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freedom and reduction of assembly time and cost. Inkjet
printing, which is a low cost, high speed and large area
additive manufacturing process', relies on the generation
of droplets at or near a nozzle aperture, followed by non-
contact deposition onto a substrate with high spatial
control. Unfortunately, inkjet printing systems share the
same drawback, namely that the droplet size is solely

1 Introduction

Due to the current trend toward the miniaturization of
devices, traditional manufacturing methods such as
casting, injection molding, and computer numerical
control machining cannot satisfy the developing needs
of industries. The lithography-based microfabrication
experiences inherent limitations in processing diverse

materials, and extending fabrication into the third
dimension!l. In addition, it is a time-consuming
process to use masks and photo-resistant chemicals,
and also expensive when the manufacturing process
requires a sophisticated, clean room and state-of-the-art
lithographic equipment!?. Additive manufacturing, based
on localized deposition of material and a layer-by-layer
printing process, is able to build customized products in
a short time-frame and offers significant advantages over
traditional manufacturing processes in the area of design

dependent on the nozzle diameter, with droplet diameter
about twice the nozzle diameter™, and the nozzle diameter
cannot be scaled down continuously.
Toovercometheabovelimitations,electrohydrodynamic
(EHD) inkjet printing (also called “EHD jet printing”)
has been proposed as a solution to the limited resolution
of the conventional inkjet printer system, because EHD
printing can generate small droplets without the need
to miniaturize the nozzle. The process involved, called
“electrospray in the cone-jet mode,” uses electrical
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(“Maxwell”) forces to pull the liquids from the nozzle tip,
rather than apply thermal or acoustic energy to push liquid
from a fine capillary. The EHD inkjet printing can be a
high-resolution inkjet printing technology because there
is a large “neck-down ratio” between the inner diameter
of the nozzle and the jet: The jet diameter is about two
orders of magnitude smaller than the nozzle diameter.
Thus, in EHD jet printing the nozzle inner diameter can
be much larger than that used in thermal or piezoelectric
inkjet printing (about 20 um); this makes blockages much
less likely and makes it easy to employ a highly viscous
liquid®!. EHD ink-jet printing is a mask-less, non-contact,
direct-write, and additive process, and it is used in the
field of micro or nanomanufacturing for patterning of
a large class of materials on a variety of substrates
without adversely affecting the chemical properties of
the deposited materials. Park® developed an EHD inkjet
printing system, and they used a microcapillary with
diameter from 0.3 to 30 um to produce single droplet
with sub-micrometer size. Followed by their seminal
work, a series of applications appear in recent years, and
applications include varied electronics, biotechnology,
and three-dimensional (3D) printing. Liang!” used
the coaxial nozzle to print microscale 3D cell-laden
constructs, and Liu®™ investigated that influence of EHD
jetting parameters on the morphology of PCL scaffolds.
Designs of EHD printing system and recent applications
of high-resolution printing will be introduced in the
following paper due to the limitation of length. In the
remaining sections of this paper, we provide a brief
account of the history of EHDs and related technology.
Then, we review the known theories and principles
related to EHD printing, especially the theory of Taylor
cone formation, mechanism of cone-jet transition, and
criteria for jet stability.

2 History of EHDs and Jet Formation
Technology

The phenomenon of a liquid drop subject to sufficiently
strong electric forces adopting a roughly conical shape
has been reported by Gilbert in 1600*!'”, The electrically
induced formation of a cone-jet and its breakup into
droplets were first reported by Grey in the 1700s!"". In 1882,
Rayleigh conducted research on the theoretical analysis of
the breakup of a spherical liquid droplet under electrical
stress and derived an instability condition for an electrically
charged spherical dropletst'”. His result implies that (for
a spherical droplet) the stability criterion is equivalent to
the condition that the electric stress outward is equal to the
surface tension stress inwards. The rapid EHD pulsation
of the electrified liquid surface, now known as the cone-jet
transition that a thin liquid jet is ejected from the tip of an
electrified cone shape, is discovered first time by Zeleny
in 1915[81, Zeleny also characterized the resulting spray as

a function of the nature of the solvent, high voltage and
pressure of the liquid at the tip of the tube (which is linked
to the flow rate in modern electrospray experiments)!'>!4],
Before1960s most work focused on the behavior of perfect
conductors (mercury or water) or perfect dielectrics (a polar
liquid such as benzene), but Allan and Mason (1962) started
to study on poorly conducting liquids - and established
the leaky dielectrics model or ohmic model™!%!. In 1969
Taylor derived a pioneering theory to adequately explain
the peculiar form of meniscus cones, referred as Taylor
cone, and the related concept is only recently extended
for use in micro patterning!'”!. Then, Cloupeau and Prunch
proposed a classification of EHD jetting modes on the basis
of their observations in the air at atmospheric pressure!'®].
Specially, Cloupeau and Prunet-Foch organized EHD
jetting modes according to liquid flows from the meniscus
in a continuous or pulsating manner into: (1) Continuous
manner including cone-jet, multi-jet, simple jet, and
ramified jet modes and (2) pulsating manner including
dripping, micro dripping produced at the end of the
capillary or meniscus, pulsed cone-jet produced by breakup
of a jet, and spindle mode!"®. In terms of location where
drops are formed, spraying modes can also be divided into
two different groups: Electrified droplets pinched off either
from a protruding meniscus or from a jet emerging from a
conical meniscus!'*"”!. Tt should be noted that the release
of charged droplets directly from the apex of a cone is not
possible in competition with the formation of a cone-jet”!.
Fenn et al. found that flowing solution of large polymers
and proteins can be formed by electrostatic atomization of
their solutions from a Taylor cone in a bath gas, and this
led to the 2002 Nobel Prize in Chemistry received by Fenn
et al ", Early reports on the use of this phenomenon
for the controlled deposition of materials drew inspiration
from electrospray techniques for the generation of charged
droplets®-»1. De la Mora and Loscertales explored the
relationship between the various parameter and emitted
current and jet diameter for high conducting liquid. Ganan-
Calvo proposed six different scaling laws to define cone-
jet transition®?. Chen performed a series of studies on the
generation and placement of droplets with a high positioning
accuracy about 442 um®?*, Park et al. used the EHD
method to eject different types of ink from microcapillary
nozzles of different sizes and obtained printing resolution
up to 1 uml®*), Maginean et al.’” and Chen!®® separately
investigated pulsating cone-jet formation and summarized
scaling law for oscillation frequency in the two different
scenarios.

3 Theory and Mechanism of EHD Inkjet
Printing
The mechanisms of EHD jetting are complicated, and

the physics behind this phenomenon is not completely
known. This paper summarizes some of the contributions
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in this area and gives readers a basic introduction to
some important theories related to EHD inkjet printing.
The following section specially discusses liquid cone
formation, the cone-jet transition, and jet stability.

3.1 Formation of the Liquid Cone Shape

Figure 1A shows a common setup for EHD printing.
The pressure head of the liquid in the cylindrical nozzle
is initially adjusted by the pressure regulator until the
meniscus “A” in Figure 1A is almost flat at the nozzle
exit. Then, a high voltage is applied between the metal
nozzle and a grounded electrode to create an electrical
potential difference. The electric field strength near the
apex of an operating jet can be close to the threshold for
electrical breakdown of air (3 x 10° V/m), but a cone-
jet only forms in the absence of gas dischargel!l. As
the voltage is increased, the increasing Maxwell stress
causes liquid deformation, from a hemispherical droplet
in Figure 1B to a roughly conical meniscus in Figure 1C.
The process of surface deformation is triggered by small
perturbations of the surface, which, in turn, enhance
the local electric field through charge concentration,
and further increase the electrostatic pull in a cascading
effect®. The conical meniscus is maintained over a
certain critical limit of electric potential®®®!, and a limiting
case is reached when the apex of the cone approaches a
point, i.e., a singularity?®?. Inside the conducting nozzle,
the liquid is electrically neutral before emerging from
the nozzle outlet, and there is no charge separation in
the nozzle regardless of liquid conductivity because the
electric field inside the nozzle is zero.

In 1964, Taylor obtained the first analytical model
for the cone structure and constructed a modal analysis
of a conducting liquid cone at equilibrium (without
a jet from the apex)P>%1. In 1969, Taylor used the two
plate experimental setup to explore the criteria for the
deformation from a sphere to a cone. At the critical
potential difference, the spherical cap above the tip
of the tube is taken to be in an equilibrium defined by
electrostatic force, hydrodynamic force, the surface
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Figure 1. (A) A schematic of electrohydrodynamic printing setup.
Ethylene glycol liquid meniscus (B) at 0 volts; (C) at 2.5kVP4.

Adapted by permission from Lozano et al. (2004) under the
Elsevier license.

tension force, and weight of the spherical cap. The force
balance is given in equation (1):
F+Apnr’=2nrycos0+W €))
In this two plate experimental geometry, the value of
the force, F, exerted on a cylinder of length, L, is!'":

P VL 1 5
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Above, F is the attractive force due to the imposed field;
AP is the pressure difference between inside the liquid cone
at its base and ambient pressure; vy is the surface tension;
R is the nozzle radius; L is the distance between the end of
nozzle and plate E; W is the hydrodynamic force including
the weight of liquid in the spherical cap above the orifice;
and 4 is the semi-cone angle. The hydrodynamic force AP
continuously supplies fluid to the emerging droplet.

In the classical theory of dielectrics, the charge is
situated at the interface between two substances, which
have different dielectric constants®*l. Thus, electro forces,
which stem from two isotropic media which have different
electrical conductivity and dielectric constant within or
across the phase boundaries?”), induces electrical charges
which exist in the fluid along the fluid interfacel®!.
While surface tension tends to keep the pendant droplet
in spherical shape which has the smallest surface-to-
volume ratio, and also to reduce interfacial energy®, the
repulsion between the surface charges acts against the
surface tension force to deform the sphere into conel*®!.

