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Abstract

In this paper, we present a vision measurement technique to evaluate electrohydrodynamic
(EHD) inkjet behavior, and discuss the effects of the pulse voltage shape on the EHD jets for
drop-on-demand printing, including the falling and rising time in the pulse voltage. Sequential
images acquired by a charge-coupled device (CCD) camera with a strobe light-emitting diode
(LED) were used to visualize EHD jet behavior with respect to time. A vision algorithm was
implemented in an EHD jet system to enable in situ measurement and analysis of EHD jets.

A guideline for selecting pulse shape parameters is also presented, to enable the achievement
of high-frequency reliable jets for drop-on-demand printing. Printing results are presented to

demonstrate the drop consistency of jets.

(Some figures may appear in colour only in the online journal)

1. Introduction

The application of inkjet technology has been broadening
from home printers to manufacturing tools. Recently, a need
emerged for high-resolution printing, especially in the field
of printed electronics applications [1, 2]. However, the droplet
volumes of 1-2 picoliters (pL) produced with nozzle diameters
of 16 pm limit current inkjet technology [1]. As an alternative
technique for fine printing, electrohydrodynamic (EHD) inkjet
technology has recently been drawing attention, because it has
advantages over the conventional inkjet pattern method, in that
droplets smaller than the nozzle diameter can be ejected, and
materials with a wider viscosity range could be used for jetting.
Successful direct printing of a few microns of conductive lines
in width has been reported using the technology [1-3].

To achieve fine patterning, the parameters affecting the
EHD jet should be optimized, including ink conductivity, ink
surface tension, nozzle diameter, driving voltage, flow rate
(or air pressure) and stand-off distance between the nozzle and
substrate [4]. Among these parameters, one of the easiest ways
to change the jet behavior is to change the shape of the driving
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voltage. Electrostatic forces generated from high-voltage
sources are used to eject charged droplets onto a substrate.
The voltage driving schemes can be classified as (1) dc voltage
only schemes [2], and (2) those involving pulse voltages
superposed on a dc field [5-9]. In this study, pulsed voltage
superposed with dc is mainly discussed, because it makes drop-
on-demand printing easier. The dc background voltage is used
to maintain the extruded meniscus under nonjetting conditions
by balancing the forces of fluidic pressure, surface tension and
electrostatic force.

To use EHD jets in drop-on-demand printing applications,
each pulse voltage should produce a single droplet. To optimize
the pulse voltage, it is important to understand the jet behavior
in relation to the shape of the pulsed voltage. In particular,
the jet start time needs to be understood with respect to
the pulse voltage. The jet start time should remain the same
irrespective of the jet frequency. Otherwise, jet placement error
may occur, because the motion stages for the head or the
substrate move during drop-on-demand printing. To evaluate
pulse voltage in relation to jet behavior, proper measurement
methods should be used. For jet evaluation, the printed patterns
can be investigated [5, 11], or the jet behavior can be measured
directly based on vision methods [7, 8, 12]. The method based

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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on printed patterns may not be a quick or easy approach,
because it requires inspection of the printed patterns on a
substrate. Moreover, it may be difficult to gain physical insight
on the jet start time with respect to the pulse voltage. Therefore,
vision-based measurement methods are more suitable for
evaluating jetting performance. High-speed cameras [2, 11]
and CCD cameras using LED strobe lights have been used for
measurements [12, 13].

In this study, vision measurement and analysis techniques
for pulsating EHD jets are mainly discussed. Since pulsating
jets normally occur over a very short period of time (less
than 100 ws), high frame rate is required to capture the
jet behavior when using a high-speed camera. For proper
analysis, a large amount of images must be recorded. As a
result, real-time or in situ image analysis is difficult, since
the acquired images are stored in the high-speed camera first
and then downloaded to a computer for postprocessing. This
process might require significant time and effort, so the use
of high-speed cameras might be limited to cases when jet
behavior during short periods needs to be analyzed (less than
a few seconds). However, the first few droplets might be more
dependent on ink drying characteristics on the nozzle surface
rather than the pulse driving voltage. It is important to measure
the steady-state jet performance if the effects of the driving
pulse on an EHD jet are to be investigated. As such, high-
speed cameras might not be suitable to evaluate pulse shape
effects on EHD jets. High-speed cameras are also prohibitively
expensive for use in manufacturing systems to monitor jet
behaviors.

