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A coaxial nozzle, consisting of two coaxially aligned capillaries to minimize the nozzle clogging (often
encountered in a single capillary EHD printing) by enabling continuous ink circulation between the inner and
outer ink channels, had been recently proposed for the electrohydrodynamic (EHD) printing. The EHD printing
by the coaxial nozzle, however, remains in the early development stage, particularly with respect to the control
of ink flow and meniscus during the jetting process. The ink bridge, which connects both openings of the inner
and outer capillaries, plays an important role in keeping the ink circulating and influencing the jetting meniscus
pinned at the inner capillary tip. In this study, a closed-loop feedback control was developed to automatically
regulate the volume of the ink bridge during the printing. It was found that the ink bridge volume affects the
volume and shape of the jetting meniscus, which is directly correlated to the printed dot size. Comparing the
coaxial printing nozzle to the single capillary nozzle, the addition of the larger outer nozzle does not decrease the
printing resolution. The difference in the printed dot diameter between the two printing configurations is less
than 5 %. For a given print setting and a specific ink, an optimal ink bridge volume was identified to produce the
smallest dot size. With the ink-bridge shape control, the print resolution can be improved by 24.5 %. The cor-
relation between the ink bridge volume, jetting meniscus volume, and the printed dot size also depends on the
ink conductivity and the extrusion length of the inner capillary. The coaxial nozzle EHD printing, featuring the
continuous ink circulation and effective ink bridge control, provides a reliable manufacturing process in the
pattern generation and microfabrication.

Introduction

Electrohydrodynamic (EHD) jet printing has been employed in the
fabrication of microelectronics [1-4], pharmaceutics [5-7], biological
tissue structures [8-11], and various functional devices [12-18]. EHD
printing has been proven to be a key advancement in the development of
high-resolution printing technologies and has good compatibility with a
variety of inks and substrates, in addition to all of the attributes of the
conventional inkjet printing [19-24]. High-resolution EHD patterning
has been achieved by downscaling the size of the printing nozzles (i.e.,
capillaries) to the micrometer and sub-micrometer ranges. Although the
reduction in the nozzle dimensions allows for fine-resolution printing, it
also inevitably gives rise to the challenge of severe nozzle clogging.

Nozzle clogging has posed a serious issue in current EHD printing,
which uses capillaries with extremely small diameters. The primary
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reasons for the nozzle clogging include solvent evaporation and ink
drying in or near the nozzle tip. Aggregation and precipitation of solid
particles (suspended in printing inks) due to solvent evaporation are
typically encountered when the inks are kept stagnant at the nozzle tip
for a prolonged time period. Therefore, solvent selection must be care-
fully considered in the ink formulation, even for the conventional inkjet
printing, which typically employs printing nozzles with opening di-
ameters of tens of micrometers. For reliable printing, solvents with a low
evaporation rate and high solubility are preferred in order to prevent the
nozzles from clogging [25-30]. Humectants/surfactants (as additives)
are often required to decrease the solvent evaporation rate and to pre-
vent ink particles from aggregation and/or agglomeration [31-34]. In
addition, extremely diluted inks are necessary for the EHD printing to
minimize the chance of nozzle clogging. The challenges of the intricate
ink designs and the frequent nozzle clogging have severely hindered the
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development of EHD printing into a reliable manufacturing technology.

