit
and 𝜶 is a scaling-factor dependent on the liquid and the surface charge variations [8],
[16]. For a given droplet printing operation using the near-field E-jet process, ∆𝒒 can be
calculated by integrating the feedback current signal over its time duration and the
Rayleigh charge limit (𝒒𝑹 ) can be calculated using the known quantities of𝜺𝟎 , 𝝈, and 𝒅𝒏 .
Thus, the scaling-factor 𝜶 can be determined for each of the printed droplets. Since
the time of ejection is built into the charge estimation, 𝜶 is used as the constant of
proportionality in Eq. 3 to estimate the diameter of the jet as,
𝟑

𝒅̂
𝒋𝒆𝒕 = [ 𝜶

𝟏

𝒅𝒏 𝟐 𝝆𝜺𝟎 𝟑
( )
𝒕𝒋𝒆𝒕 𝝈𝑲

] 𝟐.

(5)

It should be noted that Eq. 5 estimates the diameter of the jet purely based on the
characteristics of the current signal and the other process parameters.
Now that the diameter of the jet has been estimated, the volume and the flow-rate
expressions (Eqs.1-2) are modified to estimate the volume and the flow-rate of ejection as
follows:
𝟑

𝑽𝒐𝒍𝒋𝒆𝒕−𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 = ( 𝒅𝒏 𝜷𝒅̂
𝒋𝒆𝒕 )𝟐 ,

(6)

𝟐 𝝆𝜺𝟎 −𝟏/𝟑
𝑸𝒋𝒆𝒕−𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 = 𝜸 𝒅̂
,
𝒋𝒆𝒕 ( 𝝈𝑲 )

(7)

and

where  and are experimentally-calibrated factors that vary with the voltage and the
printing conditions. The accuracy of the volume and flow-rate estimations relies on the
accuracy of estimating  and for two main reasons. First, the error in the estimated
diameter of the jet (𝒅̂
𝒋𝒆𝒕 ) cannot be experimentally verified due to imaging challenges and
29

second, the fact that it is difficult to use flow-metering devices attached to the tip of the
nozzle to determine the actual flow rate and volume of liquid ejected. Chapter4.4 will
discuss the details of calibration procedure for and .

4.3.2

Phase 2: Jet Transport

The key aspects of the jet transport phase that need to be modeled are the surface
energy and the kinetic energy of the jet upon impact on the substrate. These energies
dictate the final shape of the droplet on the substrate. As explained earlier, the timeevolution of the droplet is not critical for the purposes of a control-oriented model that
predicts the final steady-state diameter and height of the printed droplet. Therefore, rather
than modeling the surface and kinetic energies as a function of time, they are calculated
using the concept of an “equivalent jet”.
The “equivalent jet” ejected from the nozzle is a jet with a diameter of 𝒅̂
𝒋𝒆𝒕 and an
effective length L, which is defined as the length of the cylindrical jet, if the entire jet was
exposed before it landed on the substrate. It should be noted that L is a hypothetical length
that allows for the calculation of the total surface energy of the jet. In reality, the height of
the nozzle tip location from the substrate is smaller than this hypothetical length. The flow
rate through the jet cross section allows calculation of the speed of impact as,
𝑼=

𝑸𝒋𝒆𝒕−𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅
𝝅̂𝟐
𝒅
𝟒 𝒋𝒆𝒕

,

(8)

where 𝑼 is the average velocity of impact of the jet onto the substrate. The length of
the “equivalent jet” can be found using the expression
𝑳 = 𝒕𝒋𝒆𝒕 𝑼.

(9)

The top of the jet is connected to the meniscus and the bottom of the jet is in contact
with the substrate. Therefore, the calculation of the surface energy of the jet neglects the
top and bottom circular areas of the above hypothetical cylinder. The surface energy of
the jet (𝑺𝑬𝒋𝒆𝒕 ) can be estimated as the surface energy of the ‘side’ of the cylinder, i.e.,
𝑺𝑬𝒋𝒆𝒕 = 𝝅𝒅̂
𝒋𝒆𝒕 𝑳𝝈.
The kinetic energy of the jet (𝑲𝑬𝒋𝒆𝒕 ) can be calculated as
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(10)

𝟐
𝝅
𝟐
𝑲𝑬𝒋𝒆𝒕 = 𝟖 𝒅̂
𝒋𝒆𝒕 𝑳𝝆𝑼 .