Alternatively, CCD cameras with strobe LEDs have
widely been used to measure jet behavior in conventional
inkjet heads [13]. In this work, the application of strobe LEDs
is extended to EHD jet measurement. Sequential images using
strobe LEDs are acquired to characterize the EHD jet behavior
in relation to the pulse voltage.

The information extracted from EHD jet images should
differ from that obtained with conventional inkjet images,
because the jet behavior and drop formation of EHD jets
are quite different. For example, pulsating jets with short
duration might occur rather than a single spherical droplet per
pulse voltage. To understand the jet behavior, we analyze the
meniscus height with respect to time rather than the pulsating
jet (or jetted droplet) in flight. For this purpose, we developed
software capable of extracting the meniscus profile under
jetting conditions. The main advantage of the proposed scheme
is that in situ meniscus measurement enables quick and easy
understanding of the jet phenomena in relation to the pulse
voltage. As a result, the experimental conditions for DOD
printing can be determined without carrying out actual printing
experiments.

The effects of the voltage pulse width and amplitude on the
EHD jet have been investigated in previous studies [8, 11, 12].
However, it seems that general guidelines for determining
pulse voltage parameters have not yet been established. Also,
few published studies discuss the effects of pulse shape on
EHD jets, including the rising and falling parts of the pulse. In
this study, we investigate these effects based on the meniscus
behavior measured in vision analysis. We found that the rising,

DC Power Supply

METER CURRENT METER

(+) DC

Power Amplifier

DIGIAL ) {VOLTAGE ) [ puT

m | Erseie || monnor
i ]
e @
1000 X

- Arbitrary -) Pulse
Function Generator
o
LA
(a)
(+)DC Pulsed
+ voltage —
oV ov ov
DC Power High Voltage Equivalent
Supply Amplifier Voltage

(b)

Figure 1. A voltage driving scheme for electrohydrodynamic (EHD)
jets. (a) Voltage driving schemes using two voltage sources.
(b) Equivalent driving voltage.

falling and dwell parts of the pulse voltage affected the EHD
jet in different ways. By changing the pulse shape, the jet
starting time and jet duration can be adjusted. To verify the jet
consistency, drop-on-demand printing results are presented.

2. A vision measurement technique for EHD jets

2.1. EHD jet measurement system

EHD jet behaviors can differ according to the jet system
configuration. For fluidic systems, constant flow rate using a
syringe pump or constant pressure control using the pneumatic
or fluid height can be considered. To apply electrostatic force
to eject droplets, either a constant dc voltage or a pulse voltage
with dc background can be considered.

In this study, the ink meniscus at the nozzle is maintained
by means of hydrostatic pressure, which is adjusted by
the height level difference between the nozzle and the ink
reservoir. The ink reservoir is placed slightly higher than the
nozzle to maintain an extruded meniscus. A constant flow rate
using a syringe pump may not be suitable for drop-on-demand
printing. The jet performance can be significantly affected by
the jet frequency due to the constant flow rate of fluid from a
syringe pump [5, 11].

A pulse voltage with dc background is used in this
study, since the pulse voltage can be used effectively in drop-
on-demand printing. For this purpose, two different high-
voltage sources were used to obtain the pulse voltage with dc
background, as shown in figure 1. A dc power supply was used
for the background voltage, and a high-voltage amplifier was
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Figure 2. Driving pulse voltage.

used for pulsed voltage. A background dc voltage (or pulse
voltage) is applied at the nozzle, whereas a pulsed voltage
(or dc voltage) is applied at the substrate holder. If the dc
background voltage is positive, the pulsed voltage should be

Vbe+)

negative, and vice-versa. As shown in figure 1(b), the driving
voltage can be equivalent to that of a single power amplifier,
which amplifies both V. and Vpie. The use of two different
high-voltage sources has advantages in that the maximum
voltage requirement for the high-voltage amplifier can be
reduced. The reduction of the maximum voltage requirement
for the power amplifier is important, because it can potentially
address many practical issues such as cost, the heat generated
from the power amplifier and implementation in multinozzle
systems. Dc power supplies for high voltage are cheap, and
there are no practical issues.