We have demonstrated an EHD jet printing design featuring
continuous ink circulation, enabled by a coaxial nozzle, to mitigate the
nozzle clogging which is often encountered in a single capillary EHD
printing [35]. The coaxial nozzle, consisting of two concentric capil-
laries, enables a printing ink to be injected into the inner capillary and
withdrawn from the outer capillary at the same time. Keeping the ink
circulating at all times largely mitigates the issue of clogging near the
EHD printing nozzle tip. The coaxial nozzle EHD printing has demon-
strated its capability of printing dot arrays on flexible substrates. How-
ever, the printed dots were larger than those produced by a single
capillary EHD printing due to poor control of the ink body at the coaxial
nozzle tip. In the coaxial nozzle for EHD printing, the inner capillary tip
is extruded out from the outer capillary opening. Upon the ink injection
into the inner capillary, a flowing ink film is established to bridge both
openings of inner and outer capillaries. Depending on the flow rates of
the ink feed and withdrawal, the above ink bridge varies significantly in
shape and volume, which in turn influences the jetting performance.
Although coaxial nozzles have been widely employed in the electrospin
and electrospray enabling the micro/nano encapsulation of fibers and
particles, respectively [36-48], two fluid streams are injected into two
coaxial-aligned flow channels of the nozzles at the same time and form a
compound jet at the nozzle exit. Note that, in those applications, the
inner capillary of a coaxial nozzle is preferred to be completely
immersed in the liquid meniscus pinned at the nozzle exit. To the best of
our knowledge, no study has ever been reported on the overall printing
performance of a coaxial nozzle when operated under two
contra-flowing fluid condition.

In this study, we first compare the jetting formation and meniscus
dynamics in the coaxial nozzle EHD printing with that of single capillary
printing. A new parameter, i.e., the ink bridge volume, is then intro-
duced and its effect on the jetting meniscus volume and printing per-
formance is investigated. To allow for a reliable printing process against
any internal/external disturbances (e.g., flow fluctuation, ink con-
sumption, solvent evaporation, etc.), a closed-loop control of the ink
bridge volume and optimization of the printing performance are
developed and performed in this study. The sizes of printed dots under
various ink bridge volume settings are also further analyzed.

Experimental method
Fig. 1a shows our experimental setup for the EHD printing with a

coaxial nozzle. The coaxial nozzle was constructed by coaxially inserting
a fused-silica capillary (the inner channel, TaperTip, New objective) into
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a stainless-steel tubing (the outer channel) with a thick wall. Three lobe-
shaped passages were machined in the wall of the outer capillary for
passing liquids and centering the inner capillary (shown in Fig. 1b). The
schematic diagram of the coaxial nozzle assembly is shown in Fig. S1.
The inner diameter (I.D.) of the outer capillary was made within a tight
tolerance to the outer diameter (O.D.) of the inner capillary in order to
have enough concentricity between the two capillaries. The inner
capillary has an I.D. of 100 pm, a tip O.D. of 154 pm, and a taper of ~ 14°
transitioning from the tip to the straight section of the capillary with an
0.D. of 360pm. In this study, the nozzle assembly with two extrusion
lengths of 900 and 1250 pm, defined as the distance between the exit of
inner capillary and the exit of the outer tube, were tested. The reason for
the selected extrusion lengths is because, by our experimental obser-
vation, a stable ink circulation for the studied nozzle could be estab-
lished when the extrusion length is set in the range from ~450um to
1400 pm for the test inks.

The EHD printing system under this study has four subsystems: fluid
control, vision acquisition, motion control, and power supply. Four
subsystems were integrated to enable the continuous ink-circulation and
automatically control the ink bridge volume to offer robust EHD
printing.

Fluid control

The printing ink used in this work is given in the supporting infor-
mation (SI). The pressure feed and vacuum withdrawal of printing inks
were implemented in our setup to facilitate continuous and stable ink
circulation for the operation of the coaxial nozzle. Compared to the
syringe pump feeding used in previous studies, the pressure-based fluid
driving offers a clear advantage (in the stability of ink delivery) on
regulating and maintaining the ink meniscus shape, particularly for the
coaxial nozzle EHD printing. Although the ink circulation could reach a
new equilibrium status via the use of syringe pumps set at the fixed
infusion and withdrawal rates, the ink consumption as the jetting pro-
ceeds would likely disturb the balance of ink circulation over a long
printing period. Printing variable data (which requires various ink
consumption rates) poses an additional challenge in keeping the ink
bridge shape and meniscus stable. The infusion and/or withdrawal rates
of the syringe pumps are required to be adjusted in real-time to meet the
requirement of varying ink consumption rates and ink circulation.
Moreover, the slow response of the jetting meniscus after setting new
flow rates on syringe pumps makes it difficult to meet the above printing
demands. The flow pulsation caused by the stepping motors in syringe
pumps also makes it challenging to achieve and maintain a stable ink
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Fig. 1. (a) Schematic diagram of the experimental setup for the coaxial EHD printing. (b) The cross-sectional view of the outer capillary.
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bridge, particularly at low flow rate settings. To address the previously
discussed technical challenges in maintaining a stable meniscus shape
during the coaxial nozzle EHD printing, pressure-based ink feed and
withdrawal were developed for the fluid control in our setup.