If pressure (AP) at the top of the fluid equal to zero,
the cone semi-vertical angle (0) is 49.3°. If the weight
of the fluid is also neglected, the critical voltage (static
equilibrium would no longer be maintained) for the
appearance of cone with a straight generatrix* before
the jet forms can be predicted by equation (3) which is
derived by substituting equation (2) into equation (1)1

V= % \/(ln % - %)(2my c0s49.3%) (3)

Above the critical voltage, the static equilibrium value
would no longer be maintained!'”. For a liquid meniscus
formed at the exit of a conducting needle, like electrodes
of the needle to plate setup, the critical voltage can be
approximately calculated ast*!l;

2yR cos O ln(ﬂ)
)

4)

critical ~

Where | is the distance between the electrode of nozzle
and electrode of substrate. This expression is valid when
the electrode separation 1 is much larger than the radius
of nozzle 1. This formula only gives an approximation
to the required starting voltage (experimentally verified
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within 10%) for each simulation??.

The Taylor angle (0,=49.3°) is theoretically calculated
from the balance of surface-tension stress and electric
stress under no fluid motion (hydrostatic pressure P, as
shown above, equal to zero)?**!. Thus, the critical voltage,
which Taylor predicted, is only valid in the limit of no
liquid jet emission and it does not account for any EHD
effect caused by subsequent jet emission®®l. The semi-
vertical angle, which Taylor predicted above, is not
always 49.3° and Fernandez de la Mora showed that
several factors, including liquid loss through the cone,
space charge, flow rate, and ambient pressure, might
result in cones established at different semi-vertical
angles!"”#1 Cloupeau and Prunet-Foch also showed
that there are stable conical menisci for certain range
of variation in the hydrostatic pressure and applied
potential difference, but the value of the angle at the apex
is variable, and the generatrix of the cone may be either
concave or convex!'*%%. In addition, the actual electrode
setup in experiments may not replicate the geometry of
Taylor’s model®?,

In a word, it is important to obtain starting electric
potential for initiation of EHD printing, and equations (3,
4) are used to estimate the critical value of the voltage.
The semi-vertical angle from experiments can be different
from Taylor angle applied to these equations, and this is
a reason to cause a discrepancy between theoretical and
experimental critical voltage. Another reason arises from
factors which are not counted in equations, such as space
charge and shape of nozzle.

3.2 The Cone-jet Transition Stage

As shown in Figure 2A, when the electric field is
absent or small, the liquid flow out from a nozzle by the
assistance of gravitational force occurs by the dripping
mode at a small flow rate or the jetting mode at high flow
ratel'*47. At a critical potential difference the Taylor

0
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Complex EHD jetting

EHD cone-jet

Flow rate, 0

;

[,

Electric field strength, E

cone is formed, and with further increase of field strength,
the cone becomes unstable and then a small droplet or a
very thin jet (small and thin compared with the capillary
diameter) is emitted from the conical apex!!”. Juraschek
and Rollgen classified spray of axisymmetric regimes
into three modes, based on current measurements!'*>],
With the increase of voltage, a pulsating jet (axial mode
I) appears, with pulsations frequencies existing in the low
kilohertz range or less®®’. Marginean considered axial
mode I, which exhibits two periods, as burst regimen!'”!,
As the voltage grows to the axial mode II, only high-
frequency pulsation at the low kilohertz is observed®”.
The intrinsic or natural pulsating modes are caused by
an imbalance between the supply and loss of liquid in
the entire cone volume (low frequencies) or the cone’s
apex (high frequencies)”*?*, Juraschek and Rollgen
claimed that capillary current is linearly dependent on
the pulsation frequency and independent of the capillary
potential applied in the high pulsation mode®®®.. Chen et al.
observed steady-state results from a long exposure time
(0.4 ms), but the intrinsic pulsating mode in the kilohertz
range was observed when the exposure time is reduced
to 0.1 ms or lessP!). Marginean et al., first, used a set
of sequential images (Figure 2B) to show spontaneous
Taylor cone deformation and a similar intrinsic pulsation
at lus per frame!'¥, Figure 2B clearly shows periodic
formation, relaxation of meniscus, and cone-jet, and
they provide a direct connection between Taylor cone
pulsation and electrospray current oscillations!*?*,
Yogi et al. used an external stimuli method to generate
picoliter droplets by applying a 1000V, and 10ms pulse
voltage to the tip of a capillary tube and drop-on-demand
(D-O-D) deposition can be achieved using external
stimuli®. In contrast to deposition in a small area by
electrospray, pulsating jet caused by either intrinsic or
external stimuli approaches are able to generate single
micro-scale droplet on the substrate. In addition, D-O-D

Ops  10ps 20us  30ps  40ps  SOps  60ps  Tous  SOus  90ps 100s  110ps

Phase I: Liquid accumulation

120ps 130ps  140ps 150 ps 200ps 200ps 220ps 232ps 242ps

160ps 170ps  1S0ps 190 ps
Phase I1: Cone formation

252ps 262ps 272ps 282ps 292ps 302ps 312ps 322ps 332ps M2ps 3S2ps 362ps IT2ps

Phase I11: Ejection of a liquid jet

382ps 302ps 402ps 4l2ps a22us 432ps 42ps 452ps d62ps 472ps AS2us 492ps

Phase IV: Relaxation

Figure 2. (A) Phase diagram depicting flow transitions that occur as flow rate and/or electric field strength is varied*’!. Adapted by permission
from Robert T. Collins et al. (2007) under the Cambridge University Press. (B) Time images of the pulsating Taylor cone with the four
phases of the cycle. Delay time values measured from the most retracted meniscus (At) are shown under the individual images. Each frame
is an average of 100 exposures with the same delay!'Y. Adapted by permission from Marginean et al. (2004) under the ACS Publications.

4 International Journal of Bioprinting (2019)—Volume 5, Issue 1



Gao D, et al.

pulsating jet deposition can achieve higher sensitivity and
generate the customized volume of droplets by changing
pulse duration. In general, pulsation frequency depends
on flow rate, properties of liquid and nozzle diameter.
Several models were proposed to express the relationship
between frequency and parameters, and these models will
be discussed in section 3.2.3.

When the applied potential difference is further
increased, continuous emission of liquid through cone
jet is developed. This mode is known as axial mode
1129, In addition, a concavely shape cone observed in
the two pulsation mode is changed to a nearly straight
cone in the continuous spray model?”). Marginean et al.
revealed that a complex transition into an astable regime
may exist between pulsating and continuous cone-jet
regime!'”!, In Figure 2A a complex jetting behavior, like
tilted jets, is shown at higher electric field strength, but
these phenomena are not considered to be controllable
in a precision deposition. When the applied voltage is
slightly lower than the voltage required to obtain a single
permanent jet, the jet may be emitted only intermittently,
which means the apex of meniscus alternately takes on a
pointed or rounded form, and emission phases may occur
at perfectly regular time intervals'®l. This intermittent or
pulsed cone-jet is similar to the axial mode I and II. The
diameter of the jet varies during these emission phases,
and thus the distribution of droplet size is never narrow!'®,
These studies suggest that pulsating and continuous
cone-jet can be obtained by adjusting the voltage and
flow rate. However, there are noteworthy exceptions,
and polycaprolactone is one of them. A stream of
pulsating droplets has not been observed since it is hard
to accumulate enough charges to overcome the surface
tension and high viscous force™®!. For paraffin wax,
pulsating cone-jet was only formed®™, and this result may
attribute to its low viscosity and electrical conductivity.
In one word, generation of pulsating or continuous cone-
jet is controlled not only by changes of voltage and flow
rate but also material properties, such as surface tension,
electrical conductivity, and viscosity.

Zeleny first investigated the continuous production of
drops by the breakup of a permanent jet extending from
a meniscus in the conical form!**!, and then Vonnegut
and Neubauer acquired the same mode during their
experiments on liquids©®. Cloupeau and Prunet used the
compound word “cone-jet” to describe the phenomenon
that a permanent jet extending from an axisymmetric
conical volume of liquid and jet is stretched along the
capillary axis!'®l. The creation of a jet requires penetration
of the field lines into the liquid with a dielectric liquid,
and only penetration will allow the appearance of a
component of the electric field tangent to the surface;
this acts on the surface charges and creates a force
that drives the liquid and an acceleration of the jet

downstream!'®]. Melcher and Taylor also pointed out that
for an interface to be subjected to shear stress, the surface
must simultaneously support the surface charge and be
subjected to a tangential electric field®***. In addition,
Melcher et al. mentioned two limiting cases and the first
one is the perfectly conducting interface®®. In this case,
electrical surface forces always act perpendicularly to the
surface and thus interface supports no tangential electric
stress>]. The second limiting case is a perfectly insulated
surface with no free charge density while the polarization
force density is operative at the interface. Therefore,
the electric surface force density acts in the direction
of permittivity gradient (—Ve), which is perpendicular
to an interface™. Thus, the liquid must not be perfectly
conducting or insulating!'®, and for a leaky dielectric
liquid, the tangential component of the electric field can
develop a shear force along the conical surface.

When a steady flow rate is issuing from the cone’s tip
in the form of a microjet, an electric field toward liquid
surface must appear in the cone to supply the electric
current, which is emitted by the microjet in the form of
charged dropletsP’!. The tangential electrical stress pulls
the charged surface toward the tip, and tangential electrical
stress provokes sufficient axial momentum to transfer
onto the liquid to begin a progressive deformation of the
cone into a jet’]. Hayati et al. showed an axisymmetric
circulation pattern where the particles travel downward
along the surface of the cone and reverse upward along
its axis in the conical basel. The electric field drives
free charges to the surface of the cone; hence, the surface
is charged and is subjected to a normal electric field E .
A potential difference will exist between the base of the
cone at the end of the capillary and the tip of the cone
due to the semiconducting nature of the liquid®¥. This
potential difference ensures that the interface is subjected
to a tangential electric field E in the direction of flow[>.
Barrero et al. observed a similar recirculating meridional
motion and an additional vigorous swirl coupled to the
meridional motion, and they attributed the appearance of
different motion to a distinct value of liquid conductivity
and viscosity®®!. The meridional motion can be considered
as a proof of the existence of tangential electrical stress
on the cone surface. De la Mora considered the domain
of cone as hydrostatic since recirculating flow is slow and
have little influence on jet formation !,

Even though the phenomenon of cone-jet transition
has been known for over 200 years, the actual process
is not understood completely. It is complex to analyze
theoretical multi-physical free surface flow by
mathematical methods, and there are also limitations in
simplifying assumptions in models™. In addition, based
on the complexity of EHD phenomenon controlled
by multi-parameters, it is not always possible to know
beforehand the mode obtained when the values of main
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parameters are given'sl. According to data obtained
from experiments, Cloupeau and Prunet found that the
cone-jet mode only appears at a certain range of voltage
and flow rate, and instabilities including skewed and
multiple-jet regime appear in a larger electric field®”. At
specific conditions, operating diagram of cone-jet can
be described as changes of flow rate and electric field
strength®*7. Domains of cone-jet may become different
by small changes in the selection of parameters mentioned
above (such as working fluid, setup of the experiment,
and geometry of nozzle). Furthermore, experimental
measurements are also difficult for the flow fields in a
free jet whose diameter is often on the verge of optical
resolution.