(11)

The total energy of the jet 𝑬𝒋𝒆𝒕 , is given by
̂

𝒅𝒋𝒆𝒕
𝟐
𝑬𝒋𝒆𝒕 = 𝑺𝑬𝒋𝒆𝒕 + 𝑲𝑬𝒋𝒆𝒕 = 𝝅𝒅̂
𝒋𝒆𝒕 𝑳(𝝈 + 𝟖 𝝆𝑼 )

4.3.3

(12)

Phase 3: Jet Impact – Droplet Shape Parameterization and Energy Balance

In order to accurately predict the droplet shape based on the surface energies, the
droplet geometry needs to be parameterized. Figure 18 (a) shows the top-view (i.e., 900
viewing angle to the substrate) depicting the steady-state diameter of the droplet and
Figure18 (b) shows the side-view, depicting the cross sectional profile of the droplet
including its height. As seen in the Figure18a, the top view of the droplet reveals that the
droplet is circular at its base. As a result, the base of the droplet can be modeled as a circle
as shown in Figure18 (c). The side view of the droplet seen in Figure18 (d) reveals that
the droplet has a profile that can be captured using an offset ellipse with semi-major and
semi-minor axis as 𝒂 and 𝒃 respectively.

Figure 16. 2-D Droplet Shape Parametrization
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Based on the above observations, the three-dimensional droplet shape can be modeled
as a spheroidal cap with semi-axis lengths of 𝒂 and 𝒃 along the X, Y, and Z axes,
respectively (Figure 16). These ellipsoidal semi-axis lengths can be found as [20]:
𝒅

𝒂 = √ (𝒅𝒅𝒓𝒐𝒑

(𝒅𝒅𝒓𝒐𝒑 𝒕𝒂𝒏𝜽−𝒉𝒅𝒓𝒐𝒑 )𝟐

𝒅𝒓𝒐𝒑 𝒕𝒂𝒏𝜽−𝟐𝒉𝒅𝒓𝒐𝒑 )𝒕𝒂𝒏𝜽

,

(13)

and
𝒃=

𝒉𝒅𝒓𝒐𝒑 𝒅𝒅𝒓𝒐𝒑 𝒕𝒂𝒏𝜽−𝒉𝒅𝒓𝒐𝒑 𝟐
𝒅𝒅𝒓𝒐𝒑 𝒕𝒂𝒏𝜽−𝟐𝒉𝒅𝒓𝒐𝒑

,

(14)

where 𝒉𝒅𝒓𝒐𝒑 is the height of the droplet, 𝒅𝒅𝒓𝒐𝒑 is the diameter of the droplet, and 𝜽 is
the contact angle of the droplet. The images in Figs. 8a-b confirm the spheroidal
parameterization scheme for the droplet shape. The volume of a spheroidal cap is given
by
𝝅

𝑽𝒄𝒂𝒑 = 𝟔 𝒂𝟐 𝒃(𝟏 − 𝒓)𝟐 (𝟐 + 𝒓),

(15)

(𝒃 − 𝒉𝒅𝒓𝒐𝒑 )/𝒃

(16)

where 𝒓 is defined as

Substituting in the values for𝒂 and 𝒃, the droplet volume (𝑽𝒅𝒓𝒐𝒑) is given by
𝑽𝒅𝒓𝒐𝒑 =

𝝅 𝒉𝒅𝒓𝒐𝒑 𝒅𝒅𝒓𝒐𝒑 (𝒅𝒅𝒓𝒐𝒑 𝒕𝒂𝒏𝜽−𝒉𝒅𝒓𝒐𝒑 )
𝟔

𝒕𝒂𝒏𝜽

(17)

The semi-axis lengths𝒂 and 𝒃 can be used to calculate the surface area of the ellipsoid
cap (𝑨𝟏 ) as
𝝅

𝑨𝟏 = 𝟒 ∫

𝒉𝒅𝒓𝒐𝒑

𝐭𝐚𝐧−𝟏(𝟏− 𝒃

𝝅
∫ 𝒔𝒊𝒏𝝋√𝒂𝟐 𝒃𝟐 𝒄𝒐𝒔𝟐 𝝋 +
) 𝟎

𝒂𝟐 (𝒃𝟐 𝒄𝒐𝒔𝟐 𝜽 + 𝒂𝟐 𝒔𝒊𝒏𝟐 𝜽)𝒔𝒊𝒏𝟐 𝝋𝒅𝜽𝒅𝝋

(18)