The fluid control subsystem consists of two cylindrical chambers,
compressed air lines, and pressure regulators. Two cylindrical chambers,
one set at positive pressure for ink feeding and the other at negative
pressure for ink withdrawal, were constructed. The positive and nega-
tive pressure chambers are connected to the inner and outer capillaries
in the coaxial nozzle, respectively. A precision pressure regulator con-
trols the compressed air to the positive pressure chamber at the air
pressure of ~ 1.0 psi. Under the pressure setting given above, the ink
feeding rate was calculated at 7.93 pL/min (using the Poiseuille equa-
tion for fully developed flow in round pipes). An ejector vacuum (Air-
Vac Engineering, AVR038 H) was applied to create negative pressure in
the ink withdrawal chamber, providing a vacuum to the outer capillary
of the coaxial nozzle. Compressed air to operate the ejector vacuum is
controlled by a mass flow controller (Alicat Scientific, MC-20SLPM-D).
The vacuum level in the negative pressure chamber to control the ink
withdrawal rate was adjusted through varying the air flow rate supplied
to the ejector vacuum. Combined with the closed-loop control of the ink
bridge (details to be described in the next section), this fluid control
subsystem allows for a reliable EHD printing process with continuous
ink circulation to accommodate the variation of ink consumption rates
due to such changes as variable data printing and solvent evaporation.

(a) (c)
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Closed-loop control of ink bridge

When the continuous ink circulation is enabled in the coaxial nozzle,
printing ink flows from the outlet opening of the inner capillary to the
inlet opening of the outer capillary, resulting in the ink body. This ink
body is composed of the jetting meniscus (pinned at the tip of the inner
capillary) and the ink bridge (connecting the pinned meniscus to the
outer channel opening; Fig. 2a, b) at the nozzle tip. A closed-loop control
was developed in this work to automatically control the shape of the ink
bridge. The control of ink bridge can be in general accomplished by
regulating both ink feed and withdrawal flow rates. For the simplicity
and demonstration, we controlled the ink withdrawal flow rate while
keeping the ink injection flow rate constant. The flow chart of the above
control is shown in Fig. 2c. Prior to each run, the system was operated
for a short period of time to find the ink bridge shape offering the reli-
able printing quality. The image of the above-identified ink bridge was
then taken by a web camera (Fig. 2a) and saved as the pre-selected
reference. During the run, the image of the ink bridge was continu-
ously taken and compared to the pre-selected reference. If the imaged
shape of the ink bridge (defined by the ratio of dark to bright areas) is
different from the reference, an adjustment in the ink withdrawal flow
rate would be made to regulate the vacuum pressure level in the asso-
ciated chamber. More ink flow would be drawn into the ink withdrawal
chamber if the chamber pressure level was reduced. In the opposite case,
less ink flow would be drawn into the chamber. The chamber vacuum
pressure was varied through the control of the mass flow rate of an air-
ejector pump which was connected to the ink withdrawal chamber. The
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Fig. 2. (a) The image of the ink bridge under the monitoring process. In the region of interest (ROI), which is labeled with a green box, the ink bridge area is referred
to the dark area. The gray background in the rest of the ROI is referred to the bright area. (b) A schematic of the ink bridge connecting the inner and outer capillary
openings, which allows for continuous ink circulation, and the jetting meniscus, which is subjected to the electric field for droplet generation. (c) A process diagram
of the closed-loop feedback control of the ink bridge shape. The pixel ratio of the dark area to the bright area in the ROI (D/B) is taken as the processing variable and
compared to the setpoint (the pre-defined reference) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).
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adjustment to the mass flow rate for operating the air pump was
controlled by a mass flow controller which is commended by the control
code developed in LabVIEW. The real-time imaging and automatic
regulation of ink bridge volume also allows us to keep the ink bridge
intact during printing.