3.2.1 Dimensional Analysis

In this section, the effect of parameters on the transition
process is reviewed. The cone-jet transition is confined to
the region near the conical apex. First, the dimensional
analysis is used to give a qualitative description of the jet
diameter, Dj, and emitted current, Ij[38]. The jet diameter and
current are related to the operating parameters (flow rate
Q and electric field strength E), liquid material properties
(density p, viscosity p, electrical conductivity K, gas-
liquid surface tension v, and fluid relative permittivity € ),
and geometrical parameters (nozzle diameter D and
distance between two electrodes H). If parameters p,
Y, K, and the va'cuum permittivity, &, are selected as
dimensionally independent variables in this functional
relation for the jet diameter and current, dimensions of
these related variable are [p] =ML, [y] = MT?2, [K] =
MLT3V2, and . Next, the Buckingham’s IT theorem can
be applied to perform a dimensional analysis?*$;

&= g v € on & L (5)
D, |Q, {YDOT'S uD,’ D, D,

€

I_jzg g \ e on & L (6)
Iy Qo [yD, 3" uD, D, D,
£y

Where f() and g() are dimensionless functions.
Lee et al. add a ratio of two characteristic times, t/t,
where t is charge relaxation time, which is the
characteristic time of charge transport determined by the
electrical properties of the fluid, and t, is hydrodynamic
time, which is the characteristic time of the fluid

S £,
supply?™**l. The charge relaxation time is t, = -2 and

2
hydrodynamic time is 1, = D, The characteristic flow
. EyE =, . \%
rate is Q, = Yeols , characteristic distance ——— = and
. & YDy
characteristic current Iy =y (—0)0'5 . }
p &

These dimensionless groups have a certain influence
on jet diameter and current, qualitatively. In the classical
EHD jetting system, the charge relaxation time is smaller
than the hydrodynamic time (t<t); most of EHD
printing, electrospray, and electrospinning belong to
this category!®l. Charges are induced toward the surface
of the liquid to form a thin layer of charge under the
liquid-gas interface, and both the shape of the liquid
cone and the jet stability are affected by the amount of
electric charge on the liquid surface®. For liquids with
relatively high conductivities (above 10 S/m), the
electrical relaxation time is short and sufficient charge
can accumulate on the surface to counteract the surface
tension forcel*]. The jet formation zone is limited to the
apex of the conical meniscus®”. The remaining surface is
practically equipotential, and an almost static equilibrium
of forces exists at each pointl®”!. The shape of the cone
may have a practically straight generatrix with a very fine
jet (Figure 3A) or exhibit a shape as in Figure 3BI'®), In
Figure 3C and D, the acceleration zone extends further
toward the base of the cone and the profile of liquid has a
similar shape of cone-jet with an open cone for decreasing
conductivities®”. Flow rate required for stable cone-jet
mode moves toward a lower threshold with an increase in
conductivity when all other parameters are kept samel*”..
In the non-classical EHD (t_>t,), there is insufficient time
to develop an appreciable surface charge, and electrically
forced jet may appear, like a ball cone-jet*3-5%>1, Although
it is not possible to obtain very fine jets with liquid of low
conductivity unless special methods are usedP?, it is still
possible to produce a jet for liquids with low electrical
conductivities (107!* S/m)P¥. The conical shape ultimately
disappears when the liquid has a very low conductivity®7.
Electrical stress cannot counteract the surface tension to
deform the meniscus into a cone, and the pendant droplet
grows in volume and finally drips off.

In the experiment of Juraschek and Rollgen, both

B D]

Figure 3. (A-D) Different forms of the meniscus in cone-jet
model®”l. Adapted by permission from Michel Cloupeau et al.
(1989) under the Elsevier.
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high and low pulsation frequencies weakly increase
with the increase of electrical conductivities, since the
dielectric relaxation time of liquid without the addition
of electrolyte concentration is already shorter than the
time scale of a single pulse period®”. The addition of the
electrolyte causes decreases of capillary potential, and as
a result the measured average capillary current increases
due to an increase of emitted electric charges during a
single pulsel®l.

The first one (Q/Q,) in the dimensionless group is the

dimensionless flow rate (p ) and the jet diameter can

be varied by two orders of (}nagnitude by changing the
flow rate®!. The potential required for the formation of
steady cone-jet transition is affected by flow rate and the
resulting shape of the liquid conel®l. The minimum flow
rate and its associated electric field are considered as a
stability boundary of cone-jet"], and Q, is of the order of
the minimum flow rate for a given liquid'®”. The minimum
flow rate is not, simply, the flow rate due to the upstream
pressure, but rather the specific flow rate that causes
electrical stress to strip off (or shear) the surface charge
layer of the fluid®!, The cone-jet mode only appears
within a limited range of values of flow rate for a given
conductivity!'®. The value of the current and diameter of
jet grow with the increase of flow ratel”.. Chen provided
operating modes of steady cone-jet in the E-Q diagram for
the conductivity of liquids above 10 S/m when other
materials and geometry parameters are kept fixed®. In the
experiment of Juraschek and Rollgen, the “low” frequency
of the appearance of current pulse sequence increases with
the increase of liquid flow rate, since a shorter time is
needed to build up the required large cone volume with a
critical radius for the onset of a liquid emission process?”.
The number of pulses in a sequence also slightly increases
due to the extension of emission time by raised liquid
supply?”. The “high” pulsation frequency is weakly
changed by liquid flow rate, but the amplitude and width
of the pulse increase with flow rate accordingly. In
conclusion, the duty cycle of the “high” frequency
pulsations is affected by liquid supply to the apex region
of the cone and weakly affected by liquid supply to the
bulk of the cone.

The second is dimensionless electrical voltage

related to Taylor’s critical voltage LO[“] The
YDy
€
electric field promotes the charge migration away from
the electrode partly through the solution bulk after the
charge is produced electrochemically at the emitter liquid
interface, partly along the liquid surface!'”’. The value
of an electric field on the liquid is not only depends on
value of voltage but also varied with a dimension of
the capillary, the shape, and dimensions of the bottom

electrode and distance between two electrodest’).. With
the increase of electric field strength, there are many
different forms of cone-jet transition!'®. Within the regime
of the steady cone-jet transition, the liquid meniscus
of a Taylor cone recedes toward the nozzle base as the
electric field strength is increased™*. Within the operating
envelope, the range of applied voltage for steady cone-
jet transition is <7% for a given flow rate®!, which is
small in comparison with the changes due to the liquid
flow rate. Since the range of electric field strengths for the
steady cone-jet transition is fairly narrow, this group can
be considered as an invariant®.

The third is the relative permittivity of fluid . which is
determined by the amount of the alignment of dlpoles[33]
When two liquids have a similar value of the fourth
dimensionless group, the liquid with higher relative
permittivity has a smaller charge relaxation length,
and thus a larger potential is required to achieve lower

threshold for cone-jet formationt*]. .-

“of )7 which
only depends on the liquid properties. It can lt:e considered
as the ratio of the propagation velocity of a perturbation

The fourth dimensionless group is (

2 and viscous
D,

31, The axial velocity profile of the liquid

across the jet by the velocity of 11qu1d

u
pPD,
jet depends on the viscous dimensionless parameter.
Viscosity does not explicitly affect the jet diameter. The
viscosity of the liquid mainly affects the stability of the
jet, especially with polymer jets where the huge
viscoelastic effects and elongational viscosity associated
with polymers prevent the capillary instability™ 3. Thus,
higher viscosity liquids form thicker jets under the cone-
jet transition™], In the cone-jet mode, the length of the
jets increases with the viscosity, the resistivity, and the
flow rate of the liquid!'®.

diffusion —

The following dimensionless group relates to the nozzle
diameter D, which has a small influence on the diameter
of jet D, partlcularly for conductive liquids. For high
conduct1v1ty liquids (10 S/m and above), De la Mora
et al. demonstrated that the current is independent of the
needle voltage and geometry of the electrodes as long as a
stable cone is formed™l. This conclusion is consistent with
the result that current becomes decreasingly dependent on
needle voltage at increasing conductivities in I-Q curves”.
The jet diameter becomes irrelevant to nozzle diameter
when the ratio of the two diameters approaches to zero!®”.,
Under these conditions, the dynamic effect due to the jet
emission is negligible and limited to the vicinity of the
conical apex (e.g., d /d>>1 in the derivation). However,
this simple behavior does not hold for liquids with
small electrical conductivities and area of stable conical
meniscus depends on electrode geometry®'!. Choi et al.
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claimed the dependence of jet diameter on nozzle diameter
from their study, and this different result from above can
be attributed to the lower electrical conductivity of ink!®*!,
At this circumstance, smaller droplets can be the outcome
of using a thinner nozzle. In a stable cone-jet transition,
smaller nozzle diameters will extend both the low and
high flow rate limit for a given liquid conductivity®”.. The
electric field strength near the nozzle depends on both
the applied voltage and the nozzle diameter. Thus, with
decreasing outer diameter, the field strength increases
and the resulting electrostatic forces, as well as the
entrance velocity, raise up™. Furthermore, a smaller
nozzle diameter or distance between two electrodes, the
required onset voltage is lower*™®!, Tt is favorable for
high-resolution printing and precise placement to keep a
short distance “I” (usually smaller than 5 mm) between
nozzle and ground electrode due to reduction of lateral
variations!®. As printing complex feature with sharp turns
or small corners, a small distance “1” enables the process
to response promptly to the abrupt path change. Another
key factor for high-resolution printing is plotting speed,
and it is also important to consider compatibility between
plotting speed and jetting speed. As a stable jet emits from
the tip of the cone, the speed of jetting depends on flow
rate and electrical potential. The plotting speed is the
movement speed of the substrate. If two speeds match
each other, a straight jet appears, and a uniform continuous
plotted line is deposited on the substrate. In the pulsating
mode, it shows an equal space between droplets. Material
properties also need to be added into consideration in
regard to the matching process.