A simple trapezoidal pulse was considered as the driving
pulse voltage, as shown in figure 2. The pulse voltage
data are generated by a computer and uploaded via serial
communication to an arbitrary function generator (33220A,
Agilent, USA). The pulse voltage data are stored in the
memory of the function generator while waiting for the trigger
pulse to generate the pulse voltage. Then, a high-voltage
power amplifier (609E-6, TREK, USA) is used to amplify
the pulse voltage by a factor of 1000. A high-voltage dc power

DC Power Supply

(-]

VOLTAGE METER CURRENT METER

Vpnl: e( -)

S P
Pressure Control
Substrate
00000 Stage
Software(LabVIEW)

A

Vision board

Arbitrary
Function Generator

LED light control .
Power Amplifier

see
B
jeoe

(b)

Figure 3. An EHD jet system. (a) Schematic of the EHD jet system. (b) Photo of the EHD jet system.
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supply (SHV 5 kV, Convertech, Korea) was used for the dc
background voltage.

Figure 3 shows a schematic and photo of the EHD jet
system developed for the visualization of jet images and
for printing. To visualize the jet images, LED lights were
synchronized with respect to jet triggers. Two digital pulse
trains from a counter board (PCI-6221, NI, USA) are used for
the synchronization, as shown in figure 4. The first digital pulse
train is used as a trigger signal to generate the pulse voltage.
The second pulse train is used to control the LED light. The
second pulse is triggered from the first pulse. The trigger delay
time between the first pulse and second pulse is adjusted such
that the jet image at the delayed time can appear to be frozen
in the acquired image.

A CCD camera (XC ES 50, Sony, Japan) was used
for jet image acquisition. An adjustable zoom lens (ML-
707545, MORITEX, Japan) and a lens adaptor (ML-Z20,
MORITEX, Japan) were used to acquire magnified images
of the EHD jet behavior. To obtain sufficient strobe light for
visual measurement, a 5 W LED was used.

Standard inkjet ink (XL-30, Dimatix, USA) was used as
a jetting fluid. For jet consistency, the fluid characteristics,
such as the ink viscosity, need to be consistent during the
experiments. To maintain constant ink viscosity, a heater is
placed on the EHD head to maintain the temperature of the
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fluid at 30°. The viscosity of the ink is about 11 centipoise (cP)
at 30 °C. For the experiment, a nozzle with an inner diameter
of 50 um was used.

2.2. Image analysis

The following pulse voltage parameters are used for an EHD
jet to explain the image analysis algorithm: #4,¢; = 300 us,
Vpulse = 1500 V, V4 = 500 V, Liising = 0 and Ifalling = 0,
f =500Hz and g = 300 um. These parameters are the dwell
time, the amplitude of the pulse voltage, the amplitude of the dc
voltage, the rising time, falling time, jet frequency and stand-
off distance between the nozzle and the substrate, respectively.

Figure 5 shows a selected sequential images of an EHD
jet measured using the strobe LED. As shown in figure 5(d),
a pulsating EHD jet is observed at 325 us after the jet trigger
signal. The EHD inkjet drop formation is quite different from
that of a conventional inkjet printhead. As shown in figure 5(d),
the pulsating jet is difficult to analyze, because the shape of the
jetis thin and very long, so we analyze the extracted meniscus
profile rather than directly analyzing the jet in flight, unlike
conventional inkjet measurement.

Figure 6 shows the image processing algorithm to extract
the meniscus profile. First, the image is converted to a binary
image, since the jet shape in the binary image shape can
be modified easily. Morphology functions from an NI vision
development module (National Instruments, USA) are used
for this purpose. For example, the thin, long part of the jet
can be removed easily from the morphology process. Then,
an ROI (region of interest) is defined around the meniscus
to specify the image analysis area. In the two-dimensional
RO, predetermined horizontal-line ROIs are defined to detect
edges, which have information about the meniscus profile.
The detected edge locations were saved as a file for further
processing of the extracted meniscus profile.

The extracted meniscus profiles can be shown in a 3D
graph to investigate the meniscus behavior with respect to time.
The time interval between consecutive sequential images can
be selected in our software. For example, a time interval of

B

(f) 600 ps

Figure S. Typlcal EHD jet images (Vge =500V, mese = 1500V, Trising = 0, Ttalling = 0, tgwen = 300 ws).
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Figure 6. Image processing algorithm for extracting the meniscus profile.
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10 us was selected in this study to analyze the jet behavior.
Figure 7 shows a 3D graph of meniscus profiles when a time
interval of 10 us is used to acquire and analyze sequential
images via the strobe LED.

The jet behavior was characterized by the meniscus
height. The meniscus height used to evaluate the EHD jet
is defined by the difference between a reference and the
monitored maximum location of the meniscus profile in the
downward direction, as shown in figure 8. The jet behavior of
an EHD jet can be understood by the meniscus height variation
with respect to time.