LabVIEW (National Instruments) was used to program the closed-
loop control to be usable with a computer interface (as shown in
Fig. S2). This closed-loop control program consists of fluid flow and
vision modules working in parallel. The fluid flow module controls the
flow rate of compressed air to the ejector vacuum pump, varying the
vacuum level in the ink withdrawal chamber. The vision module ac-
quires the image of the ink bridge via a web camera. Once an image is
taken with the web camera, the NI Vision Acquisition Software (VAS)
then analyzes the image by calculating the number of pixels in the ink
bridge area (the dark area) and the non-ink bridge area (the bright area).
Adjustments to the flow rate setting for the mass flow controller are
calculated based on the difference between the desired dark-to-bright
pixel ratio (i.e., the setpoint) and the measured ratio (i.e., the process
variable). The updated flow rate setting is then sent to the flow module
to change the vacuum in the negative pressure chamber.

The closed-loop control automatically adjusts the ink withdrawal
when the ink bridge shape (or volume) falls out of the user-defined pixel
ratio range. As an example (shown in Fig. §3), an artificial disturbance
was introduced by wiping out the ink at the nozzle tip using a foam
swab. With the closed-loop control in place, it took ~4—5 seconds to
restore the pre-selected ink bridge shape. Note that the artificial
disturbance introduced above was only for the purpose of illustrating the
developed closed-loop control and would otherwise be considered a
large interruption, which would not be encountered in the typical
operation of the coaxial nozzle. Gradual changes of the ink bridge shape
caused either by the ink consumption or solvent evaporation are more
typical in the normal operation of coaxial nozzle EHD printing.

Vision acquisition

A 1.3-megapixel (using a frame rate of 16 fps) web camera (Edmunds
Optical EO-3112C) and a 12X zoom lens (Navitar) were used to capture
the ink bridge image during the printing. In addition, a high-speed
camera (Phantom, Miro 3al0, at the frame rate of 35k fps) with a
microscopic lens (Infinity Model K2 DistaMax) was employed to monitor
the dynamics of the ink meniscus at the nozzle tip. One LED light source
was utilized to illuminate the viewing areas of both cameras.

Power supply

A high pulse voltage, created by superimposing a pulse voltage onto
an offset DC voltage, was used to produce on-demand ink droplets. The
high voltage was applied to the moving stage while the coaxial nozzle
was electrically grounded. A function generator (Fluke, Model 282) was
used to provide the input signal for the high-voltage amplifier (Matsu-
sada Precision, AMT-20B10-LCN1) to generate various printing se-
quences, while the amplitude and frequency of the printing voltage
sequences were monitored by an oscilloscope (Agilent, 54622A).

Motion control

Polyethylene terephthalate (PET) films (Mitsubishi Paper Mills, NB-
TP-3GU100) with a thickness of 135 pm were used in our EHD printing.
The PET films were sputtered with gold to achieve the measured sheet
resistance of 482.29 Ohms per square. Two translational stages (Thor-
labs, MTS25-78) moved the target substrate in the X and Y directions for
dot array patterning.
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Result and discussion