Finally, the effect of surface tension needs to be
considered. In Taylor’s theory, the formation of a jet in the
cone-jet transition only occurs when the stress induced by
the electrical field (g E%2) is larger than the stress induced
by surface tension (2y/r), and a square dependence exists
between the onset voltage and the surface tension. If the
surface tension of the liquid is too high, triggering of corona
discharges prevents electrostatic atomization in the airt”.
The effect of lowering surface tension stress at the liquid
apex by adding surfactants is the same as an increase of
the Maxwell stress™. The suppression of low-frequency
spray and the reduction of cone length at low surfactant
concentrations is probably related to a weak reduction of
the surface tension of the liquid cone®”. The phenomenon
of corona discharge usually occurs with liquids having
a high surface tension and thus requiring high fields to
overcome the surface tension stress®”. The corona can
be suppressed by increasing the dielectric strength of the
surrounding medium, such as Freon 12, CO,, and SF !
or lowering the temperature of the ambient airl®"). The
hysteresis phenomenon that the minimum voltage needed to
maintain the cone-jet mode is lower than the voltage needed
to initiate the cone-jet mode needs to be considered®”.

Wettability of capillary may cause a liquid ridge over
the entire periphery of the nozzle outlet or only on the
small part of it. During the growth of the ridge, the flow
rate of the atomized liquid is lower than the total rate,
causing the electric field to decrease due to the increase in
the section of the capillary®”. Wettability can be reduced
by coating non-wettable substance around nozzle except
on the outlet section".

3.2.2 Characteristic Dimensions and Scaling Law
Related to Cone-jet Transition

3.2.2.1 Ganan-Calvo’s Scaling Law for Four Different
Conditions
In the model of Ganan-Calvol®, EHD spraying in
steady cone-jet mode is a quasi-electrostatic quasi-one-
dimensional (1D) condition based on two assumptions:
(1) The inner electric displacement &,€.E; , is small
compared to the displacement, g)E;, where E; and
E! are the normal outer and inner electric fields on the
jet’s surface, respectively; (2) the radial variations of
the liquid velocity are small compared to the average
velocity for most liquids and EHD spraying conditions.
Since the transverse section of the cone region is very
large compared to that of the emitted microjet, and the
liquid velocity is small compared to that in the microjet,
the bulk ohmic electric conduction is dominant in the
cone with very small inner electric fields 5671, Thus, the
cone region is considered as perfectly electrostatict®>%,
The axial electric field E, should be of the order of the
normal electric field at the cone:
E, ~ ()" (7)
SOLO
In the ohmic model or “leaky dielectric” model™!®,
an ohmic constitutive law for the current in the cone-jet
transition region is assumed*],

2Q¢,E
I:ISCV+IOCd: Q : -+

nE’KE, ®)
where I is surface convection current, I is ohmic
bulk conduction current, Q is emitted flow rate, is normal
electric field on the jet’s surface, & is radius of jet, and
K is liquid electric conductivity®®*®], The point where
the surface convection current equals the ohmic bulk
conduction current is located close to the jet’s origin(®7.,

QSOEno
o

The pressure difference across the jet’s surface
is balanced by the normal electrostatic stress. The

~RZKE,, )

polarization stress (&,€, —&,)E. /2 is negligible!®).
Thus,
pQ’*

& (Eno )2 ~ R

(10)
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The kinetic energy per unit volume of the liquid
becomes of the order of the electrostatic stress once the
jet is developed and the gradient of the kinetic energy in
the axial direction is mostly balanced by the tangential
electric stress resultant on the jet’s surface!®:

> gELE
Rp% Rno Z0 (l 1)
Here R, =d (2)05 L,=d, Q , E = (2—)/)0'5
80 Qo €d,

,and E, =E_ (=) are the characteristic values of

the jet’s radius, axtal length, outer normal electric field,
and tangential electric field. The characteristic ﬁow rate

Q, = Ye y(e o) P,

oK’
characteristic current Io =V(F)' are sﬁ)own in the

characteristic dlstance D, =

dimensionless analysis abovel®],
Ganan-Calvo defined two dimensionless expressions
for flow ratel®!:
_P Q,aﬂz 5‘3Q (12)
Y€ &V

When the inertia stress is large, the dimensionless
flow rate is the ratio of flow rate, Q, and dimensional
variable sets (ye/pK). When viscous stress is large, the
dimensionless flow rate is the ratio of flow rate, Q, and
dimensional variable sets (y° 802 / w’K?) . The dominance
of surface tension is a marginal situation>®,

For six different situations, Ganan-Calvo et al.
identified different scaling laws for the jet diameter D, and
the electric current I?%. Three of them have been found
in published experimental data, and they are presented
below:

* [E-scaling: Dominance qf inertia and electrostatic

suction in the limits of ocuZ <<, l<< 0 Where,
E -
D, is the same as the characteristic value (R,FL:
£,Q’
1= (yKQ)"S.D, = P& (176 13
(YKQ)™,D; (—yK ) (13)

The IE scaling law is the most common regime. It
has been widely verified in numerous experimental
worksP?6:06:6-71 “and data for octanol were accord with this
scaling law31],

e [P-scaling: Dominance of inertia and polarization

forces in the limit of K 7 << P << 20l
(er - 1) 81” - 1
212
(Er - 1)80

The IP scaling law is used for polar liquids, and the
scaling of jet diameter is the same as for IE scaling, no
matter whether the dominant factor is electrostatic or

polarization force. Data for water and formamide tend
to match with the IP scaling solution?®3"l,

s VE-scaling: Dominance of viscous force
and electrostatic suction in the limit of
- a,
a, <<o,t,1<< —)[2"’]
: 1e,'Q’
I=(yKQ)™.D; = (° )" (15)

The IPscaling law is apphcable to high viscosity liquids
with a sufficiently large electric conductivity. The trend of
this scaling law has been confirmed by experiments that
use glycerol with different electrical conductivities?®!.

3.2.2.2 De la Mora’s Scaling Law

Inthe model of De la Mora and Loscertales, the conductivities
of the tested liquids are all in the range of 10*S/m and above;
hence, these are considered as high conductivity liquids.
They concluded that the current and jet structure for liquids
with high conductivities are insensitive to changes of needle
voltage, diameter, the distance between two electrodes, the
meniscus shape, and the spray structure®!!. The static Taylor
equilibrium is maintained to the point where the flow time
becomes shorter than the electrical relaxation time. Beyond
this point, there is a rapid transition to a cone-jet. After the
same point, the ohmic bulk conduction current (I ) that is
dominated in the cone also fast transfer to surface free charge
convection current (I ) by the accelerating liquid stream,
which is dominant close to jet’s end where is very small
cross-section and large liquid velocity®'>%), In the cone-jet
transition area between these two regions, both conduction
and convection are of the same order™.

A non-dimensional factor, 1% can be defined as the
ratio of inertia pressure (pQ?/r*) where p is liquid density,
Q is the flow rate, and r is local radius, and capillary
pressure is (y/r)i!32,

2 sz
=3
yr
The formation of the jet may be determined either
by inertia or by charge relaxation, depending on which
of these two phenomena acts first as the cone apex is
approached®!. When 1) is smaller than unity, the diameter
ofjet scale as characteristic length r*. In the opposite limit,
where 1 is much larger than one, the diameter of jet scales
as characteristic length R*B!1, A characteristic distance A
from the cone apex is closely related to the jet radius®!,
and it also relates to the thickness of surface charge layer,
which is built up by the bulk conduction’?. When the jet
scaling length r*, which is the same magnitude of charge
relaxation length, A, where hydrodynamic time, t, is of the
order of the electrical relaxation time, t , the characteristic
distance, r*, is expressed as the following equation!*!-*2),
D, ~r' = Q&)

K (17)
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When 1 equals to one and r equals to r*, the minimum
flow rate for the stable cone-jet structure is found, and
it is also known as the characteristic flow rate*'*?, The
minimum flow rate is expressed as:

V& &y
QO ~ Qmin ~ plk
The characteristic distance, d, can be obtained from

the characteristic flow rate, Q,, through the equation
below:

(18)

YeréQ
Q ~ Qmin ~ g ’ (19)
AD?

When the dynamic pressure ———

. . T .
comparable with surface tension, y/r, the diameter of jet
scale as characteristic length, R*B!,

PQ2 )1/3
Y

becomes

D; ~R"=( (20)

The intermediate region which is analyzed in the
model of Ganan-Calvo provides consistent for matching
the cone to transition region®®. Interestingly, when
two characteristic distances (r* and R*) are multiplied
together, the product of these two characteristic distances
is similar with the expression of jet diameter for IE or IP
scaling. In the liquid meniscus, charges are transmitted by
convection and conduction at the charged interface and
only by conduction through the bulkP'l. In this model,
the surface conduction term is ignored since it is small
compared to surface convective term, and the surface
convection current is then given by!*!):

[ =2mruo (21)

Where u_ is the liquid speed at the interface and the
free surface charge density, o, equals to &,E; . At the
point where charge relaxation become non-negligible and
the current I which jet carries is given!l:

=1 gpoys )
£, 0

Where f(¢), as obtained from experiment, is a function
of &. Scaling law expressed in equation (22) is similar
with scaling law of current in IE regime of Ganan-
Calvo model, and actually f(g) become very small when
the dielectric constant is small. When 1 is equal to one,
characteristic current, I, is closely related to current, I,
and can be obtained from:

&
Iy ~y(=2)* (23)
P 2/3

“57) is defined to

measure the radial variation in the axial velocity profile of
the jett®!l. The electrical shear stresses which tend to make
the liquid velocity larger at the surface than at the core, while
viscosity tends to make the axial velocity radially uniform.
In conclusion, the scaling model presented above has
been confirmed by asymptotically self-similar solutions,

The parameter Z which equals to (

and it shows that the emitted current and diameter of jet
mainly depend on flow rate and liquid properties. They
argue that the jet radius is independent of the boundary
condition and applied potential since the typical jet
radius is sufficiently smaller than the local size of the tip
region. Table 1 summarizes scaling laws that describe the
dependence of jet diameter and magnitude of current on
working parameters.

