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Abstract

CrossMark

Electrohydrodynamic (EHD) printing is a promising technique for additive manufacturing of
high-resolution featurcs with low cost and high efficiency. One of the major issues in EHD
printing is nozzle clogging, which often occurs in the printing of colloidal inks with high
concentrations. We proposed a new EHD printing nozzle configuration with dual channels

to enable ink flow circulation to resolve the above issue. In this study, we focused on the
meniscus dynamics and jetting characteristics of this new EHD printing process. Various
jetting modes, i.e. continuous jet, pulsating jet, and pulsating droplet, as a function of the
electric field intensity and nozzle configuration, were discussed. Dot patterns on a flexible
substrate have been demonstrated via the new EHD printing process when operated at the

pulsating droplet mode.
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meniscus dynamics
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1. Introduction

As an emerging inkjet printing technology, electrohydrody-
namics (EHD) printing has been demonstrated to fabricate
micro/nano-scaled patterns/features because of its high resolu-
tion, good compatibility with a variety of inks and substrates,
and all of the attributes of conventional inkjet printing (e.g.
direct-write process, potential to integrate into a roll-to-roll
manufacturing process, ambient operation, etc) [1-7]. As a
result, EHD printing has attracted extensive research interests
and has been successfully applied for direct 2D and 3D fab-
rication of micro/nano-scaled structures in applications, e.g.
micro-electronics [8—11], pharmaceutics [12, 13], patterning
of biomolecules [14—16], fabrication of functional materials
with polymers, metal nanoparticles, and biologic materials
[17-20].

Different from the conventional inkjet printing, ink drop-
lets (or jets) in an EHD jet printing are pulled out (rather than
being pushed out) from the droplet-emitting opening of a
printing nozzle by an external electric field. During the EHD

1361-6439/19/035013+10$33.00

printing, the shape of ink meniscus at the droplet-emitting
opening of the printing nozzle changes when an electric field
is established between the printing nozzle tip and substrate.
The resultant meniscus shape depends on the balance among
surface tension, electrostatic force, and hydrostatic pressure
[21-23]. In all of the previous literature regarding the EHD
printing [24-27], single-capillary nozzles have been exclu-
sively used to generate ink droplets. When a high electric field
is established between the nozzle and substrate, the liquid
meniscus pinned at the tip of the capillary deforms from the
semi-spherical shape into a conical shape. A jet (or filament)
emits from the cone tip and ink droplets form once the jet
breaks up. The cone-shaped meniscus retracts to its original
shape after the applied electric field is off. The neck-down
ratio (i.e. the nozzle inner diameter (ID), versus droplet diam-
eter) in the EHD printing is typically by a factor of 10 or less
[28, 29].

For the above reason, fine nozzles with IDs of several
micrometers were used to generate micro or sub-micro pat-
terns/features by the single-capillary EHD printing. The IDs
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of the capillary nozzles have been reduced from several hun-
dred micrometers (in a typical electrospray system) down to
1-2 pm or even less than 1 pm in the majority of the single-
capillary EHD printing studies. As the nozzle size scales
down, it is inevitable to encounter severe nozzle clogging.
For printing functional inks including colloidal suspensions,
agglomeration of primary particles often results in the nozzle
clogging, induced by the heterocoagulation of micrometer-
sized agglomerates. The clogging can also be induced either
by the shear-induced gelation in liquid-like colloidal suspen-
sions or hydrodynamic bridging [30-32]. This may occur
when several particles simultaneously arrive at the emitting
end of the single capillary nozzles even when the sizes of pri-
mary particles are smaller by one order of magnitude than the
nozzle opening diameter. Another mechanism for nozzle clog-
ging is due to solvent evaporation and/or ink polymerization
during the printing. Thus, extremely diluted inks were usually
used in the current EHD printing [32, 33], which adversely
impacted the quality of the printed features and throughput.