When a pulsed voltage is applied, the meniscus height
increases to produce a jet. After jetting, the meniscus should
be returned to the reference position to produce a consistent
and repeatable jet at the next pulse voltage. Figure 9(a) shows
the measured meniscus behavior during an EHD jet. A video is

available online for better understanding of our measurement
scheme [14]. An EHD jet is likely to occur when the meniscus
height reaches close to a peak (around 310 us), as shown in
figure 9(a). It may be easier to explain the jet process if the
meniscus velocity is used in relation to the meniscus behavior.
The EHD jet process can be divided into three regions:
(1) the initial meniscus deformation (1-300 us); (2) jet (300—
350 ws); and (3) relaxation (350-500 ws). During the initial
meniscus deformation, the meniscus height gradually moves
downward. The time length of the initial meniscus deformation
was the same as the dwell time. When the falling part of the
voltage was applied at 300 us, the maximum value of the
meniscus speed was observed, and the pulsating jet started.
During the pulsating jet (300-350 ws), the meniscus speed
decreases from positive to negative. The speed of the meniscus
becomes zero at 310 us when the maximum meniscus height
is obtained. After 310 us, the speed becomes negative, which
means that the meniscus height changes its direction to upward.
The pulsating jet is no longer observed after 350 us. During
the relaxation time (350-500 ws), the meniscus returns to the
reference position without a jet until the speed becomes zero
at 500 us. The whole jet process ends at 500 ws. No jet is
observed at this time, and the meniscus height becomes equal
to the reference height. This means that the maximum jet
frequency could be increased up to 2 kHz. The maximum jet
frequency from the EHD inkjet head is related to the nozzle
diameter, and it can be increased further if a smaller nozzle
diameter is used [10]. However, the high jet frequency will
affect the jet behavior, because the equivalent dc background
voltage increases accordingly. This will be discussed later in
detail.

To understand the jet behavior of different ink, nano silver
ink (1J-060, Inktec, Korea) was used for comparison. At 30° C,
the viscosity of nano silver is 10 cp, and the surface tension
is 35 mN m~'. The amplitude voltage was adjusted to obtain
the proper jetting of the nano silver ink. Voltages of Ve =
500 V and V4. = 350 V were used for jetting. The rising,
dwell and falling times for the pulse were set to fgng = 0 s,
fawetl = 300 us and tpyine = O us, respectively. Then, the
measured meniscus behavior of the nano silver ink (dotted
line) was compared with that of the standard ink, as shown
in figure 9. The jet start time and relation time were similar,
because they are related to the pulse voltage rather than the
properties of the ink. However, the response at the initial stage,
the maximum meniscus location and the speed of the meniscus
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Figure 9. Meniscus height and speed.

behavior differ, because these parameters are related to the
ink properties, such as the elasticity and conductivity. For
example, nano silver ink a faster response at the initial stages
(0-300 us), but the jet occurs at a lower meniscus location
with less meniscus speed at the time of the jet than with
standard ink. Even though the jet behaviors of the initial stage
(0-300 ws) were different, the jet and relaxation behaviors of
the two different inks were similar.

As shown in figure 9, both the meniscus height and
meniscus speed can be effectively used to explain EHD jet
behavior. However, in this study, the meniscus height behavior
is mainly used to explain the pulse effect on EHD jets, because
it enables the overall jet behavior to be understood at a glance.

It has been reported that the pulse voltage creates shear
(or tangential) stress rather than normal stress. The shear
stress could result in a cone-shaped pulsating jet rather than
spherically shaped droplets [7, 8]. This pulsating jet might
negatively affect placement accuracy compared to a single
spherical droplet per jet trigger signal. However, the pulsating
jetis not likely to cause significant placement errors unless the
printing speed is high. We can calculate the maximum printing
speed, V},, from the maximum jet frequency, f,, and the drop
spacing, dg, as

Vi = ds * fi. (1)

If a maximum jet frequency of 2 kHz and a drop spacing of
10 pem are used for printing, the maximum printing speed will
be 20 mm s~!. If the maximum printing speed is given, the
possible jet placement error, E, can be calculated from the
printing speed and jet duration, #quration, aS

(@)

E = Vi * tquration-

If the jet duration and printing speed are assumed to be 50 s
and 20 mm s~!, respectively, the possible placement error will
be 1 um. To reduce the drop placement error, either the printing
speed or jet duration should be reduced.