However, Hohman et al. obtained a different scaling
law from electrospinning experiments, and they found
current not only depends on flow rate and material
properties but also applied voltage, shape, and material of
nozzle!™], Discrepancies in scaling laws of electrospray
and electrospinning may be attributed to the following
reasons. Solutions from steady-state equations for
electrospray are a function of imposed flow rate, current,
and voltage drop between two electrodes. Boundary
condition on a surface charge is that jet shape is matched
to a perfectly conducting nozzle. However, the current is
determined dynamically in electrospinning experiment,
and flow rate and field strength are only independent
parameters. Hohman et al. found that the radius of the
jet has already decreased substantially before entering
the asymptotic regime. Thus, current is determined
more than just the behavior in the asymptotic regime.
Numerical steady solutions have only been obtained
for low conductivity material (10 S/m) at the high
electric field after counting fringe fields of the nozzle and
considering small surface charge density as a boundary
condition at the nozzle!”. The electric field around nozzle
and boundary condition become key factors to influence
shape and charge densities on the liquid jet. It is helpful
for understanding this influence to explore what the
predominant charge transport mechanism near the nozzle
is. Differences in geometry setup are also a possible
reason to lead different scaling law.

3.2.3 Pulsating Cone-jet Regime

Although most attention is focused on the “continuous
regime” where a jet is continuously ejected from its
apex, a continuous regime only happens for certain
ranges of the operating parameters. Changes in liquid
properties can also cause instabilities®®. The D-O-D
pulsate printing as produced by an external voltage
pulse has become more popular due to low reagent
consumption and high ion transmission efficiency
at small flow rate™). The frequency of the lowest
excitation mode for a negligible amount of charge is
expressed as % and can be calculated by equation (24)
which is derived from the frequency spectrum for the
capillary waves on the surface of a charged droplet
proposed by Rayleigh!'l,

%L (24)

2 —
f2,Z=0 - 3
T~ pr

10 International Journal of Bioprinting (2019)—Volume 5, Issue 1



Gao D, et al.

Table 1. A summary of scaling laws that outline the relationship between processing parameters and diameter of jet or emitting current

Name Dominant conditions

Scaling of jet diameter Scaling of current

Material Reference

Ganon-Calvo scaling IE-scaling (inertia stress and 3 I=(yKQ)"* Non-polar liquid with low
law for high electric ~ electrostatic suction) D;= (m)l/ 6 viscosity, such as Octanol
conductivity (Above YK
107 8/m) IP-scaling (inertia stress and 3 20 Polar liquid with low viscosity,
polarization force) D:= (m)l/ 6 I= (ﬂ 0.5 such as water, and formamide
! YK (& —Deg
VE-scaling (viscous force and 5 3 I=(yKQ)1 Ink material with high electric
electrostatic suction) D= (M)l/ 8 conductivity, such as glycerol
YK
VP-scaling (Viscous force and 332 Not found in published paper
polarization force) iz (ﬁ)o's 1= (% 0.5
r (& —-D7v7g
De la Mora Hydrodynamic time and 6.6 Ethylene glycol
) . o 1/3 KQ.05
scaling law for electrical relaxation time D;~(Q rTO) ! I="f(e) Y(T)
high electronic '
conductivity (Above Inertia stress and surface 5 K Glycerine solution
107* S/m) tension D:~ (&)1/3 I=1(e) ﬂ)0'5
J y (81‘

Electrical field force and
surface tension

Choi scaling law
_ AN

J ) E

Not mentioned in the
reference paper

Water (0.1 mM KBr added),
and Glycerine

Where 1 is the droplet radius. Marginean et al. found?*”
that equation (24) can also express the relationship
between the square of the pulsation frequency and the
cube of the anchoring radius of the menisci (the position
of the contact line at the tip of the capillary during the
liquid recoil phase) for low-conductivity liquids and
relatively large nozzle radius. They also found that the
effect of charge in this region is negligible.

Another finding is that the capillary waves not only
governs transitions associated with the meniscus (dripping
mode to spindle mode) but also influences the breakup of the
liquid filament (varicose to kink)?*%. Choi et al. proposed a
scaling law for jet diameter in the pulsating cone-jet regime,
based on data from their experiments and literature!®. They
defined the ratio between the surface tension and the electric
field forces as the “electrical capillary number (Ca),”
and considered D, and D_ as characteristic length scales
associated with the surface tension force and the electrical
field force separately’®l. The scaling law for jet diameter is:

doc\/Z@ (25)
& E

This scaling law is different from those in section
3.2.2; a simple reason is that Choi et al. obtained diameter
of the jet at initiation condition where the jet is the widest.
Choi et al. substituted equation (25) into equation (24) to
derive a scaling law without droplet radius. The pulsation
frequency read as:

B=¢l¢g, (26)

Chen et al. proposed a different model for the intrinsic
pulsations frequency; this is related to the drop formation

rate, Q, in equation (27), (28).

QC dn K pdn3 .

fijgN 9 3/2N_'£OEZ'_'(_)05
Vi QoAty (d,dy) uL &€& Y

27)
In conclusion, as upstream flow rates are low, the
cone formation rate is affected by stress at the liquid-to-
air interface and by viscous drag in the thin nozzle, and
Taylor cone only deforms at the tip™*. Equation (27)
is used to obtain frequency at a low flow rate, and the
drop formation rate scales as d*E*L"! where d is inner
diameter of nozzle, E is the nominal electric field, and
L is the nozzle length?®). However, as supplied flow rate
is not limited by upstream conditions, the equation (24)
is applied to acquire frequency (Chen, 2011). Since
equation (25) reveals a 0.5 power dependence between
the diameter of jet and nozzle, it implies this equation
may not be employed for high conductivity liquid
(>10"* S/m).

3.3 Theory and Analysis of Jet Stability

In EHD inkjet printing, a continuous fine jet is generated
at the apex of a liquid cone in the cone-jet mode and the
length of jet increases with the viscosity, the resistivity
and flow rate of liquid!'®. The field strength at the tip of the
jet increases with the length of the jet, due to a decrease
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of the electrical field shielding by the large outer diameter
of the capillary and also a decrease of the diameter of the
accelerated jet, which behaves as a vena contracta’. This
corresponds to increasing field stress at the tip of the jet in
the direction toward the counter electrode?”. Tt is difficult
to stabilize and control the trajectory of submicron jets
under an electric field and jet may have different instable
status. When the charge of the jet is not too high, liquid jet
is broken up into drops by varicose instabilities as shown
in Figure 4 and satellite droplets may be created at the
moment of the breakups!'®l. The process of a breakup may
degrade resolution on the substrate. The smaller droplets
move away from the axis of the jet, which is faster than
the larger ones!"®l. For slightly higher voltages, lateral
kink-type instabilities appear, and the jet stretches out into
fine droplets of different sizes!'"®. Thus, a big challenge
for utilizing the electrically driven cone-jet transition
as a writing device still exist in overcoming the rapid
disintegration in electrospray and controlling the whipping
of the jet in electrospinning™. The common feature of
them is no boundary jetting methods, but axisymmetric
instability is applied on breaking up the jet into numerous
tiny droplets in electrospraying, and non-axisymmetric,
known as whipping action, is used to thin the liquid jet
and deposit it as a fiber filament in electrospinning.
However, both of instabilities need to be prevented from
high resolution printing process. In the following part, the
theory of the jet stabilization is discussed, and then the
stabilization of jet under an electric field is considered.

When a liquid jet is either neutral or lower surface
charging under the condition of lower field strengths, the
breakup of a jet into droplets is attributed to the effect
of surface waves!”™!. Surface waves propagating along the
surface of a jet are generated by disturbances of the jet!®'l.
As the amplitude of surface waves of an appropriate
wavelength (“varicose waves”) is enhanced by surface
tension forces, they lead to the breakup of a cylindrical jet
into droplets with radius r=1.89a/*". This mechanism is
well established for uncharged jets and was first described
by Rayleigh!’®!. Rayleigh reveals that disturbances on a jet
with wavelengths greater than the circumference of the
jet will grow, and rapid growing disturbance will control
the breakup of jet!"”\.

3.3.1 Three Instability Modes of a Charged Jet

Saville performed qualitative analysis for the stability of
an uncharged liquid cylinder in the longitudinal electric
field®¥, and this analysis ignores the presence of surface
charge on the jet and thinning of the radius!®’). Another
analysis of stability is for a charged cylinder in a radial
electric field (without tangential field) and a constant
radius jet®. Hohman et al. developed a 1D model for a
long and slender object made of a leaky dielectric material,
and this model is asymptotically valid in the assumption

o
Do
O
o
(®) ... . ..:.