In this work, we introduced a new dual-channel printing
nozzle, which enables a circulating ink path, to prevent the
nozzle from clogging. During the nozzle operation, ink is con-
tinuously injected into the nozzle through one flow channel and
extracted from the other. A stable ink meniscus is established
at the emitting opening of the nozzle, where the ink bridges
the two channels. When an electric field is applied between
the nozzle and the substrate, the ink meniscus is activated
and one single droplet (or a jet) may be ejected. The uncon-
sumed ink is continuously circulated. The issue of nozzle
clogging associated with ink polymerization or solvent evapo-
ration at the droplet-emitting opening in the single-capillary
nozzle can be greatly suppressed by keeping the printing ink
moving as demonstrated in figure S1 in the supporting infor-
mation (stacks.iop.org/JIMM/29/035013/mmedia). Because
of the unique nozzle design, the jetting characteristics and
meniscus dynamics are expected to be different from those
in the conventional single-capillary EHD printing. In this
study, we identified and discussed various jetting modes in
this new EHD printing process under different pulse voltage
settings applied between the nozzle and substrate. The effects
of the applied electric field and ink properties on the jetting
onset and droplet size were further investigated. Dot patterns
were demonstrated via the use of this new dual-channel EHD
printing.

2. Experimental method

The dual-channel EHD nozzle is composed of mainly two
parts. One is the supporting body known as the outer channel
(ID = 457 pm) that is used to fix the capillaries coaxially, and
the other is the capillary known as the inner channel (ID = 203
pm). It is challenging to maintain the concentricity of the cap-
illary due to the small size of the diameters. The supporting
body structure used an axial multi-lumen/channel tube. The
capillary was positioned in the central hole, ensuring accurate
coaxial alignment of the capillary with the outer channel of the

supporting body. Therefore, the concentricity was achieved by
creating and leveraging six proper constraint points.

The electrical power supply in the setup comprised a high-
voltage amplifier (Matsusada, AMT-20B10-LCN1) used to
establish a high electric field between the printing nozzle
and substrate for EHD printing. A function generator (Fluke,
Model 282) was used to provide the input for the high-voltage
amplifier to generate various printing sequences. The ampl-
itude and frequency of the printing sequences were monitored
by an oscilloscope (Agilent, 54622A). The deposition sub-
strate was mounted on an X-Y moving stage, and its motion
was driven by two high-resolution linear motors (Thorlabs,
MTS25-Z8). The optical system that monitored the dynamics
of ink meniscus at the droplet-emitting opening of the dual-
channel EHD printing nozzle consisted of a high-speed
camera (Phantom, Miro 3al0), a microscopic lens (InfiniVar
CFM-2/S), and a LED light source. The feeding and extraction
of printing ink from the dual-channel EHD nozzle was carried
out by two syringe pumps (Harvard PHD2000, Harvard Inc.).

Mixtures of oleic acid (OA) and isopropanol (IPA) (Sigma
Aldrich) were used as the inks in this study. The surface ten-
sion and viscosity of the printing inks varied by the volume
ratio of OA and IPA. The ink surface tension was character-
ized on a goniometer (OCA 15, DataPhysics) using pendant
drop method. The ink conductivity was measured by a con-
ductivity meter (Thermo Fisher, Model Orion STAR A215).
The surface tension and conductivity measurements have
been repeated three times for each ink solution.

Fluorescein sodium salt (Sigma-Aldrich, F6377) was
dissolved in the solution mixture of OA and IPA with a concen-
tration of ~42.0mg ml~!. The printed dot patterns were imaged
by a fluorescent microscope (AmScope, 40x —1000x). The
dot diameter on the PET substrate and the standard deviation
were obtained by averaging over ~50 dots.

3. Results and discussion

3.1. Design of dual-channe!/ EHD printing nozzle

Figure 1(a) shows the schematic diagram of the dual-channel
EHD printing nozzle with a circulating ink path. The dual-
channel printing nozzle was constructed by the assembly of
two coaxially aligned capillaries. Ink flow passes through the
inner channel and circulates back through the outer channel
(i.e. the annular spacing between inner and outer capillaries).
The inner capillary tip slightly protrudes beyond the end of
the outer capillary, where ink meniscus is formed and pinned.
When the ink climbs the outer surface of the inner capillary
and recaches the end of the outer capillary, a ‘liquid bridge’ is
established between the inner and the outer channels with the
ink flowing in the free space in-between.