The jet behaviors can be understood from the proposed
in situ and automatic vision measurement, and the efforts for
optimizing jet conditions can be reduced significantly. For
reliable measurement using the strobe LED, the jet behavior
should be consistent, and the same behavior should be repeated
at each pulsed voltage. If the jet behavior from each pulse
voltage is not consistent, there will be significant blur in the
images.

3. Pulsed voltage effects on EHD jet

3.1. Dwell time effects

To obtain stable EHD jets, the voltage amplitudes, Vjuise and
Ve, should be selected appropriately. If Vi increases, Vs can
be decreased for the jet [7, 8, 12]. However, to use EHD jets
in drop-on-demand printing applications, it is recommended
that the amplitude of Ve be larger than that of Vy. to
ensure a single pulsating jet per pulse voltage. However, if
Vpuise 18 too large, problems with frequency dependence on
the EHD jet and high-voltage requirements for the amplifier
arise. By considering the trade-off relationship, we recommend
that the amplitude of Vs be set to 1.2-3 times higher than
that of V.

The effect of the pulse width on the EHD jet has been
discussed in previous works [7, 8, 12]. In this section, the
effects of dwell time on the jet start time and jet frequency are
mainly discussed, based on meniscus behaviors measured by
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our vision system. For this purpose, the fixed amplitudes of
Viae =500V and V1 = 1500 V are used. Figure 10 shows the
meniscus behavior according to dwell time and jet frequency.
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The meniscus behavior was measured with respect to time
using the proposed vision analysis methods.

There is a range of dwell times to obtain stable pulsating
EHD jets. For example, drop-on-demand jets are not possible
if a dwell time of less than 100 us is used in our experiment.
The minimum dwell time for the jet should be longer than
200 us, because the meniscus needs to be sufficiently pulled
down to the substrate before it becomes a pulsating jet. On
the other hand, if the dwell time is longer than 1000 pus,
irregular dripping is observed during the pulsed voltage. This
irregular dripping cannot be used in printing applications. In
some cases, it has been reported that more than one droplet
could be observed if a long period of pulsed voltage is
used [6].

To maximize the jet frequency, the shortest possible dwell
time is recommended, because shorter dwell time can result
in shorter time for the meniscus to return to the reference
position. Based on the experimental results shown in figure 10,
the dwell time of 300 us is recommended for a wider range of
EHD jet frequency. For example, for a 300 us dwell time, the
meniscus returns to the reference position at approximately
500 ws, as shown in figure 10(b). However, for a 900 us dwell
time, the required time could be more than 1000 ps. When the
meniscus returns to the reference position after a jet, the next
pulse voltage can be applied for the next jet. However, the jet
behavior could be affected by the jet frequency, because the
jet frequency influences the equivalent dc background voltage.
The equivalent dc voltage, Vicequivs can be calculated as

3

Vdcequiv = Ve + Vpulse * Idwell * f



J. Micromech. Microeng. 23 (2013) 065018

K-S Kwon and D-Y Lee

Voltage
A

1/f

rising

Figure 11. Pulse voltage with rising time only.

The equivalent dc voltage, Vgcequiv» might increase
significantly from V. if the dwell time, #4y.11, is long, and the jet
frequency, f, becomes high. The meniscus height prior to the
EHD jet becomes higher when the jet frequency increases, as
shown in figures 10(c) and (d), because of the larger equivalent
dc voltage. As aresult, the amount of jet might also be affected.
If the dc effect becomes large and dominant, large irregular
droplets are likely to be observed. Irregular ink drippings were
observed when tgye; = 900 us with f = 700 Hz or fgwen =
1000 ps with f = 500 Hz was used for EHD jets, as shown in
figures 10(e) and (f). To obtain uniform printing results, it is
recommended that the operation conditions be selected such
that the pulse voltage could be larger than the equivalent dc
voltage, i.e. Vpuise > Vicequiv- If the equivalent of dc voltage is
low, there will be no jetting with low jet frequencies of 300 Hz
and 1 kHz using #4wen = 200 us, as shown in figure 10(a).

The EHD jet is normally initiated at the time of maximum
meniscus height. As shown in figure 10, the jet starting time,
tiart, 1S almost the same as the dwell time, i.e. fyart = tawell-
This means that the jet starting time can be controlled easily
through the dwell time. As shown in figure 10, the jet start
time of a dwell time remains the same, even when the jet
frequency varies. These results are useful for printing in terms
of minimizing the placement errors, since the jet frequency
might vary due to the complexity of patterns to be printed.
However, the amount of jet is likely to be larger when the
jet frequency increases, because of the higher equivalent dc
voltage. As discussed before, the time required for initial
meniscus deformation prior to a jet is proportional to the dwell
time. However, the required time for relaxation after a jet is
likely to be similar, regardless of dwell time, as shown in
figure 10.