The area of the base of the droplet (𝑨𝟐 ) can be described with a circle found as
𝑨𝟐 =

𝝅𝒅𝒅𝒓𝒐𝒑 𝟐
𝟒

(19)

The surface energy of a droplet deposited on the substrate (𝑺𝑬𝒅𝒓𝒐𝒑 ) can be found as
𝑺𝑬𝒅𝒓𝒐𝒑 = (𝑨𝟏 − 𝑨𝟐 𝒄𝒐𝒔𝜽)𝝈

(20)

where the expressions for 𝑨𝟏 and 𝑨𝟐 contain the unknowns of the droplet height and
diameter [43].
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Figure 17. 3-D Droplet Shape Parametrization
To predict the two unknown quantities, viz., the diameter of the droplet (𝒅𝒅𝒓𝒐𝒑 ) and
the height (𝒉𝒅𝒓𝒐𝒑 ), the energy and the volume conservation equations are solved
simultaneously. The energy balance equation can be written as
𝑬𝒋𝒆𝒕 = 𝑺𝑬𝒅𝒓𝒐𝒑 + 𝑾,

(21)

where 𝑬𝒋𝒆𝒕 is the total energy of the jet (Eq. 12), 𝑺𝑬𝒅𝒓𝒐𝒑 is the surface energy of the
droplet (Eq. 20) and 𝑾 is the energy loss from viscous dissipation. Given the extremely
low velocities of ejection encountered in the near-field E-jet printing, the contribution of
𝑾 to the overall energy of the droplet is minimal (2-5%) and therefore neglected. The
second equation is that of volume conservation given by
𝑽𝒐𝒍𝒋𝒆𝒕 = 𝑽𝒐𝒍𝒅𝒓𝒐𝒑

(22)

where 𝑽𝒐𝒍𝒋𝒆𝒕 can be estimated from Eq. 6 and 𝑽𝒐𝒍𝒅𝒓𝒐𝒑 is the volume of the steadystate droplet and can be calculated using Eq. 17 that contains the unknown quantities of
the droplet height and diameter. Since Eqs. 21 and 22 contain expressions in terms of the
two unknowns, 𝒅𝒅𝒓𝒐𝒑 and 𝒉𝒅𝒓𝒐𝒑 , they can be solved simultaneously to obtain the final
droplet dimensions.
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4.4 Model Calculation Stages
The model calculations proceed in three distinct stages. The first stage involves
calibration of the volume factor (𝜷Eq.6) and the flow-rate factor (𝜸Eq.7) for the range
of the operating voltages. The second stage involves using these calibrated constants to
predict the droplet diameter and height, by solving a series of equations related to the jet
ejection, jet transport and jet impact phases of the model (Chapter 4.3).
The third and final stage of the model calculation involves the use of an environmental
correction factor (𝜿) that accounts for the variation in the surface energies as a function of
the humidity and temperature conditions. The use of this correction factor is particularly
useful while printing in non-conducive printing conditions involving low humidity and/or
relatively high temperature conditions. This section presents the details of each of these
three stages of the model calculations.
4.4.1

Stage 1: Calibrating the Volume (𝜷) and Flow-rate () Factors

For any given ink of interest, the calibration procedure for  and  involves the
following steps.


Step 1: Determine the two extreme operating voltage values, 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 .



Step 2: Capture the substrate-side current signal and the image of the steadystate droplet corresponding to the voltage values of 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 . It should
be noted here that this step does not necessarily require a high-speed camera.



Step 3: Using the current signals from Step 2, solve Eq. 4 to obtain the values
of 𝜶𝑽𝒎𝒊𝒏 and 𝜶𝑽𝒎𝒂𝒙 corresponding to the two voltages of 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 .



Step 4: Knowing the value of 𝜶𝑽𝒎𝒊𝒏 and 𝜶𝑽𝒎𝒂𝒙 and the corresponding
duration of jetting (from the feedback current signal), use Eq. 5 to estimate the
diameter of the jet for the two voltage values, 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 .