The experimental setup for the dual-channel EHD printing
is illustrated in figure 1(b). The setup consisted of an open-
loop ink-flow control system, a voltage supply, a linear moving
stage, and an optical system to capture the meniscus images.
The ink-flow control system included two syringe pumps with
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Figure 1. Schematic diagrams of (a) the dual-channel nozzle with the circulating ink path, and (b) the experimental setup to study the dual-

channel EHD printing.

infusion and withdrawal capabilities, which continuously
injected ink into the inner channel of the dual-channel EHD
nozzle. This was done by the infusion syringe pump while
the withdrawal syringe pump extracted the unconsumed ink
through the outer channel. The voltage supply consisted of a
function generator, a voltage amplifier and an oscilloscope.
The voltage was directly applied on the substrate, while the
printing nozzle was on the electrical ground. By establishing
an electric field between the nozzle and the substrate, the ink
meniscus is deformed into a cone, ejecting either one single
droplet or a thin filament from the cone tip (section 3.3). A
high-speed camera with a microscopic lens was used to mon-
itor the formation of meniscus and its subsequent transition
into either a jet or a droplet.

3.2. Continuous ink circulation

When the inner ink injection has the same flow rate as the outer
ink withdrawal, a ‘stationary’ and stable meniscus is estab-
lished at the tip of the inner capillary, connecting to the outer
channel through a liquid bridge and circulating without any
air bubbles. However, solvent evaporation from the meniscus
at room temperature causes ink loss. Therefore, the ink with-
drawing flowrate needs to be smaller than the feeding flowrate
to compensate for the evaporation loss. Otherwise, the liquid
bridge between the inner and outer breaks and disconnects,
leading to a conventional single-capillary inkjet printing.
Aflowrate, i.e. the difference between the injecting flowrate
and withdrawing flowrate, was chosen from 0.5 z min~! (the
minimal Aflowrate) to 1.5 ul min~! (the maximal Aflowrate)
to avoid ink accumulation at the tip of the nozzle.

Initial experiments were performed to identify the lower
and upper limits of applied voltage under a given Aflowrate, at
which a stable cone-jet forms and circulates continuously. The
pure TPA, with a conductivity of 11.9 uS cm™!, was employed
in this study. In this case, a constant DC voltage was applied
to the substrate and an electric field was generated between
the capillary tip and the substrate. The lower boundary
voltage represents the threshold voltage when a cone shape

of the meniscus is produced and ink is ejected. As shown in
figure 2(a), the voltage decreases as the Aflowrate increases. It
suggests that the higher the Aflowrate is, the easier the cone-
jet mode formation will be. Since the additional ink supplied
leads to a larger volume of a pendant droplet, the forefront of
the meniscus gets closer to the substrate. Thus, the meniscus
deforms into a cone shape relatively easier for a given voltage.
The upper boundary voltage represents the critical voltage
when the electric field deforms the meniscus to an extent that
the liquid bridge between the two channels is broken, thereby
causing failure of ink circulation. As the Aflowrate increases,
the upper boundary voltage remains fairly constant. For a
given inner nozzle extension, only the volume of the pendant
ink below the inner nozzle tip is influenced by the Aflowrate,
while the volume of the liquid bridge stays relatively the same.
The critical voltage of the bridge breakdown will be more or
less constant for a given bridge volume, which is determined
mostly by the inner nozzle extension length. As the extension
length decreases, both the upper boundary and lower boundary
voltages increase due to the change of the meniscus volume
and shape. It is indicated that the volume decrease of the ink
bridge between the inner and outer nozzles, as well as the less
sharp curvature of the meniscus, can significantly reduce the
risk of liquid bridge breakdown. A small amount of the ink
bridge exposure to high electric field is expected to undergo
less influence on its stability.

To study the jetting characteristics for the dual-channel
nozzle, the extension length of 0.24 mm was selected for the
following experiment due to its wider operation window. For
the printing inks with different conductivities, the relationship
of Aflowrate and voltage boundary is shown in figure 2(b).
The critical voltage shows the same general trend with the
Aflowrate. As ink conductivity increases, both the lower and
upper boundaries decrease. Under the same voltage condi-
tion, operation at high conductivity results in a corresponding
high rate of ink consumption. For that reason, the meniscus
bridge could casily reach the upper voltage limit. On the other
hand, the lower voltage threshold decreases since high con-
ductivity favors the jet formation. It is worth noting that a
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Figure 2. Voltage requirement for a steady circulation between the inner and outer channels (a) for various inner nozzle extensions (the
pure IPA with a conductivity of 11.9 uS cm~" was used), (b) for IPA inks with different conductivities. The shortest inner nozzle extension

was used.