3.2. Rising time effect on EHD jet

3.2.1. Rising time effect with t;..; = 0. In this section, the
effects of the rising time of the pulse voltage on EHD jets are
investigated. As an extreme case, the dwell time of the pulse
voltage is set to zero (fgwen = 0), and only the rising time is
varied. In this particular case, the total length of time of the
pulsed voltage is equal to the rising time, as shown in figure 11.

Figure 12 shows the meniscus behavior according to rising
time. As shown in figure 12, the rising time (#;ing) for stable
EHD pulsating jets could be longer than the pulse voltage
with dwell time. This is because the equivalent dc voltage of
the pulse voltage in figure 11 can be lower than that of the
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Figure 12. Rising time effects on meniscus behavior (g = 0,
Tawell = 0, Vpulse = 1500 \,, Vdc =500 V, f =300 HZ)
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Figure 13. Pulsed voltage with rising time and dwell time.

pulse voltage with dwell time only if the total length of time
is the same. The equivalent dc voltage of the pulse voltage in
figure 11 can be written as

“

Similarly to the case of using dwell time only, the jet start
time is equal to the length of the pulse voltage. However, as
the rising time lengthens, the meniscus maximum height prior
to a jet increases, as shown in figure 12. There are two possible
reasons for the increase in meniscus maximum height prior to a
jet: that the equivalent dc voltage increases when a long rising
time is used; and that the time for pulling down the meniscus
increases due to the long rising time.

During the rising part of the pulse, the initial meniscus
deformation can be more gradual due to the gradual increase
in the pulse voltage. However, the maximum jet frequency is
low compared to that of a simple pulse voltage, because the
pulse length for a stable EHD jet is longer than when using a
simple pulse voltage with dwell time only.

Vacequiv = Vac + 0.5 Voulse * Frisng * f

3.2.2. Rising time effect with ty.en 7 0 on EHD jet. In this
section, to investigate the effect of rising time on EHD jet
behavior, the pulsed voltage shown in figure 13 is considered.
Rising times of fsne = 100 us, 200 us and 400 us were
used, and the other parameters were set to fixed values of
Ifalling = 0 U8, Lawell = 400 s, Vpulse = 1500 V, Vg =500 V
and f = 500 Hz. To investigate the jet consistency, the same
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Figure 15. Pulsed voltage with various falling time (Vs = 1500,
Vie = 500V, trising =0 and Tawell = 0)

measurements were repeated three times for comparison, as
shown in figure 14.

As shown in figure 14, the jet starting time, #,, is almost
the same as the total length of a pulse:

&)

As discussed in the previous section, there may be an advantage
in using the rising time, in that the meniscus behavior can be
stable due to the gradual change in the meniscus location to
the jet location. However, the total time required for a pulse
voltage is longer than that of a simple pulse voltage using dwell
time only, which might limit the maximum jet frequency

Istart ~ trising + fawell-

3.3. Falling time effect for EHD jet

3.3.1. Falling time effect with tg,.n = 0 and t,,3 = 0. To
investigate the effect of falling time, the pulse voltage shown
in figure 15 is investigated. In this experiment, the rising and
dwell times were set to zero. Falling times between 200 and
1500 ps were selected to see if any stable EHD jets exist.
However, no stable pulsating jet was observed if the pulse
voltage shown in figure 15 was used. The reason for this is
that the falling time is related to the jet rather than the initial
meniscus deformation. The initial meniscus deformation is
needed for the meniscus to be pulled down sufficiently prior
to a jet, so before applying the falling part of the pulse, proper
rising and falling times are required.
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Figure 16. Pulse voltage with ti5n, = 0, fawen70 and #jing 7#0.
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Figure 17. Falling time effects on meniscus behavior (z3yen =
400 18, tising = 0, Vpuise = 1500 V, Vg = 500V, f = 500 Hz).

The charge density, characterized by the product of
voltage amplitude and duration, has been believed to account
for the EHD jet [11]. However, in contrast, different jet
behavior was observed, depending on the length of rising and
falling time of the pulse voltage, even though the product of
the pulsed voltage and the pulse duration was the same.