Step 5: Use the steady-state droplet images to measure the droplet diameter
and height corresponding to voltage values of 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 . This
measurement combined with the time duration of jetting enables the
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calculation of the volume ejected and the flow-rates corresponding to the
voltage values of 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 .


Step 6: Use Eq. 6 to estimate the volume factors 𝜷𝑉𝑚𝑖𝑛 and 𝜷𝑉𝑚𝑎𝑥 ,
corresponding to voltage values of 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 , respectively. The values of
𝜷 for voltages values between 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 are then be obtained by linearly
interpolating between 𝜷𝑽𝒎𝒊𝒏 and 𝜷𝑽𝒎𝒂𝒙 .



Step 7: Similar to Step 6, Eq.7is now solved to estimate the flow rate factors
𝜸𝑽𝒎𝒊𝒏 and 𝜸𝑽𝒎𝒂𝒙 corresponding to voltage values of 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 ,
respectively. The values of 𝜸 for voltages values between 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 can
be obtained by linearly interpolating between 𝜸𝑽𝒎𝒊𝒏 and 𝜸𝑽𝒎𝒂𝒙 .

Table 3 depicts the values of 𝜷 and 𝜸 obtained for the extreme operating voltages for
Inks 1-3. At the end of this calibration step, for any given ink, the volume and the flowrate factors can be estimated as a function of the operating voltage values.
4.4.2

Stage 2: Predicting the Uncorrected Droplet Diameter and Height

Once the volume and flow-rate factors have been calibrated, the model can be used for
predicting the diameter and height of the droplet. The overall calculation sequence
proceeds as follows.


Step 1: Calibrate the volume (𝜷) and flow-rate (𝜸) factors as described in
Chapter4.4.1.



Step 2: For any given voltage of operation between 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 , use the
feedback current signal to calculate the scaling factor 𝜶 and the time duration
of the jet 𝒕𝒋 (Eqs. 4-5).



Step 3: Using 𝜷𝜸𝜶 and 𝒕𝒋 from Steps 1 and 2, Eqs. 5-7 can now be solved
to yield the volume and flow rate of the liquid ejected from the nozzle.



Step 4: Eqs. 8-12 can now be solved, which provides the left hand side of Eq.
21. The diameter and height of the droplet can be computed by solving Eqs. 21
and 22 simultaneously.
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4.4.3

Stage 3: Applying the Environmental Correction Factor (𝜿)

Experimental testing over a range of humidity and room temperature conditions
revealed that the same ink when printed under different environmental conditions resulted
in droplets with varying aspect ratios (i.e., height-to-diameter ratio). These environmental
changes were seen to affect the accuracy of the mapping that exists between the estimated
jet diameter (𝒅̂
𝒋𝒆𝒕 from Eq. 5) and the final droplet diameter and height obtained from
solving Eqs. 21-22, simultaneously.
The easiest way to address this would be to measure the diameter of the jet that is
ejected from the tip of the nozzle as a function of the environmental conditions. However,
such an imaging application is quite challenging given the small diameter of the jet
(hundreds of nanometers) and the microsecond time-scales that are involved in jetting.
Furthermore, the use of such a high-speed imaging system would negate the premise of
the closed loop control-frame work described in Chapter 4.1. Therefore, a heuristic
measure is applied by introducing a correction factor (𝜿) that corrects for environmental
changes.
For any given operation voltage, the environmental correction factor 𝜿is defined as
ratio of the aspect ratio (AR) of the droplet estimated from calibration experiments, to the
corresponding aspect ratio of the droplet predicted by the model without correcting for
environmental factors, i.e.,
𝑨𝒔𝒑𝒆𝒄𝒕 𝒓𝒂𝒕𝒊𝒐 𝒐𝒇 𝒕𝒉𝒆 𝒅𝒓𝒐𝒑𝒍𝒆𝒕 ( 𝒇𝒓𝒐𝒎 𝒄𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏 𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒔)

𝜿 = 𝑨𝒔𝒑𝒆𝒄𝒕 𝒓𝒂𝒕𝒊𝒐 𝒐𝒇 𝒕𝒉𝒆 𝒅𝒓𝒐𝒑𝒍𝒆𝒕 ( 𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅 𝒃𝒚 𝒖𝒏𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝒎𝒐𝒅𝒆𝒍 )

(23)

This environmental correction factor is applied to the model predictions using the
following four steps.