dynamic voltage, i.c. a pulsed voltage superposed on an offset
DC voltage (instead of the constant DC voltage in figure 2),
was applied to produce the on-demand droplets in sections
3.3-3.5. Although the critical voltage for steady circulation is
different from the dynamic voltage, the principle of how the
voltage affects the formation of steady circulation and its sub-
sequent breakdown has held true. We hypothesized that for a
given inner capillary extension length and flowrate, the critical
voltage for the dynamic voltage could be a little higher, due
to the significant shorter duration than the stable DC voltage.

3.3. Jetting modes for dual-channel EHD printing

For on-demand ink deposition and pattern generation, the
pulse voltage operation has been evidenced more suitable in
the EHD printing [34]. In this work, we applied a dynamic
voltage on the substrate by superposing a pulse voltage on
an offset DC voltage. The offset DC voltage could be con-
sidered as a base voltage to ease the meniscus transition from
the hemispherical shape into a conical one. The applied offset
voltage also provides an additional driving force to accelerate
the droplet/filament toward the substrate. Three jetting modes,
i.e. continuous jet, pulsating jet, and pulsating droplet, were
identified in this dual-channel EHD printing.

3.3.1. Continuous jet mode. In the continuous jet mode
(figures 3(a) and (d)), a sharp conical meniscus with a thin jet
emits from its apex. In this mode, the shape of the ink menis-
cus does not change to the conical shape until ~1.4ms after
the pulsed voltage is on. Once the meniscus shape changes, a

liquid jet gradually protrudes from the cone tip in the direction
of the electric field. The jets eventually break into a spray of
droplets. Despite the fact that the pulse voltage is turned off,
the jetting continues, maintaining its shape for a brief period
of time (~2.2-2.4ms) followed by meniscus retraction. The
above sequence repeats in additional cycles of applying the
pulse voltage.

3.3.2. Pulsating jet mode. The pulsating jet mode was
observed by increasing the magnitude of either the pulse volt-
age or the offset DC voltage. In the pulsating jet mode, the
shape of the ink meniscus deforms from the semi-spherical
shape to a conical one. A thin thread/filament emits from the
cone apex. Note that the difference between the pulsating jet
and continuous jet modes lies in the shape of the cone apex.
In the pulsating jet mode, a thin liquid thread that is confined
at the apex quickly pinches off from the conical meniscus at
the end of the applied pulse voltage. Due to the inertial and
electrical forces, the pinched-off liquid thread travels toward
the substrate and deposits on the substrate. At the same time,
the conical meniscus retracts to its original shape (figures 3(b)
and (e)) once the strength of the offset DC voltage is insuf-
ficient to deform the ink meniscus. The pulsating jet mode has
been reported in other single-capillary EHD printing studies
[4, 35]. In the work of Lee et al [36], a jet appeared in a few
milliseconds (~0.5 ms) after the start of the pulse voltage cycle
and the jetting was repeated several times in the pulse dura-
tion. In this study, the jet pulsating occurs only once during
one pulse cycle and presents at the end of the voltage pulse
duration. The ink ejection is initiated by the deformation of
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Figure 3. Time-resolved images of three jetting modes: (a) continuous jet, (b) pulsating jet, and (c) pulsating droplet. Scale bars are 200
pm. (d)—(f) Schematics of the three jetting modes. The ink consists of 20% OA and 80% IPA with a conductivity of 22.0 S cm™!. Pulse

duration is 2 ms.

ink meniscus, which is essentially determined by the electri-
cal property of the printing ink, and their electro- and hydro-
dynamic- interactions with the applied electric field. The rate
of ink meniscus deformation is related to the hydrodynamic
relaxation and charge relaxation times [37]. The characteristic
hydrodynamic relaxation time is typically much longer than
the charge relaxation time [35], especially for low-conductiv-
ity inks. It is possible that the pulse duration of 2 ms is greater
than the charge relaxation time, but less than the hydrody-
namic relaxation time, resulting in one pinched-off filament in
one pulse cycle. In fact, multiple jets in one pulse cycle does
exist when printing highly conductive inks with a long pulse
duration (e.g. 4ms) (figure S2 in the supporting information).
Due to the fact that one jet in one pulse cycle is desirable
for producing stable dots via EHD printing, multiple-jet mode
was not further explored in this work.