Comparison of performance between the coaxial and single capillary
nozzles

In this part of the study, we compare the droplet formation and
printed dot sizes in EHD printing between the coaxial nozzle and single
capillary nozzles. The drop-on-demand jet process was used for testing
conventional single capillary EHD printing. A pulse voltage (3.2 kV with
the 200 ps duration) was applied to pull the ink out by deforming the
originally round meniscus into a conical shape (Fig. 3a). A thin filament
is emitted from the cone apex once the pulse voltage was applied, and
quickly pinches off at the end of the applied pulse voltage. A droplet is
thus formed from the broken filament (due to surface tension) and the
pinched-off droplet travels downwards and is deposited on the substrate
because of its inertial momentum and the applied electrical field. To test
single capillary nozzle performances, the outer and inner capillaries of
the coaxial nozzle were used individually. In testing single capillary
printing with the inner capillary, the extruded inner capillary with no
ink circulation (i.e., the outer capillary being blocked) was employed.
For testing with the only outer capillary, the inner capillary was
completely retracted inside the outer one (in Fig. 3b). The volume and
shape of the jetting meniscus were very different between the tested
printing cases. The large volume of the ink meniscus at the capillary tip
is responsible for the generation of large droplets. Note that it is
impossible to actuate this printing using the same pulse voltage setting
adopted in printing with only the inner capillary (due to the large
meniscus volume). A pulse voltage (4.5kV) and a long pulse duration
(3000 ps) were necessary to produce single droplets in this case.

The printing with the coaxial nozzle (with the ink circulation feature
on) is shown in Fig. 3c. The geometrical and operational settings for this
printing, e.g., the nozzle-to-substrate distance, voltage magnitude and
pulse width, net delivered ink volume, etc., were the same as those in the
case with the inner-capillary-only printing. The images in Fig. 3¢ show
that the ink body at the nozzle tip could be partitioned into two areas:
the jetting meniscus area and the ink bridge area. The jetting meniscus
pinned at the tip of the inner capillary is graphically defined in Fig. S4.
During the meniscus and droplet formation, the ink bridge was insen-
sitive by the variation of applied voltage (because the electric field was
mostly concentrated around the inner capillary tip). Correspondingly,
electrical charges were mostly concentrated at the surface of the jetting
meniscus when compared to that of the surface of the ink bridge.

The printed dot sizes on the PET substrate were measured under
various printing conditions. The fluorescence images of dots from
printing using only the inner and outer capillary respectively, and the
coaxial nozzle are shown in Fig. 3d-f, respectively. The dots printed by
the single outer capillary (Fig. 3g) have an average diameter of
321.3 pm, which are significantly larger than those printed by the other
two nozzle configurations. Due to the large meniscus established in the
outer capillary printing, the formation of the conical shape at the
beginning of each jetting cycle was significantly delayed even when a
stronger electric field was applied (compared to that of the two other
printing nozzle cases). An extended pulse duration was also required to
pull a droplet out of the jetting meniscus and to restore the meniscus
shape. These conditions resulted in the observation of large dots, a long
jetting period (i.e., low jetting frequency), and wide dot spacing on the
image shown in Fig. 3e.

The printed dot sizes obtained from printing using the inner capillary
only are comparable to that of the coaxial nozzle. Average dot sizes of
90.1 +1.42 and 94.6 + 1.21 pm were measured in the printing using the
coaxial nozzle and the singular inner capillary, respectively. The close
size result is due to the employment of the same capillary as the jetting
head, where the printed dot size is mainly determined by the meniscus
shape and volume when the same ink and printing settings are used. In
the EHD printing using only the inner capillary, the ink meniscus pinned
at the capillary tip was subject to electric field application. A droplet was



Z. Lietal Journal of Manufacturing Processes 60 (2020) 418-425

"TTTTTTTUT

500 pm

Reference 0 ps 100 us 200 pus  300pus 400 ps 500 us 1000 ps

(©)

(b) -vvvaYY o

500 um

Reference 0 ps 200 us 400 ps 600 pus  800pus 100 us 1200 ps

350

300

250

200

1400 ps 1600 ps 1800 pis 2000 pis 2200 ps 2400 ps 2500 ps 3000 pis

"TYVYYYVYY *

500 um

Reference 0 s 100pus  200ps  300pus 400 pus 500 ps 1000 ps

Dot diameter (um)