Step 1: Use the droplet images (from Step 5 of calibrating 𝜷 and 𝜸) and
calculate the droplet aspect ratios, 𝑨𝑹𝑽𝒎𝒊𝒏 and 𝑨𝑹𝑽𝒎𝒂𝒙 , corresponding to the
two extreme operating voltages of 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 , respectively. The AR
values for the numerator of Eq. 23, for voltages values between 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 ,
are then estimated by linearly interpolating between the values of 𝑨𝑹𝑽𝒎𝒊𝒏 and
𝑨𝑹𝑽𝒎𝒂𝒙 .
Step 2: Use the uncorrected model predictions for the droplet diameter and the
height from Stage 2 calculations (Chapter 4.4.2) to calculate the denominator
of Eq. 23 for each of the voltage values.
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Step 3: Using Steps 1-2, compute 𝜿 (Eq.23) for any operational voltage
between 𝑽𝒎𝒊𝒏 and 𝑽𝒎𝒂𝒙 .
 Step 4: To apply the environmental correction to the model predictions, re-run
the Stage 2 calculations by using 𝜿 ∗ 𝒅̂
𝒋𝒆𝒕 as thecorrected diameter of the jet in
Eqs. 8-12.
Table 3 denotes the 𝜿 values calculated at the two extreme voltages for each of the
Inks 1-3.
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5. Model Validation and Comparison
5.1 Model Predictions under Conducive Conditions of Low
Temperature and High Humidity
Tables 4-5 depicts the comparison between the measured and the predicted values of
the average droplet diameter and height, under various printing voltages, for each of the
inks. The model predictions are presented both with and without applying the
environmental correction factor. The experimental data presented in Tables 4-5 is the same
as that seen earlier in Figs. 3e-f. It should be noted here that these printing experiments
were performed under very conducive environmental conditions of 72% relative humidity
and a room temperature of 18°C.
Overall, it can be seen that the model predictions for the droplet diameter and the
height are capable of tracking the trends seen in the experimental data quite well. As seen
from the error values in Tables 4-5, without applying the environmental correction factor
(𝜿) the model predicts the diameter of the droplet with an average absolute error of 4.74%,
5.03% and 2.91% for Inks 1, 2 and 3, respectively. The corresponding errors on the height
predictions are seen to have an average absolute error of 8.5%, 5.7 % and 15.6% for Inks
1, 2 and 3, respectively.
With the application of the environmental correction factor, the average absolute errors
in the prediction of the diameter are seen to drop to 3.88%, 4.6% and 2.64 % for Inks 1, 2
and 3, respectively. The corresponding average errors on the height predictions are seen
to drop to 5.8%, 5.5% and 10.58% for Inks 1, 2 and 3, respectively. As can be seen, the
improvement in the model predictions by applying the 𝜿 factor are not that significant
given that the printing conditions were conducive to printing.
For each of the inks, there are specific voltages where high errors are observed. For
example, Ink 1 shows an error of -12.90% at a voltage of 810V and Ink 2 shows an error
of 15.12 % at a voltage of 860V. These relatively high error values have to do with the
variation in the experimental data corresponding to those voltages. If these outliers are
neglected, the trends in the average error values indicate that the Ink 2 with high
conductivity and low viscosity is the ink with the lowest prediction errors. This can be
explained by the fact that a higher electrical conductivity implies a greater sensitivity of
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the sensor in picking up the current signals. However, this advantage is lost when the
viscosity of the inks is increased, as is seen in the increase in the error values for Ink 3.
Ink 1 appears to be the second best ink in terms of model predictions.
The overall accuracy of the model is seen to be good for its application to closed-loop
control strategies where the model predictions provide “sight” to the process without
relying on a high-speed camera. It should be noted here that the model predictions capture
the measured experimental data well because of the fact that the calculations of the scaling
factor𝜶 (Eq. 4) are based on the substrate-side current-sensor data. This is unlike prior
work in the E-jet domain that has relied on empirical scaling laws to estimate such
constants [26], [16].
Table 3. Calibration Factors
Volume factor