3.8.3. Pulsating droplet mode. In the pulsating droplet
mode, a high pulse voltage is required to pull the ink from the
cone apex to form a droplet. The ink at the apex of the coni-
cal liquid meniscus maintains its spherical shape rather than
becomes a thread in the pulsating jet mode (figures 3(c) and
(f)). The droplet connects to the apex of conical ink menis-
cus for a very short period prior to its pinch-off. A thin ink
filament is often observed after the droplet pinches off and
eventually forms a satellite droplet with a diameter smaller
than that of the primary droplet. The size of satellite drop-
lets increases as the ink filament stretches. The ink filament
pinches off from the meniscus apex when the pulse voltage is
switched off. In the optimum conditions, clean pinch-off can
be obtained without satellite droplet formation.

The combination of a high pulse voltage with a low offset
DC voltage is prone to produce a droplet at the apex of the
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Figure 4. Jetting mode domains for inks (a) with different conductivities, and (b) with different viscosities, under a constant pulse duration
of 4ms, and (c) with different pulse durations (40% OA and conductivity of 20 xS cm~! were used).

liquid cone during the meniscus deformation. The low offset
DC voltage is insufficient to deform the droplet into a thread.
At a high offset DC voltage, ink meniscus in the near-cone
shape has been achieved prior to the application of the pulse
voltage. It is thus difficult for the subsequent pulse voltage to
produce a droplet via the meniscus deformation.

3.4. Domains of various jetting modes

Figure 4(a) shows the domains of various jetting modes for
printing OA-IPA mixtures as a function of the applied electric
field. The OA percentage (20% volume) remains the same.
For a given offset DC voltage and a given electrical conduc-
tivity, the continuous jet mode is firstly obtained and then
followed by the pulsating jet and pulsating droplet modes as
the pulse voltage increases. As the offset DC voltage increases,
the maximum pulse voltage maintaining steady ink circula-
tion decreases. Once exceeding the maximum pulse voltage,
the ink bridge of the two flow channels breaks and the ink

circulation has been no longer possible. This makes the dual-
channel EHD printing the same as a single-capillary printing.

As shown in figure 4(a), the increase in electrical con-
ductivity of OA-IPA mixtures decreases the threshold pulse
voltage needed for jetting to occur. Under the same offset DC
voltage, the pulsating droplet mode is difficult to obtain when
printing highly conductive OA-IPA inks. More mobile ions
available in the highly conductive inks facilitate the thread
formation under the applied electric field. A detailed compar-
ison of the boundaries of various jetting modes is provided in
figure S3 (supporting information).

As the percentage of OA increases (figure 4(b)) and the
viscosity of the OA-IPA mixture increases, the domains of
various jetting modes change notably. The ink conductivity
of 20 1S cm™! remains the same. It is worth pointing out that,
although the OA/IPA ratio was varied to prepare printing inks
with different viscosities, the surface tensions of the printing
inks are in fact very close, i.e. 21.06-22.62 mN m~! (table
S1). As the percentage of OA increases in the printing inks,
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Figure 5. Images of droplet formation at the pulsating droplet mode under conditions of different pulse voltages: (a) 4.30kV, (b) 4.69kV,
(c) 5.08kV, and (d) 5.48kV. Scale bars are 200 zm. The mixture of 40% OA and 60% TPA with a conductivity of 20 S cm ! was used.
The inset shows the domains of the jetting modes. The red dot shows the pulse voltage setting and its corresponding position in the
pulsating droplet domain. The arrow refers to the non-spherical droplet formation.

the domain of the pulsating droplet mode widens. A high
percentage of OA facilitates the droplet formation due to its
high viscosity. More viscous ink prompts the easy formation
of long liquid filament at the apex of the conical meniscus.
It can be further noted that, as the OA content in the printing
inks increases, the ink filament is more stable during the
voltage pulse. Once the ink accumulates to a certain volume,
the ink filament would eventually pinch off from the conical
meniscus when the voltage pulse is off.