_

Quter capillary  Inner capillary ~ Dual-channel
only only nozzle

Fig. 3. Time-resolved images of the jetting formation with different nozzle configurations: (a) Single inner capillary only (V4. =1.0KkV, Vpyse =3.2KkV, Pulse
width =200 ps); (b) single outer capillary only (Vg.=1.6kV, Vpyse =4.5kV, Pulse width=1600ps), (c) coaxial nozzle (V4.=1.0kV, Ve =3.2KkV, Pulse
width = 200 ps). (d)—(f) Fluorescence microscope images of printed dots from the single inner and outer capillaries, and the coaxial nozzle, respectively. (g) Com-

parison of the printed dot sizes from the three printing nozzle configurations.

ejected at the capillary tip when enough electrical force was applied on affect the jetting meniscus volume (to be discussed in the next section).
the ink meniscus. In contrast, in the coaxial EHD printing, the EHD The primary function of the outer capillary in the coaxial nozzle is thus
jetting (involving the formation of conical shape for the droplet ejection) for maintaining continuous ink circulation. As shown, the coaxial nozzle
was largely confined to the tip of the inner capillary. The ink bridge was can produce droplets in sizes comparable to that by a single capillary
not directly involved in the jetting, although its shape (and volume) does nozzle, with the added benefit of mitigating nozzle clogging.

r
(a)
300y
'
> |

Fig. 4. Images of the shape evolution of the ink bridges in coaxial EHD printing with the two electrical conductivities of ink and two extrusion lengths of inner
capillary: (a) 565 pS/cm — 1250 pm, (b) 965 pS/cm — 1250 pm, (c) 965 pS/cm — 900 pm.
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Effect of Ink bridge volume on the jetting behavior

Since the jetting meniscus is pinned at the inner capillary tip, its
volume is largely determined by the O.D. of the inner capillary tip in the
coaxial nozzle. The flowing ink film bridging the inner and outer
capillary openings also affects the shape and volume of the jetting
meniscus. The volume of the ink bridge then influences the elongation
and volume of the jetting meniscus, thus affecting the size of printed
dots. In this part of the study, the ink bridge volume was varied by the
closed-loop control to investigate its effect on the jetting behavior. For
the configuration of the coaxial nozzle, two extrusion lengths of 900 and
1250 pm (measured from the opening of the inner capillary to the
opening of the outer capillary) were selected and printing inks with two
different conductivities (i.e., 565 and 965 pS/cm) were employed. The
ink bridge volume was gradually varied by the developed feedback
control, as shown in Fig. 4. The nozzle-to-substrate distance and the
applied voltage (a pulse voltage superimposed onto a DC voltage)
remained unchanged for all the printing conditions (i.e., V4. = 1.22kV,
Vpulse = 3.62kV, and pulse duration =105 ps). The ink bridge volume
was calculated based on the images taken by the web camera. The
detailed calculation method can be found in the Supporting Information
(Fig. S5). The jetting meniscus volume at the end of the pulse voltage
(and prior to the droplet ejection) was calculated by analyzing the image
taken by the high-speed camera (taking the opening of the inner capil-
lary as the reference line).

Fig. 5 shows the jetting meniscus volume as a function of the ink
bridge volume under the coaxial nozzle printing with two extrusion
length settings. It was found that the jetting meniscus volume initially
decreases as the ink bridge volume increases, and then increases as the
ink bridge volume further increases. When the coaxial nozzle is oper-
ated, the ink flows from the inner capillary opening to the outer capillary
opening and covers the outer wall of the extruded inner capillary, i.e.,
the tapered tip and straight sections (Fig. 2b). The climbing ink on the
outer wall of the extruded capillary is primarily driven by the vacuum
from the ink withdrawal chamber. Given a specific ink bridge volume
setting, various forces, i.e., suction vacuum, ink viscous force, ink sur-
face tension, electrical forces act on the ink bridge and must be balanced
in order to reach a stable shape, hence the need for modulating the base
of the jetting meniscus. An optimal ink bridge volume (which gave the
smallest jetting meniscus) was observed in Fig. 5. Below this optimal ink
bridge volume, (e.g., the 1st column in Fig. 4), the average thickness of
the ink bridge was thin and the base of the jetting meniscus expanded in
order to minimize the intensity of the electrical field at the outer corner
of the extruded capillary, resulting in ink accumulation at the inner
capillary tip. Further reduction of the ink bridge volume caused bifur-
cation of the flowing film (i.e., failure for ink circulation); in other
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words, a minimal ink bridge volume is required to keep the continuous
ink circulation. When the ink bridge volume was allowed to be higher
than the optimal volume, the thickness of the ink bridge film increased
(due to the increased volume), resulting in the increased base of the
jetting meniscus and its volume. The thick ink film adjacent to the base
of the jetting meniscus also reduced the electric field intensity that
occurred at the outer corner of the inner capillary.