Flow-rate factor

(

(

Vmin = 800V

9.08

0.020

.87

Vmax = 830V

7.67

0.022

.99

Vmin = 810V

17.5

0.012

1.11

Vmax = 880V

9.50

0.018

.82

Vmin = 850V

15.1

0.015

0.85

Vmax = 890V

11.72

0.016

0.85

Environmental correction factor (

Ink 1

Ink 2

Ink 3
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Table 4. Model Predictions for Diameter
Model predictions for diameter

Voltage

Average

Without applying environmental

Applying environmental

Measured

correction ()

correction ()

Diameter

Average

Average

Predicted

% Error

Diameter

Predicted

% Error

Diameter

Ink 1
800

37.702

36.325

-3.65%

37.267

-1.15%

810

39.683

34.023

-14.26%

34.563

-12.90%

820

35.000

34.754

-0.70%

35.196

0.56%

830

33.572

33.689

-0.35%

33.877

0.91%

810

29.365

30.620

4.27%

29.888

1.78%

820

27.178

30.893

13.67%

30.541

12.37%

830

29.510

29.358

-0.52%

29.043

-1.58%

840

27.979

28.927

3.39%

28.883

3.23%

850

29.293

29.144

-0.51%

29.272

-0.07%

860

24.591

28.073

14.16%

28.308

15.12%

870

25.685

25.822

0.53%

26.264

2.25%

880

26.997

26.129

-3.21%

26.9

-0.36%

850

30.000

29.497

-1.68%

30.311

1.04%

860

27.929

28.749

2.94%

29.409

5.30%

870

28.241

27.743

-1.76%

28.504

0.93%

880

28.361

26.395

-6.93%

27.09

-4.48%

890

26.268

25.932

-1.28%

26.645

1.44%

Ink 2

Ink 3
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Table 5. Model Predictions for Height
Model predictions for height

Voltage

Average

Without applying environmental

Applying environmental

Measured

correction ()

correction ()

Height
Average Predicted Height

% Error

Average
Predicted Height

% Error

Ink 1
800

7.779

8.651

11.21%

8.2816

6.46%

810

6.9843

7.783

11.43%

7.5962

8.76%

820

7.3029

8.066

10.46%

7.8938

8.09%

830

7.6207

7.695

0.97%

7.6274

0.09%

810

7.2175

6.564

-9.06%

6.8418

-5.21%

820

6.4852

6.677

2.96%

6.8063

4.95%

830

6.0197

6.141

2.02%

6.2623

4.03%

840

6.3489

6.018

-5.20%

6.0278

-5.06%

850

6.1239

6.037

-1.42%

6.002

-1.99%

860

5.6872

5.716

0.51%

5.6262

-1.07%

870

5.5849

5.060

-9.40%

4.9116

-12.06%

880

4.4918

5.183

15.38%

4.9271

9.69%

850

5.506

6.338

15.10%

6.0498

9.88%

860

5.536

6.065

9.56%

5.8349

5.41%

870

5.167

5.802

12.29%

5.5394

7.21%

880

4.285

5.369

25.28%

5.1384

19.90%

890

4.508

5.230

16.01%

4.981

10.50%

Ink 2

Ink 3

5.2 Model Predictions under Non-conducive Printing Conditions of
Low Humidity and High Temperature
The near–field E-jet process is highly influenced by variations in the environmental
conditions, particularly the relative humidity and temperature of the surroundings.
Preliminary experiments revealed that the printing resolutions are highly stochastic during
the winter season, when the room air is dry and warmer due to central heating. These
variations in the printing resolution have got to do with the change in the surface energy
values as a function of the environmental conditions.
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Table 6. Testing Ink Properties and Calibration Factors for Non-Ideal Inks
Ink 4
Ink Composition

1mM PBS (85% by volume)
Glycerol (15% by volume)

Electrical

1440µS/m

Conductivity
Viscosity

0.142 Pa*s

Nozzle Diameter

30µm

Offset Height

200µm

Surface Tension

68.5 dynes/cm

Minimum Printing

750V

Threshold
Room Temperature

22.8°C

Humidity

39%
Calibration Factors
(

(

(

Vmin = 750V

100.39

0.005

1.5708

Vmax = 820V

65.58

0.006

1.4859

In order to test the predictive capabilities of this validated model, a new Ink 4
(properties listed in Table 6), was tested under non-conducive conditions of low relative
humidity (39%) and a high room temperature of 22.8°C. These experiments were run by
first finding the upper and lower thresholds for Ink 4 and then jetting, in a random
sequence at 10V increments, within these bounds. The model was calibrated for the new
ink (Table 6) and the measured droplet diameters and heights were compared to their
model predictions (Tables7-8).
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Table 7. Model predictions for height in non-ideal environmental conditions.
Model predictions for height