In contrast, the domain of continuous jet mode decreases
as the viscosity of the OA-IPA mixture increases. The lower
and upper boundaries of the pulse voltage for maintaining
the continuous jet mode also decreases. However, the onset
voltage for the continuous jet mode does not show a notable
difference for any of the studied inks. This might be attributed
to the similar surface tensions of those inks.

Figure 4(c) shows the various jetting modes at different
pulse durations of 1.6ms, 3ms and 5ms, respectively. The
relative arrangement of the domains of each jetting mode is
similar to figures 4(a) and (b), but with different domain sizes.
At the shortest pulse duration (1.6 ms), the domain of the con-
tinuous jet mode disappears and the pulsating jet mode has not
been observed when the offset voltage is lower than 1.2kV.
The disappearance of the continuous jet mode is presum-
ably due to the fact that the time required for the formation
of a continuous jet is longer than the set pulse duration. From
another perspective, it is difficult to develop a continuous jet
mode which would automatically transition into a pulsating
jet mode (or droplet mode) that is more likely to separate
from the meniscus within such a short pulse duration. As the
offset voltage increases, the pulsating jet mode presents. The
domain of the pulsating droplet mode is significantly larger
in the shorter pulse condition. Due to the short pulse dura-
tion, a higher voltage is required to produce the droplet mode.
The neck length between the droplet and the meniscus may
be short and maybe difficult to stretch the droplet, which pro-
motes the formation of droplet. The upper boundaries of the
pulse voltage have significantly increased. When the offset
voltage is 0.49kV, the upper boundary of the voltage is close

to 8.0kV which is significantly higher than that of any other
conditions in this study. Due to the short pulse time, deforma-
tion of the meniscus is also decreased in order to maintain the
ink bridge. The increase in pulse duration actually decreases
the initial voltage and increases the domain of continuous jet
mode concurrently with the shrinkage of the domain of the
droplet mode. The pulse duration is long enough to accumu-
late the ink while deforming and stretching it, thus increasing
the domain of continuous jet mode. When the pulse duration
increases to 5ms, the droplet mode only exists when a low
offset voltage is applied. In addition, as the offset voltage
increases, high voltage allows enough deformation time for
the meniscus and decreases the upper boundary of the pulse
voltage. Figure S3 compares the voltage boundaries for each
jetting mode.

3.5. Dot patterns by dual-channel EHD printing

We have printed the dot patterns on the substrate of coated
polyethylene terephthalate (PET). In this study, the coated
PET substrate was used to eliminate the effect of substrate
wettability. When the nozzle operates at the pulsating jet
mode (figures 3(b) and (e)), some part of the charged thread-
shaped jet may break down into tiny satellites or sprays. For
that reason, it is considered that the pulsating droplet mode
is the more appropriate operating condition for EHD printing
with the dual-channel nozzle apparatus.

For a specific ink formulation, the jetting mode depends
on the offset DC voltage, pulse voltage, and pulse duration
(figure 4). The offset DC voltage works as a base voltage to
facilitate the meniscus transition from the spherical cap shape
into a conical one. Furthermore, it also provides the main
driving force to accelerate the ejected droplet towards the sub-
strate. When a pulse voltage is applied to the liquid meniscus,
it is superposed on the offset voltage to create the jetting.
For the pulsating droplet mode, a higher effective voltage
(i.e. superpose of the offset voltage and the pulse voltage),
not only results in a larger droplet volume but also influences
the droplet shape. Therefore, the operating zone of pulsating
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droplet mode in the phase diagram in figure 4 does not guar-
antee a perfect spherical droplet formation. Figure 5 shows the
droplet formation under conditions of different pulse voltages.
For each condition, the pulse duration (1.8 ms) and offset
voltage (1.56kV) remain unchanged. A nearly perfect spher-
ical droplet is formed at a lower pulse voltage (figure 5(a)). The
charged droplet tends to preserve its shape as it travels toward
the substrate in the presence of the offset voltage. Deposition
of uniform dots with circular shape is obtained on the PET
substrate. As the pulse voltage increases, the droplet deforms
into an ellipse shape. Although the offset voltage (1.56kV) is
much lower than the pulse voltage (4.69kV), the droplet has
been elongated while travelling (figure 5(b)). It appears as a
dot when the droplet deposits onto the substrate. At higher
pulse voltages (figures 5(c) and (d)), the droplets are deformed
to a greater extent so that the droplets tend to fall apart. The
ink is distributed non-uniformly within the droplet leading
to further falling apart during travelling. Figures 5(c) and (d)
correspond to jetting conditions of non-spherical droplet for-
mation while they still belong to the pulsating droplet mode.
When the non-spherical droplets deposit onto the substrate,
the printed dots present irregular shapes and satellites, since
the greatly deformed droplets are not able to travel exactly
along the same path. Therefore, without optimized pulse dura-
tions, uniform dot patterns with a circular shape can hardly be
achieved at high pulse voltages.