As shown in Fig. 5a, the characteristics of the jetting meniscus vol-
ume curve observed above remain the same when the ink conductivity
was increased. It was found that the higher ink conductivity, the larger
jetting meniscus. As the pulse voltage was applied, the jetting meniscus
elongated into a conical shape, driving a portion of the liquid in the ink
bridge (adjacent to the jetting meniscus base) toward the inner capillary
tip. Because of the increased electrical conductivity, the electrical
charge density on the ink surface is also increased, making the ink bridge
more likely to be influenced by the applied pulse voltage. As a result, a
larger jetting meniscus volume was obtained with the high conductivity
ink compared to that of low conductivity ink.

Compared to the case with the extrusion length of 1250 pm, the ink
bridging the openings of inner and outer channels significantly changed
its shape in the printing with the nozzle with a short inner capillary
extension length, i.e., 900 pm (Fig. 5b). For a certain jetting meniscus
volume, the short inner capillary extrusion length results in a thick ink
bridge film. Under the same ink bridge volumes, the nozzle with the
short extrusion length leads to the significant decrease of the jetting
meniscus volume (compared to that in the case with the long extrusion
length). Consequently, the jetting meniscus is less affected by the ink
bridge in the short extrusion configuration. Note that the jetting
meniscus volume abruptly decreased at the maximal ink-bridge volume
setting (due to the unstable jetting). As shown in the last image in
Fig. 4c, the ink bridge was so large that the jetting meniscus could not be
effectively pinned at the inner capillary tip, representing the transition
to single outer capillary printing (Fig. 3b). The pulse voltage attempted
to actuate the entire ink body (ink bridge and jetting meniscus) but
could not complete the droplet ejection (Fig. S6). When combining low
conductivity ink with short extrusion length (i.e., 565 pS/cm and
900 pm extrusion), the applied pulse voltage was inadequate to eject a
droplet due to the weak electrostatic actuation and the possible depin-
ning of the jetting meniscus. It is further noted that, in all the test cases,
the optimal ink bridge volume was ~3.0 x 1073 cm®, probably due to
the tapered tip of the inner capillary.

The footprint of produced droplets on the substrate (i.e., flat and
circular dots) was used to evaluate the print resolution of the coaxial
nozzle EHD printing. The printed dots were made of fluorescein salt after
the solvent evaporation, making them easy to be characterized by a
fluorescent tracer. Fig. 6 shows how the printed dot size monotonically
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inner capillary.

increases with the increase of the jetting meniscus volume under the
three different printing settings. The measured dot sizes on the substrate
were between 75.22 + 4.42 and 112.19 + 7.39 pm. The smallest dot size
corresponds to the smallest ink bridge volume (i.e., the optimal ink
bridge volume) for each printing condition. Three clearly distinguish-
able fitting curves show that the monotonical correlation is applicable to
each case but the slope of correlation lines is uniquely dependent on the
specific ink formulation and the printing conditions (i.e., ink conduc-
tivity, inner capillary extrusion length, etc.). These results show that, for
a given printing configuration, the most straightforward mean to vary
the dot size is through the control of jetting meniscus volume (or the ink
bridge volume).