Voltage

Average

Without applying environmental

Applying environmental

Measured

correction ()

correction ()

Height
Average Predicted Height

% Error

Average
Predicted Height

% Error

750

9.103

6.624

-27.23%

8.484

-6.80%

760

8.706

5.958

-31.57%

7.619

-12.49%

770

8.784

6.175

-29.70%

7.872

-10.39%

780

8.471

6.489

-23.39%

8.128

-4.04%

790

9.137

6.155

-32.64%

7.687

-15.88%

800

8.786

5.378

-38.79%

6.861

-21.91%

810

8.941

5.558

-37.83%

7.019

-21.49%

820

8.591

6.445

-24.98%

7.993

-6.95%

Table 8. Model predictions for diameter in non-ideal environmental conditions
Model predictions for diameter
Without applying environmental
Voltage

Average

Applying environmental correction ()

correction ()

Measured Diameter
Average Predicted
Diameter

Average
% Error

Predicted

% Error

Diameter

750

20.602

27.966

35.74%

23.712

15.10%

760

20.314

26.238

29.16%

22.299

9.77%

770

20.261

26.864

32.59%

22.869

12.87%

780

21.059

27.539

30.77%

23.687

12.48%

790

21.491

26.628

23.90%

22.990

6.98%

800

20.314

24.668

21.43%

21.065

3.70%

810

20.393

25.138

23.27%

21.614

5.99%

820

20.627

27.543

33.53%

23.907

15.90%
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Figure 18. Overlaid plots of the experimental measurements and the model
predictions using environmental correction factor
The results in Tables 7-8 demonstrate the effectiveness of the environmental
correction factor 𝜿) in reducing the errors in the model predictions. Without applying the
𝜿 correction, the average errors in the predicted diameter and height are seen to be 28.8%
and 30.8%, respectively. It has to be noted here that though the properties of Ink 4 are very
similar to those of Ink 2, the model predictions are seen to have significantly higher error
due to the variation in the environmental conditions. Upon application of the 𝜿 correction,
these errors are seen to reduce to 10.35% and 12.5% for the diameter and height
predictions respectively.
While the data in Tables 7-8 indicates the average droplet dimensions at different
voltages, Figure 18a-b overlay the model predictions for the droplet diameter and the
height based on the feedback current signal obtained for each of the trials. As seen in the
Figure 18a-b, even under a non-conducive printing environment, the model predictions
are seen to track the fluctuations seen in the droplet dimensions as a function of voltage.
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6. Conclusions and Future Research
The objective of this research was to produce a physics based model that links input
parameters such as applied voltage magnitude and ink properties to the height and
diameter of the printed droplet.
Experimental studies revealed that:
 The average current/total charge carried by the jet and the steady state diameter and
height of the printed droplet are seen to be a function of the applied voltage and ink
properties including viscosity, surface tension and electrical conductivity.
 A new closed-loop control paradigm was presented for the near-field E-jet process
that uses the substrate-side current feedback signal to provide “sight” to the process.
The experimental results were used as the basis to develop a control-oriented, physicsbased model that would enable such a closed-loop control of the process.
 The model consists of three phases, viz., jet ejection, jet transport and jet impact. The
constituent equations for each of the three phases were developed. They key
characteristics of this model include:
o A unique scaling factor (𝜶) that is defined based on the measured current signal.
This is unlike prior work in literature that has relied on empirical scaling laws.
o A droplet shape parameterization scheme to estimate the surface energy of the
droplet, with jet impact work done at a size and fluid regime not previously
examined.
o Calibration procedures that allow the mapping of the voltage values to the volume
factor (𝜷), the flow-rate factor (𝜸), and the environmental correction factor (𝜿),
present in the model.
 The model predictions for the calibrated model were validated for three different inks
under environmental conditions of 75% relative humidity and 18°C room temperature.
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The prediction errors were seen to be under 6% for the droplet diameter and under
10% for the droplet height.
The validated model was used to predict the droplet diameter and height for a new ink,
under non-conducive conditions of low humidity and high temperature. Without the use
of the environmental correction factor (𝜿), the prediction error is seen to be ~ 30% for
both the droplet diameter and the height. The use of the environmental correction factor
(𝜿) dropped the prediction errors down to 13%.
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7. Future Work
While this work established a model able to be used in a limited fashion for process
planning, further work needs to be done.
The applied voltage must be mapped to the electric field, and the electric field to the
Taylor cone formation and ejection, to allow a complete understanding of how the voltage
affects the final ejection.
The environmental effect (temperature and humidity) must be understood in terms of
how it affects both the ejection, as well as the dynamics of the final droplet shape and size,
and how to optimize consistency for process planning.
The inks used in this thesis were limited-water and glycerol mixes. Further validation
is required to validate the model for other inks, as well as outside the fluid property range
in this thesis. The effect each fluid property has independently on the final outcome needs
to be examined as well.
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NOMENCLATURE