Figure 4. Cone-jet mode: (A) Varicose instabilities; (B) kink
instabilities!". Adapted by permission from Michel Cloupeau et al.
(1994) under the Elsevier.

that tangential stress caused by the electric field must
be much smaller than the radial viscous stress!’. They
performed a local linear stability analysis by considering
axisymmetric perturbation to a charged cylinder of
constant radius under an assumption that the wavelength
of the perturbation is much smaller than the characteristic
decay length of jet™. They identified three different
instability modes that are axisymmetric extensions of the
classical Rayleigh instability, and two conducting modes,
which only exist when the conductivity of fluid is finite,
including the axisymmetric conducting mode motivated
by different time scale for fluid response and axial surface
charge arrangement, and a whipping conducting mode
caused by static charge density of jet, which dominated
in local electric field. Rayleigh instability is suppressed
when the electrical pressure per unit length of the jet
exceeds the surface tension pressure per unit length with
an increase of electric field and surface charge density,
and conducting mode which is raised from the interaction
of electric field with a surface charge on the jet makes
jet unstable!”!. Both the axisymmetric modes are stronger
than the whipping mode at low fields by adding the effect
of viscosity and surface charge, but the whipping mode
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Figure 5. Operating diagram for (a) glycerol jet (K =0.1 x 107°S/m), p = 1.26 x 10° Kg/m®, u = 1.87 Pa‘s). The shaded region is varicose
perturbations, and no whipping instability is present. (b) PEO jet (K= 1.2 x 10 S/m, p = 1.2 x 10* Kg/m?®, p = 2 Pa-s). The lower shaded
region is varicose perturbation, and the upper shaded region is whipping instability. The points represent experimental measurements are
consistent with theoretical prediction”. Adapted by permission from Moses Hohman et al. (2001) under the AIP Publishing LLC.

is stronger than both of the axisymmetric modes at high
fields"””. Figure 5 compares the theoretical operating
diagrams for glycerol and PEO jet with experimental
measurements of the instability thresholds!”*!. The shape
of operating diagram for a less viscous and highly
conducting fluids is similar to the range of cone-jet mode
in electrospray!®!. The lower threshold of onset of cone-
jet is identified as cessation of varicose instability, and
upper threshold is considered as onset of whipping. With
increase of electrical conductivity, the critical flow rate of
cone-jet mode decreases. A higher surface charge density
in higher conductivity fluids leads a stable jet at a lower
flow rate due to suppression of Rayleigh mode!'®*"), In
other words, steady cone-jet which is most used for EHD
high-resolution printing should locate in the area between
varicose and whipping instability in E-Q operating
diagram.

In Table 2, the main models mentioned in this review
are summarized by the phenomenon, the name of models,
assumptions, advantages, and disadvantages of the model.

3.3.2 Stability Analysis in Finite Conductivity and
Permittivity Jets

Herrera et al. studied influence of arbitrary liquid
viscosity, permittivity, and conductivity in the presence of
a DC radial electric field, and found 1D average models
are inaccurate in low viscosity imperfect conductor jet
since an interfacial boundary layer may exist in the axial
velocity profile®®!l. These results show that the accuracy
of 1D approximation increases with the increase of
liquids’ electrical conductivity and/or viscosity by
comparing results obtained from 1D approximation and
two-dimensional leaky dielectric model®™. They focused
on axisymmetric capillary jet instability modes that are
dominant in the moderate range of Weber number that is
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the ratio of average axial velocity, U, to capillary velocity
v U2 U
we=P" o (=
14 Ve

In the developed EHD jet, the axial electric field can
be neglected since it is much less than radial electric
field that is created by surface charge density located at
the interfacel®*®!. According to cubic roots of dispersion
relation, Hohman et al. found three instable modes in
the presence of an axial electric field”™, but Herrera
obtained four-order dispersion relation (four modes)
in the presence of radial electric field®!l. Artana et al.
indicated that the intact length of the jet is proportional to
the inverse of growth rate _ in the fastest growing mode
under the assumption of electrified inviscid limit and
perfect conductor limit®*3]. Effects of relaxation parameter
(o) that is the ratio of the capillary time (t ) to the electrical
relaxation time (t ), liquid’s relative permittivity (B) and
electric bond number (), which is the ratio of the electric
pressure to capillary pressure are explored in this study.

(28)

a=[pr’K?* /(ye)]" =t /t, B=€/g, x =r&,E,> 'y

(29)

Where ¢ E is surface charge density and E | is a radial
electric field. With the increase of conductivity, the
maximum growth rate ¢_ increases and the wave number
k_ decreases in the fastest growing mode in Figure 6A.
Growing relative permittivity leads to a similar trend®'l.
This figure shows that instability increases with the rise
of breakup wavelength. The conductivity and permittivity
do not influence a range of stability, but in Figure 6C, the
instability lobe expands with an increase of electrical
bond number®". Herrera et al. pointed out that tangential
electric stress will attenuate the growth of perturbations
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Table 2. A summary of theoretical models for three phenomena under different assumptions, and their advantages and disadvantages

Assumption and conditions

Advantages

Disadvantages

Phenomenon Theories or models
Conical meniscus Taylor
electrohydrostatic

model (Taylor cone)

Semi-vertical angle of cone is
49.3°; Pressure is zero; Neglected
weight of the liquid cone

Obtaining critical voltage
value for jet emission from the
tip of the cone

Semi-angle is not always
49.3°; Approximate 10%
difference from the critical
voltage of experiment

Leaky dielectric model;
Surface couple model

Cone-jet transition

Penetration of electric field lines
into liquid; Appearance of surface
electric charges

Described operating diagram
of cone-jet for inks with
partial electrical conductivity

Only for leaky dielectric
material and stable cone-jet
mode; Complexity in a
mathematical method

Stability of a long and ~ One-dimensional model — Tangential stress caused by electric ~ Identified three instability Inaccurate in low viscosity
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than the characteristic decay length  and whipping instability
of the jet thresholds
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Figure 6. (A) Growth rate ¢ versus the wavenumber k for a jet with b (distance between two radial electrodes) >>1, x = 0.6, C (Ohnesorge
number) = 1, and B (liquid relative permittivity) = 2 and several values of the relaxation parameter a; (B) Growth rate ¢ versus the
wavenumber k for a jet with different values of the Ohnesorge number C (b >>1, a=1, f=1, ¥=0.6). (C) Growth rate ¢ versus the wave
number k for a jet with b>>1 and b=2. The other parameters are fixed at C=1, a=1, and f=2. Several values of the electrification number
are plotted®' Adapted by permission from Jose Lopez-Herrera et al. (2005) under the AIP Publishing LLC.

and may promote longer liquid jets with moderate
viscosity in the non-whipping jet regime for an imperfect
conductort®'l,

The effects of the viscosity can be reflected by
comparing growth curves having different Ohnesorge
numbers, C, defined as a ratio of viscous forces to
capillary forces,

14

C=p/pyn)™? (30)

Viscosity does not change the stability limits, but
it lowers the growth rate of any perturbation. The most
unstable wavelength becomes longer with an increase of
Ohnesorge number in Figure 6B, whereas the growth rate
decreases®®!l. A narrow interfacial boundary layer with
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XPS/DMF/TEBAC (Wang 2006) [50]
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+PAN/DMF 6% (Wang 2007) (1]

OGlycerol (Carroll 2006) [49]
CPAN/DMF 12% (Wang 2007) (1]
APAN/DMF 8% (Wang 2007) [51)
XPLA/DMF (Wang et al. 2010) [52]

Figure 7. The continuous curve is theoretical predictions of the
transition between absolute and convective instability. Most of the
points from experimental values are in the region of convective
instability®®). Adapted by permission from Jose Lopez-Herrera
et al. (2010) under the AIP Publishing LLC.

high radial velocity gradients is produced by an axial
electric field for quasi-inviscid free jets, and the axial field
boundary layer is based on the balancing of axial stress and
viscous term!®!l. In a radial electric field, boundary layer
becomes conspicuous when liquid is a poor-conductor, and
the radial field boundary layer is formed by competition
between oscillatory acceleration and viscous term®!. The
core velocity profile of poor conductor is insensitive to
liquid conductivity, permittivity, and electric bond number
because viscous stress is too small to counterbalance any
electric shear stress, while the velocity of the boundary
layer is changing with a distance of two electrodes!®!l.
The meniscus may globally be either stable or unstable
up to values of the operational parameters, and the global
stability of the liquid meniscus is a prerequisite for steady
jetting®4. The liquid flow accelerates from a subcritical
to a supercritical regime at a critical point near the exit
of feeding needle by considering self-induction effects
and jets issued from Taylor cone are always supercritical
at region before breakup point!®’!. A point of instability
is defined as a boundary line to separate the supercritical
region and the breakup regions and supercritical region
prevents upstream propagation of disturbance as long
as the point of instability is far away from the critical
pointl®”l, Transition between jetting and dripping is related
to transition between convective and absolute instability
transitions!®. Convective instability is defined as the
surface energy that is sufficiently smaller than the kinetic
energy per unit jet length, and the disturbance can only
propagate and increase downstream®1. The disturbance
can propagate and increase both upstream and downstream
for absolute instability. The critical convective velocity
in the developed jet that relates to critical Weber number
mainly depends on the viscosity of fluid that scale as
the Reynolds number during the transition between
the absolute and convective instability. Herrera et al.
introduced different electric parameters (relaxation
parameter o, liquid relative permittivity P, and electric
bond number y) to the classical Leib and Goldstein curve

and range of electric bond number y are limited between 0
and 1 to avoid growth of kink instability®. In conclusion,
final results disclose that the critical Weber number is not
significantly influenced by the electric parameters at high
Reynolds range!®!. Figure 7 shows experimental values
of the Reynolds number as a function of the capillary
number and most of the points are in stable cone-jet
region which is above the continuous line (theoretical
critical curves)®. At the low Reynold numbers, the stable
region of the jet is affected by three electric parameters.
At equipotential limit (o>>1), a relatively larger jet
velocity is required for smaller jet diameter to achieve
a stable region of jet and liquid relative permittivity 3
has no effect in this limit. However, at the frozen charge
limit (0=0), critical limit of the stable region depends on 3
and electric bond number, y, only. In sum, E-Q operating
diagram in Figure 5 anticipates a range of steady cone-
jet well, while the accurate shape of cone-jet stability for
a specific material depends on dominated parameters at
each region and boundary conditions.

4. Conclusion

Although the EHD phenomenon has been known for
more than 200 years, its working mechanism is still not
fully understood. EHD phenomenon are controlled by
multiple parameters, and they are coupled each other.
On the one hand, it is complicated to simulate multi-
physical free surface flow, and there are also limitations
in simplifying assumptions in physics model. A “Leaky-
dielectric” model is only successfully applied to materials
with relatively high conductivity. On the other hand, it
is not always attainable before the mode obtained in
experiments when the values of working parameters are
given.