3.3.2. Falling time effect on jet with ty,.; # 0. To investigate
the effect of the falling time on EHD jets, the pulse voltage
shape shown in figure 16 was examined. The falling times
of traing = 100, 200 and 400 us were used, and the other
parameters were fixed at Vyse = 1500 V, Ve = 500V, tgyen =
400 ps, tiising = 0 us and f = 500 Hz.

To investigate the jet consistency, the experiments were
repeated three times for each falling time, as shown in
figure 17.

As shown in figure 17, the jet behavior effect of the falling
time differed significantly from those of the other voltage
parameters. In the previous section, it was found that the jet
start time is related to the total length of the pulse in the case
of fga1ing = O us, as in equation (5). However, the jet start time
might not correspond to the total length of time if the falling
time is not zero. From the experimental results, we observed
that the jet start time, fsa, Can be written as

(6

where the time delay due to the falling time, #4, is in the range of
20-50 us. As shown in equation (6), the jet start time is mainly
related to the rising time and dwell time, and less affected by

Tstart = Frising + fawent + 4
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the jet delay due to the falling time. The delay time #; was
relatively shorter than the falling time, #gjing.

We observed in the experimental results in figure 17 that
the jet duration could be increased by using a longer falling
time. For example, with a falling time of 400 us, the jet
duration was increased to 150 us. The jet duration could be
less than 50 us with zero falling time. In this way, the amount
of jet can be adjusted by changing the jet duration. However,
precise control of the jet duration could be difficult. In addition,
as shown in figure 17, the meniscus behaviors of each EHD jet
become less consistent if the falling time increases. This could
result in variation in the jet amount.

The long falling time results in an increase in the
equivalent dc voltage. However, even though the equivalent
dc voltage might increase by using a loner falling time, the
maximum meniscus heights were almost the same, regardless
of the length of falling times, as shown in figure 17.
This behavior is different from the effects of other pulse
parameters such as dwell time and rising time. The maximum
meniscus height was affected when these parameters changed
the equivalent dc voltage, as discussed in previous sections.

If long falling time is used, EHD jets could end prior
to the end of the pulse voltage. For example, with #gin, =
400 us, the total length of the pulse voltage was 800 us in
this experiment. However, the jet ended no later than 600 s,
as shown in figure 17. This behavior is different from when
a pulse voltage with zero falling time is used, where a stable
pulsating jet occurs when the pulse voltage is completed.

The range for pulse parameters for a stable jet might differ
according to the ink properties, nozzle diameter, stand-off
distance (between the head nozzle and the substrate) and the
fluid delivery systems. However, the effects of pulse shape on
the EHD jet discussed in this study can be referenced when the
optimal conditions for the EHD jet are found. These findings
are based on experimental observation, and further theoretical
studies might be needed to fully understand the jetting physics.

4. Drop-on-demand printing experiments

4.1. Bitmap printing

Various printing algorithms for conventional inkjet printing
systems have been developed in our laboratory. In this work,
our previous works are extended to EHD jet systems to print
bitmap images. During the printing, the jet behavior was
monitored using a CCD camera installed in the EHD jet
system. Software was developed for printing bitmap images
and computer-aided design (CAD) information at a desired
location on a substrate. For printing tests, x and y stages (SGSP,
SIGMA KOKI, JAPAN) were used, with maximum x and y
strokes of 20 mm and 85 mm, respectively. The positions of
the stages are controlled by computer serial communication.
A video is available online for details [14].

For drop-on-demand patterning EHD jets from each pulse
voltage should repeat the same behavior. Single voltage pulses
should produce single droplets, or jets equivalent to a single
droplet, and the start time of jetting with respect to the
pulse voltage should be consistent during the printing process.

10

EHD Bitmap printing

Figure 18. Drop-on-demand bitmap printing on a silicon substrate
(trising =0 MS, tfalling =0 S, Lawel = 300 us, Vpulse 1500 V’ Vdc =
500 V, inner diameter of nozzle = 50 um).

Figure 18 shows the printed results, which demonstrate that
a single trigger pulse can produce a consistent pulsating jet
(or equivalent single droplet). Model fluid for inkjet printing
(XL-30, Dimatix, USA) was used for printing on a silicon
substrate. Using a nozzle with an inner diameter of 50 pm, the
printed dot size on the silicon substrate was about 30-40 pm.
The size of a printed dot is related to the wettability of the
substrate and the droplet amount of the pulsating jet.