For this reason, the pulse duration was fine-tuned (slightly
decreasing) as the pulse voltage increasing in order to
ensure good droplet formation without satellites. Figure 6(a)
shows the dot size as a function of pulse voltage when the
nozzle operates at the pulsating droplet mode. Figure 6(b)
presents optical images of the dot patterns obtained in
figure 6(a). The dot size decreases from 229.75 + 7.18 pum to
134.15 + 5.62 pum gradually as the pulse voltage decreases
from 5.38 to 4.23kV, and the offset voltage remains the same
(0.89kV). The above observation indicates the monotonic
correlation of droplet size with the pulse voltage. The pulse
duration needs to be sufficiently long to eject the droplet but
not too long to induce shape deformation. With non-optimized
pulse durations, the printed dots exhibit irregular shapes and
satellites near the main dots (figure S4 in the supporting infor-
mation). Therefore, both the pulse voltage magnitude and
duration influence the jetted droplet volume (and dot size
correspondingly) and the deposited dot quality. As evident in
figure 6(a), the dot size could be decreased via the decrease
of the pulse voltage magnitude, with an optimal setting of the
pulse duration to obtain uniform dots of small size when oper-
ated under the pulsating droplet mode.

It is worth noting that the offset DC voltage contributes to
meniscus deformation before reaching the conical shape, as
well as the droplet transport in the electric field. Deflection
could occur during the droplet transport to the substrate when
a low offset voltage is applied. Gravity is less significant for
the droplets in the current size range since the Bond number
(Bo) is much less than 1.
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Figure 6. (a) Dot diameter versus pulse voltage at the pulsating
droplet mode. The pulse duration for each data point is attached.
The mixture of 40% OA and 60% IPA with a conductivity of

20 uS cm~! was used. Offset DC voltage was kept at 0.89kV.

The pulse duration was fine tuned to maintain spherical droplet
formation without satellites. (b) Images of printed dots in (a)
under conditions (offset DC voltage/pulse voltage/pulse duration):
0.89kV/5.17kV/1.50 ms with a dot diameter of 206.05 + 4.28 um,
0.89kV/4.83kV/1.60 ms with a dot diameter of 174.75 = 9.53 pm,
and 0.89kV/4.23kV/1.75ms with a dot diameter of 134.15 £+ 5.62
pm, respectively.

4. Conclusion

In this work, we have demonstrated the feasibility of EHD
printing via a new dual-channel nozzle and have investigated
the effects of printing parameters on the meniscus dynamics
and printing behavior. The dual-channel EHD printing nozzle
resolves the issue of nozzle clogging, typically encountered in
a single-capillary printing nozzle, by keeping the ink moving
between the two channels in the nozzle.

By superposing a pulse voltage on an offset DC voltage, the
dynamic voltage was applied in this EHD printing. Under dif-
ferent pulse voltage magnitudes and pulse durations, various
jetting modes were identified, i.e. continuous jet, pulsating jet,
and pulsating droplet, respectively. With a decrease in either
ink conductivity or pulse duration, or an increase in the OA
concentration, it is prone to produce the pulsating droplet
mode and the upper boundary voltage rises. At the pulsating
droplet mode, the voltages and pulse duration can be tuned
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to produce spherical droplets without satellites. Dot patterns
with various sizes have been demonstrated on the coated PET
substrate by changing the pulse voltage and fine-tuning of the
pulse duration accordingly. Further size reduction of the dual-
channel printing nozzles is required in the future to realize
high-resolution EHD printing. This study will lead to the
development of a novel EHD jet printing technique without
the primary technical barriers (e.g. nozzle clogging) and pave
the way for using EHD printing as a scalable manufacturing
platform.
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