This paper reviews the initiation condition of cone-jet.
The critical voltage predicted by Taylor does not account
for EHD effect caused by subsequent jet emission, and
the semi-vertical angle is not always Taylor angle. The
following section study effects of processing parameters
and materials properties on the operating diagram of cone-
jet. Domain of cone-jet may become different by small
changes in the selection of parameters. The minimum
flow rate in operating diagram is not, simply, the flow rate
due to the upstream pressure, but rather the specific flow
rate that causes electrical stress to strip off (or shear) the
surface charge layer of the fluid. Several scaling laws have
been proposed to predict jet diameter and emitted current,
and each of them is applied to different parametric ranges
according to material attribute and working condition.
Communities have not reached an agreement on the
charge transport mechanism. In the future, it is helpful
to study what the predominant transport mechanism is,
especially near the nozzle. It is difficult to measure a thin
free jet whose diameter is usually at the verge of optical
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resolution experimentally. It is known that a stable jet
is a prerequisite condition for acquiring high printing
resolution, but the theoretical prediction of jet stability
still remains to be a difficulty. Understanding of this
physical process requires more systematical studies on
the formation of a stable cone-jet.

3D high-resolution printing as one of an important
branch of EHD family is rising rapidly in recent ten years.
In contrast to deposition in a small area by electrospray
or thinning and bending process by electrospinning, high-
resolution EHD printing can generate single droplet or
continuous line at single micro-scale. Designs and recent
applications of EHD 3D printing will be discussed in the
next paper due to length limitation.

References

1. Onses M S, Sutanto E, Ferreira P M, et al., 2015,
Mechanisms, capabilities, and applications of high-resolution
electrohydrodynamic jet printing. Small J, 11(34): 4237—
4266. https://doi.org/10.1002/smll.201500593; https://doi.
org/10.1002/sml11.201570209.

2. Korkut S, Saville D A, Aksay I A, 2008, Collodial cluster
arrays by
24: 12196-12201. https://doi.org/10.1021/1a8023327.

3. Chrisey D B, 2000, Materials processing: The power of
direct writing. Science, 289(5481): 879-881. https://doi.
org/10.1126/science.289.5481.879.

4. Jaworek A, Sobczyk A, 2008, Electrospraying route to

electrohydrodynamic  printing.  Langmuir,

nanotechnology: An overview. J Electrostat, 66(3-4): 197—
219. https://doi.org/10.1016/j.elstat.2007.10.001.

5. Chen C H, 2011, Electrohydrodynamic Stability. Vienna:
Springer. pl77-220. https://doi.org/10.1007/978-3-7091-
0900-7_6.

6. Park J U, Hardy M, Kang S J, ef al., 2007, High-resolution
electrohydrodynamic jet printing. Nat Mater, 6(10): 782—
789. https://doi.org/10.1038/nmat1974.

7.  Liang H, He J, Chang J, et al., 2017, Coaxial nozzle—assisted
electrohydrodynamic printing for microscale 3D cell-
laden constructs. /nt J Bioprinting, 4(1): 127. https://doi.
org/10.18063/ijb.v4i1.127.

8. Liu H, Vijayavenkataraman S, Wang D, er al., 2017,
Influence of electrohydrodynamic jetting parameters on the
morphology of PCL scaffolds. /nt J Bioprinting, 3(1):72-82.
https://doi.org/10.18063/1JB.2017.01.009.

9.  Gilbert W, 1893, De Magnete Book. New York: John Wiley
and Sons.

10. Forbes R G, 2000, Liquid—metal ion sources and electrosprays

operating in cone—jet mode some theoretical comparisons

I1.

12.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

and comments. JAerosol Sci, 31:97-120. https://doi.
org/10.1016/S0021-8502(99)00036-1.

Gary S, 1732, A letter concerning the electricity of water,
from Mr.Stephen Gray to cromwell Mortimer, M.D. Secr.R.S.
Philos Trans, 37: 227-260.

Rayleigh L, 1879, XX. On the equilibrium of liquid conducting
masses charged with electricity. Philos Mag Ser, 14(87):
184-186. https://doi.org/10.1080/14786448208628425.
Zeleny J, 1917, Instability of electrified liquid surfaces. Phys
Rev, 10(1): 1-6. https://doi.org/10.1103/PhysRev.10.1.
Marginean L P, Heffernan L, Vertes A, 2004, Flexing the
electrified meniscus the birth of a jet in electrosprays. Anal
Chem, 76: 4202—-4207. https://doi.org/10.1021/ac049817r.
Allan R S, Mason S G, 1962, Particle behaviour in shear and
electric fields I. Deformation and burst of fluid drops. Proc R
Soc London, 267: 45-61.

Saville D A, 1997, Electrohydrodynamics-the taylor-melcher
leaky dielectric model. Ann Rev Fluid Mech, 29: 27-64.
https://doi.org/10.1146/annurev.fluid.29.1.27.

Taylor G, 1969, Electrically driven jets. Proc R Soc London,
313: 453-475. https://doi.org/10.1098/rspa.1969.0205.
Cloupeau M, Prunet-Foch B, 1994, Electrohydrodynamic
spraying functioning modes a critical review. J Aerosol
Sci, 25:1021-1036. https://doi.org/10.1016/0021-
8502(94)90199-6.

Marginean I, Nemes P, Vertes A, 2007, Astable regime in
electrosprays. Phys Rev E Stat Nonlin Soft Matter Phys, 76(2
Pt 2): 26320. https://doi.org/10.1103/PhysRevE.76.026320.
Juraschek R, Rollgen F W, 1998, Pulsation phenomena during
electrospray ionization. Int J Mass Spectrom, 177: 1-15.
https://doi.org/10.1016/S1387-3806(98)14025-3.

FennlJ B,Mann M, Meng CK, etal., 1989, Electrospray ionization
for mass spectrometry of large biomolecules. Am Assoc Adv Sci,
246: 64-71. https://doi.org/10.1126/science.2675315.
Gamero-Castaiio M, Aguirre-de-Carcer I, Juan L D, et al.,
1998, On the current emitted by Taylor cone-jets of electrolytes
in vacuo: Implications for liquid metal ion sources. J Appl
Phys, 83(5): 2428-2434. https://doi.org/10.1063/1.367002.
Morozov V N, Morozova T Y,

deposition as a method for mass fabrication of mono-and

1999, Electrospray

multicomponent microarrays of biological and biologically
active substances. Anal Chem, 71:3110-3117. https://doi.
org/10.1021/ac981412h.

Yogi O, Kawakami T, Yamauchi M, ef al., 2001, On-demand
droplet spotter for preparing pico-to femtoliter droplets on
surfaces. Anal Chem, 73: 1896—1902. https://doi.org/10.1021/
ac0012039.

16 International Journal of Bioprinting (2019)—Volume 5, Issue 1



Gao D, et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

Jayasinghe S N, Edirisinghe M J, Wang D Z, 2004, Controlled
deposition of nanoparticle clusters by electrohydrodynamic
atomization. Nanotechnology, 15(11): 1519-1523. https://
doi.org/10.1088/0957-4484/15/11/025.

Ganan-Calvo A M, 2004, On the general scaling theory for
electrospraying. J Fluid Mech, 507:203-212. https://doi.
org/10.1017/50022112004008870.

Chen C H, Saville DA, Aksay 1 A, 2006, Electrohydrodynamic
drop-and-place particle deployment. Appl Phys Lett,
88: 1541041-1541043. https://doi.org/10.1063/1.2191733.
Chen CH, SavilleDA, Aksay [ A, 2006, Scaling laws for pulsed
electrohydrodynamic drop formation. Appl Phys Lett, 89(12):
1241031-1241033. https://doi.org/10.1063/1.2356891.

Park J U, Lee J H, Paik U, et al., 2008, Nanoscale patterns of
oligonucleotides formed by electrohydrodynamic jet printing
with application in biosensing and nanomaterials assembly. Am
Chem Soc, 8: 4210-4216. https://doi.org/10.1021/n1801832v.
Marginean I, Nemes P, Parvin L, et al., 2006, How much
charge is there on a pulsating Taylor cone? Appl Phys Lett,
89(6): 64104. https://doi.org/10.1063/1.2266889.

De La Mora ] F, Loscertales I G, 1994, The current emitted
by highly conducting Taylor cones. J Fluid Mech, 260: 155—
184. https://doi.org/10.1017/S0022112094003472.
Carretero-Benignos J A, Martinez-Sanchez M, 2005,
Numerical Simulation of a Single Emitter Colloid Thruster in
Pure Droplet Cone-Jet Mode PhD Report.

Lee A, Jin H, Dang H W, et al., 2013, Optimization of
experimental parameters to determine the jetting regimes in
electrohydrodynamic printing. Langmuir, 29(44): 13630—
13639. https://doi.org/10.1021/1a403111m.

Lozano P, Martinez-Sanchez M, Lopez-Urdiales J M,
2004, Electrospray emission from nonwetting flat dielectric
surfaces. J Colloid Interface Sci, 276(2): 392-399. https://
doi.org/10.1016/j.jcis.2004.04.017.

Taylor G, 1964, Disintegration of water drop in an electric
field. Proc R Soc London, 280: 383-397.

Taylor G,
circulation produced in a drop by electrical field. Proc R Soc
London, 291: 159-166.

Landau L D, Lifshitz E M, 1960, Electrodynamics of
Continuous Media. Oxford: Pergamon Press.

Poon H F, 2002, Electrohydrodynamic Printing. PhD Thesis.
Atkins P, Paula J D, 2006, Physical Chemistry. 8" ed.
New York: Atkins, W. H. Freeman and Company.

1966, Studies in -electrohydrodynamics.l.the

Cloupeau M, Prunet-Foch B, 1990, Electrostatic spraying of
liquids main functioning modes. J Electrostat, 25: 165—184.
https://doi.org/10.1016/0304-3886(90)90025-Q.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Smith D P H, 1986, The electrohydrodynamic atomization
of liquids. /IEEE Trans Ind Appl, 1A-22: 527-535. https://doi.
org/10.1109/TIA.1986.4504754.

Kebarle P, Verkerk U H, 2009, Electrospray: From ions in
solution to ions in the gas phase, what we know now. Mass
Spectrom Rev, 28(6): 898-917. https://doi.org/10.1002/
mas.20247.