𝒂, 𝒃
𝑨𝑹𝑽𝒎𝒊𝒏

Semi-axis lengths of the spheroid
Aspect ratio of the droplet (i.e., ratio of the diameter to the height)
corresponding to the minimum threshold voltage(𝑽𝒎𝒊𝒏 )

𝑨𝑹𝑽𝒎𝒂𝒙

Aspect ratio of the droplet (i.e., ratio of the diameter to the height)
corresponding to the minimum threshold voltage(𝑽𝒎𝒂𝒙 )

𝒅𝒅𝒓𝒐𝒑

Diameter of the steady-state droplet

𝒅𝒋𝒆𝒕

Diameter of the jet

𝒅̂
𝒋𝒆𝒕

Estimated diameter of the jet

𝒅𝒏

Diameter of the nozzle

𝑬𝒋𝒆𝒕

Total energy of the jet

𝒉𝒅𝒓𝒐𝒑

Height of the steady-state droplet

𝑲
𝑲𝑬𝒋𝒆𝒕
L
𝑸𝒋𝒆𝒕
𝑸𝒋𝒆𝒕−𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅
𝒒𝑹
𝑺𝑬𝒅𝒓𝒐𝒑

Electrical conductivity of ink
Kinetic energy of the jet
Length of the equivalent jet
Flow rate of the liquid ejected from the Taylor cone
Estimated flow-rate of the jet
Rayleigh charge limit
Surface energy of the steady-state droplet

𝑺𝑬𝒋𝒆𝒕

Surface energy of the jet

𝒕𝒋𝒆𝒕

Time duration of jetting

U

Velocity of impact of the jet

𝑽𝒄𝒂𝒑 

Volume of a spheroidal cap

𝑽𝒎𝒊𝒏

Minimum threshold voltage of printing

𝑽𝒎𝒂𝒙

Maximum threshold voltage of printing

𝑽𝒐𝒍𝒋𝒆𝒕

Volume of the jet (i.e., liquid ejected from the Taylor cone)

𝑽𝒐𝒍𝒋𝒆𝒕−𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 Estimated volume of the jet
𝑾

Energy spent in viscous dissipation
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GREEK SYMBOLS

𝜶

Scaling factor dependent on liquid and surface charge variations

𝜶𝑽𝒎𝒊𝒏

𝜶 corresponding to the minimum (𝑽𝒎𝒊𝒏 ) and maximum (𝑽𝒎𝒂𝒙 ) printing

𝜶𝑽𝒎𝒂𝒙

threshold voltages.



Experimentally calibrated volume factor

𝜷𝑉𝑚𝑖𝑛

𝜷 corresponding to the minimum (𝑽𝒎𝒊𝒏 ) and maximum (𝑽𝒎𝒂𝒙 ) printing

𝜷𝑉𝑚𝑎𝑥 

threshold voltages.

∆𝒒

Total charge ejected from the Taylor cone

𝜺𝟎

Permittivity of free space



Experimentally calibrated flow-rate factor

𝜸𝑽𝒎𝒊𝒏

𝜸 corresponding to the minimum (𝑽𝒎𝒊𝒏 ) and maximum (𝑽𝒎𝒂𝒙 ) printing

𝜸𝑽𝒎𝒂𝒙

threshold voltages

𝛋

Environmental correction factor

𝝆

Ink density

𝜽

Contact angle of the droplet with the substrate

𝝈

Surface tension of the ink
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