Fig. 6a shows the linear relationship between the jetting meniscus
volume and the dot diameter when using inks with different electrical
conductivities. Using the same inner capillary extrusion length, the slope
of the dot diameter with respect to the jetting meniscus volume in the
high conductivity ink case is similar to that of the low ink conductivity
case. For the same jetting meniscus volume, large dots were generated in
the case of low conductivity ink, because when the pulse voltage was
applied, the jetting meniscus elongated into a cone, leading to charge
accumulation at the cone tip. When the Coulomb force overcame the ink
surface tension, the resultant instability broke the meniscus tip apart and
formed a charged droplet (by the ink surface tension). Because of its low
surface charge density, the low conductivity ink meniscus required more
time to accumulate enough surface charge density prior to the droplet
pinch-off (Fig. S7), leading to the ejection of a larger droplet. By the
same mechanism, a small droplet can easily be emitted from the jetting
meniscus using high conductivity ink. Moreover, it is interesting to
observe that, when operated at the optimal ink bridge setting (i.e., the
smallest meniscus volumes), the printed dot sizes in both ink cases are
similar to each other.

Comparing the nozzles with different inner capillary extrusion
lengths (Fig. 6b), the line slope of the dot diameter with respect to the
jetting meniscus volume in the case with the 900 pm extrusion length is
very different from that in the case with the extrusion length of 1250 pm.
As discussed above, the ink bridge in the nozzle with the short extrusion
length tends to be thicker than that of the nozzle with the long length,
resulting in the small jetting meniscus volume in the latter nozzle. The
dot size quickly increased as the jetting meniscus volume increased,
probably due to the less effective meniscus pinning at the inner capillary
tip. Again, when operated at their optimal ink bridge conditions (i.e., the
smallest meniscus volumes), the printed dot sizes in both nozzle
configuration cases are very similar to each other. This result once again
lends support to the recommendation of operating the coaxial nozzle
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near the optimal ink bridge volume setting. Not only does using the
optimal ink bridge volume setting achieve stable jetting and minimal dot
sizes, but it also produces droplets insensitive to the extrusion length and
the electrical conductivity of the inks.

Note that the same pulse voltage setting was employed in all the
printing cases reported in this work (for the sake of comparison).
However, the voltage setting used may not be the optimal one for each
case. Using a pulse voltage with a reduced magnitude and duration to
that of the one used in this study, a coaxial nozzle with an inner capillary
of an even smaller diameter (both OD and ID) can be expected to pro-
duce very small dots.

Conclusion

We have demonstrated that coaxial nozzle EHD printing can
generate dot sizes comparable to that of single capillary EHD printing
while enabling continuous ink circulation for reducing the risk of nozzle
clogging. The real-time feedback control of the ink bridge shape has
been developed to regulate the ink circulation against any disturbances
during the printing process. The effect of the ink bridge in the coaxial
nozzle on the jetting meniscus formation and printing performance was
investigated and it was found that the printed dot size directly correlates
with the volume of the jetting meniscus: the smaller the jetting meniscus
volume, the smaller the printed dot size. No monotonic relationship
between the ink bridge and the jetting meniscus volumes was observed.
Instead, the jetting meniscus volume first decreases to a minimum and
then increases as the ink bridge volume increases. As a result, an optimal
ink bridge volume (where the smallest jetting meniscus volume is pre-
sent) for a given print setting with a specific ink formulation exists, in
which the minimal dot size can be obtained. Moreover, when the
printing is done at the optimal ink bridge volume, the printed dot size is
insensitive to the ink conductivity and the extrusion length of the inner
capillary in the coaxial nozzle. The closed-loop feedback control of the
ink bridge shape enables users to quickly determine the optimal printing
operation settings in addition to maintaining a stable printing process.
This study has made a significant contribution in advancing coaxial
nozzle EHD printing into a reliable manufacturing technology.

The focus of this study is on the evaluation of the printing perfor-
mance of coaxial nozzle EHD printing when operated at the on-demand
mode. The flat and circular dotted patterns were thus produced to
evaluate the footprint of droplets after deposited on the substrates. The
application of coaxial nozzle EHD printing to produce novel structures
will be our focus of the future research.
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