De La Mora J F, 1992, The effect of charge emission from
electrified liquid cones. J Fluid Mech, 243: 561-574. https://
doi.org/10.1017/S0022112092002829.

Hayati I, Bailey A I, Tadros T F, 1986, Investigations into
the mechanisms of electrohydrodynamic spraying of liquids
1. J Colloid Interface Sci, 117(1): 205-220. https://doi.
org/10.1016/0021-9797(87)90185-8.

de la Mora J F, 2007, The fluid dynamics of Taylor cones. Ann
Rev Fluid Mech, 39(1): 217-243. https://doi.org/10.1146/
annurev.fluid.39.050905.110159.

Collins R T, Harris M T, Basaran O A, 2007, Breakup of
electrified jets. J Fluid Mech, 588:75-129. https://doi.
org/10.1017/S0022112007007409.

Eggers J, Villermaux E, 2008, Physics of liquid jets.
Rep Prog Phys, 71(3): 3660101-36601079. https://doi.
org/10.1088/0034-4885/71/3/036601.

Wei J, Shui W, Zhou F, et al., 2002, Naturally and externally
pulsed electrospray. Mass Spectrom Rev, 21(3): 148-162.
https://doi.org/10.1002/mas.10026.
HanY,DongJ,2017,Design, Modelingandtesting ofintegrated
ring extractor for high resolution electrohydrodynamic (EHD)
3D printing. J] Micromech Microeng, 27(3): 035005-035013.
https://doi. org/10.1088/1361-6439/2a5966.

Han'Y, Wei C, Dong J, 2015, Droplet formation and settlement
of phase—change ink in high resolution electrohydrodynamic
(EHD) 3D printing. J Manuf Process, 20: 485-491. https://
doi.org/10.1016/j.jmapro.2015.06.019.

Zeleny J, 1914, The electrical discharge from liquid points,
and a hydrostatic method of measuring the electric intensity at
their surfaces. Phys Rev, 3(2): 69-91. https://doi.org/10.1103/
PhysRev.3.69.

Doyle A, Moffett D R, Vonnegut B, 1964, Behavior of
evaporating electrically charged droplets. J Colloid Sci,
19: 136-143. https://doi.org/10.1016/0095-8522(64)90024-8.
Melcher J R, Taylor G I, 1969, Electrohydrodynamics a
review of the role of interfacial shear stresses. Ann Rev
Fluid Mech, 1:111-146. https://doi.org/10.1146/annurev.
1.01.010169.000551.

Hayati I, Bailey A 1, Tadros T F, 1986, Mechanism of stable

jet formation in electrohydrodynamic atomization. Nature,

International Journal of Bioprinting (2019)—Volume 5, Issue 1 17



Mechanisms and modeling of electrohydrodynamic phenomena

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

18

319(2): 41-43. https://doi.org/10.1038/319041a0.
Ganan-Calvo A M, Davila J, Barrero A, 1997, Current and
droplet size in the electrospraying of liquids scaling laws.
J Aerosol Sci, 28(2): 249-275. https://doi.org/10.1016/
S0021-8502(96)00433-8.

Barrero A, Ganan-Calvo A M, Davila J, et al., 1998, Low
and high reynolds number flows inside Taylor cones.
Phys Rev E, 58(6): 7309-7314. https://doi.org/10.1103/
PhysRevE.58.7309.

Cloupeau M, Prunet-Foch B, 1989, Electrostatic spraying of
liquids in cone—jet mode. J Electrostat, 22: 135-159. https://
doi.org/10.1016/0304-3886(89)90081-8.

Jayasinghe S N, Edirisinghe M J, 2004, Electric—field driven
jetting from dielectric liquids. App! Phys Lett, 85(18): 4243—
4245. https://doi.org/10.1063/1.1812574.

Jayasinghe S N, Edirisinghe M J, 2004, Electrically forced
jets and microthreads of high viscosity dielectric liquids.
J Aerosol Sci, 35(2): 233-243. https://doi.org/10.1016/;.
jaerosci.2003.08.004.

Ganan-Calvo A M, 2000, Erratum: Cone-jet analytical
extension of Taylor’s electrostatic solution and the asymptotic
universal scaling laws in electrospraying. Phys Rev Lett,
85(19): 4193. https://doi.org/10.1103/PhysRevLett.85.4193.
Mestal A J, 1994, The electrohydrodynamic cone—jet at high
reynolds number. J Aerosol Sci, 25(6): 1037-1047. https://
doi.org/10.1016/0021-8502(94)90200-3.

Saville D A, 1970, Electrohydrodynamic stability: Fluid
cylinders in longitudinal electric fields. Phys Fluids, 13(12):
2987-2994. https://doi.org/10.1063/1.1692890.

Yarin A L, 2001, Taylor cone and jetting from liquid droplets
in electrospinning of nanofibers. J App! Phys, 90(9): 4836—
4846. https://doi.org/10.1063/1.1408260.

Choi H K, Park J U, Park O O, et al., 2008, Scaling
laws for jet pulsations associated with high—resolution
electrohydrodynamic printing. Appl Phys Lett, 92(12):
1231091-1231093. https://doi.org/10.1063/1.2903700.
Cloupeau M, 1994, Receipes for use of EHD spraying in cone—
jet mode and notes on corona discharge effects. J Aerosol
Sci,  25(6): 1143-1157.  https://doi.org/10.1016/0021-
8502(94)90206-2.

Ganan-CalvoAM, 1999, The surface charge in electrospraying
its nature and its universal scaling laws. J Aerosol Sci, 30(7):
863—872. https://doi.org/10.1016/S0021-8502(98)00780-0.
A M, 1997, On the
electrohydrodynamically driven capillary jets. J Fluid Mech,
335: 165-188. https://doi.org/10.1017/50022112096004466.
Melcher J R, Warren E P, 1971, Electrohydrodynamics of

Ganan-Calvo theory  of

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

a current carrying semi—insulating jet. J Fluid Mech, 47(1):
127-143. https://doi.org/10.1017/S0022112071000971.
Hartman R P A, Brunner D J, Camelot D M A, ef al., 1999,
Electrohydrodynamic atomization in the cone—jet mode
physical modelling of the liquid cone and jet. J Aerosol
Sci,  30(7):  823-849.  https://doi.org/10.1016/S0021-
8502(99)00033-6.

Gamero-Castano M, Hruby V, 2002, Electric measurements
of charged sprays emitted by cone—jets. J Fluid Mech,
459: 245-276. https://doi.org/10.1017/S002211200200798X.
Higuera F J, 2003, Flow rate and electric current emitted
by a Taylor cone. J Fluid Mech, 484:303-327. https://doi.
org/10.1017/S0022112003004385.

Chen D R, Pui D Y H, 1997, Experimental investigation
of scaling laws for electrospraying-dielctric constant
effect. Aerosol Sci Technol, 27:367-380. https://doi.
org/10.1080/02786829708965479.

Hohman M M, Shin M, Rutledge G, et al., 2001,
Electrospinning  and jets. 1L
Applications. Phys Fluids, 13(8): 2221-2236. https://doi.
org/10.1063/1.1384013; https://doi.org/10.1063/1.1383791.

Forbes R G, 1996, The liquid metal ion source as an

electrically ~ forced

electrically driven vena contracta, and some comments
on LMIS stability. J Phys IV, 6(C5): C543-7. https://doi.
org/10.1051/jp4:1996506.

Bailey A G, 1984, Electrostatic spraying of liquids. Phys Bull,
35: 146-148. https://doi.org/10.1088/0031-9112/35/4/018.
Rayleigh L, 1879, On the capillary phenomena of jets. Proc R
Soc London, 29: 71-97. https://doi.org/10.1098/rspl.1879.0015.
Lefebvre A H, McDonell V G, 2017, Atomization and
Sprays. 2" ed. Boca Raton: CRC Press. p25. https://doi.
org/10.1201/9781315120911.

Saville D A, 1971, Electrohydrodynamic stability effects
of charge relaxation at the interface of a liquid jet.
J Fluid Mech, 48(4): 815-827. https://doi.org/10.1017/
S0022112071001873.

Hohman M M, Shin M, Rutledge G, et al., 2001,
Electrospinning and electrically forced jets-I. Stability
theory. Phys Fluids, 13(8): 2201-2220. https://doi.
org/10.1063/1.1384013; https://doi.org/10.1063/1.1383791.
Saville D A, 1971, Stability of electrically charged viscous
cylinders. Phys Fluids, 14(6): 1095-1099. https://doi.
org/10.1063/1.1693569.

Lépez-Herrera J M, Riesco-Chueca P, Gafidn-Calvo A M,
2005, Linear stability analysis of axisymmetric perturbations
in imperfectly conducting liquid jets. Phys Fluids, 17(3):
3410601-3410621. https://doi.org/10.1063/1.1863285.

International Journal of Bioprinting (2019)—Volume 5, Issue 1



Gao D, et al.

82.

83.

Lopez-Herrera J M, Herrada M A, Montanero J M, et al.,
2013, On the validity and applicability of the one—dimensional
approximation in cone—jet electrospray. JAerosol Sci,
61: 60—69. https://doi.org/10.1016/j.jacrosci.2013.03.008.
Artana G, Romat H, Touchard G, 1998, Theoretical analysis
of linear stability of electrified jets flowing at high velocity
inside a coaxial electrode. J Electrostat, 43: 83—100. https://
doi.org/10.1016/S0304-3886(97)00163-0.

84.

85.

Ganan-Calvo A M, Montanero J M, 2009, Revision of
capillary cone—jet physics: Electrospray and flow focusing.
Phys Rev E Stat Nonlin Soft Matter Phys, 79(6 Pt 2): 66305.
https://doi.org/10.1103/PhysRevE.79.066305.

Lépez-Herrera J M, Gafian-Calvo A M, Herrada M A, 2010,
Absolute to convective instability transition in charged
liquid jets. Phys Fluids, 22(6): 620021-620029. https://doi.
org/10.1063/1.3446972.

International Journal of Bioprinting (2019)—Volume 5, Issue 1 19