4.2. Conductive ink patterning

Nano silver ink (1J-060, Inktec, Korea) was used for printing
fine, uniform conductive lines on a glass slide. To achieve
conductive lines, the droplet intervals were adjusted by
changing the jet frequency with fixed printing speed. The
nozzle diameter should also be as small as possible to minimize
the width. A nozzle with an inner diameter of 15 ©m was used
for printing. With a smaller-diameter nozzle, the jet behavior
was difficult to observe with the CCD camera due to the optical
resolution of the camera system.

Since we used different ink and a different nozzle size,
the jet conditions could differ from when using standard ink.
Voltage amplitudes of Ve =550 V and V4. =350V are used.
The rising, dwell and falling times for the pulse were set to
trising = 100 us, tawen = 300 ws and fging = O ps, respectively.
Figure 19(a) shows the printing results, when the stage was
moved at 1 mm s~! with a jet frequency of 50 Hz, so that
droplets could be placed intervals of about 20 um. As shown
in figure 19(a), the droplet intervals were placed uniformly on
the glass substrate.

To form a conductive line on glass substrate, the drop
spacing is reduced to 10 um by increasing the jet frequency
to 100 Hz. As a result, the droplets merged to form a fine line,
and a fine conductive line with a width of 15 um could be
obtained, as shown in figure 19(b). The width of conductive
lines and the size of droplets could be further reduced if a
nozzle with smaller diameter is used.

Figure 19(c) demonstrates the drop-on-demand patterning
capability using the nano silver ink. The size of a droplet was
less than 15 pm, and the distance between the droplets was
set to about 30 um. Here, the size of the droplets may differ
slightly according to the jet frequency as discussed in the
previous section.
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Figure 19. Conductive ink printing on glass substrate. (a) Patterning
with drop spacing of 20 pum. (b) Printing of a conductive line (drop
interval of 10 um). (¢) Drop-on-demand printing of SCH.

5. Conclusions

We have presented a vision measurement technique for EHD
jets, and investigated how the jets are affected by the pulse
voltage shape. To obtain jetting images, a CCD camera
with LED strobe illumination was used. Using the sequential
images acquired with this system, the meniscus behavior was
analyzed with respect to time to understand the EHD jet
behavior. The main features of our vision measurement are as

11

follows: (1) the meniscus height and velocity are automatically
measured and analyzed to characterize the EHD jet behavior
with respect to time, and (2) the meniscus profile is extracted
from each sequential image, and the meniscus profiles can be
represented in a 3D graph to understand the entire EHD jet
formation process.

The effects of pulse voltage on EHD jets were investigated
using the measured jet behavior. In previous works, it was
believed that the product of the pulse voltage amplitude and
width determine the EHD jet behavior. However, in this study,
it was found that the EHD jet was also affected by the
pulse shape. The voltage shape effect on EHD jets can be
summarized as follows:

(1) The falling part of the pulsed voltage is important because
astable pulsating jet starts after this part is applied at either
the nozzle or the substrate. The amount (or duration)
of the jet can be adjusted slightly by the length of the
falling time. However, zero falling time is recommended
for drop-on-demand printing applications to produce a
consistent pulsating jet for each jet trigger signal.

(2) The rising part of the pulse voltage accounts for the initial
meniscus deformation. The use of rising time results in
a gradual increase in the meniscus height. However, the
use of a long rising time should be avoided, since the total
time for the pulse voltage can increase. The total time for
the pulse voltage should be minimized to increase the jet
frequency.

(3) If the dwell time, fgyen, iS too short, there will be no
jetting. However, if #4yep is too long, then there will be
inconsistent dripping of ink rather than stable pulsating
jets. There is a range of #4y, values for stable jets. Both
the rising and dwell parts of the pulse voltage have similar
effects, because they are related to the initial meniscus
deformation as well as the jet start time. However, the
use of tgwen rather than g, is effective, because the
time required for initial meniscus deformation can be
shortened. As a result, the maximum jet frequency can
be increased. However, if the jet frequency increases, the
equivalent dc voltage is affected. A high equivalent dc
voltage often results in irregular dripping and a higher
meniscus height prior to a jet.

To demonstrate drop consistency for drop-on-demand
printing, printing results were presented, from which it was
verified that consistent single pulsating jets were generated
for each trigger signal under various printing conditions.
The conclusions of pulse effects on jetting are based on our
experimental results using ink with low viscosity (less than
20 cP). Further studies might be needed for ink with viscosity
higher than 100 cP used for EHD printing.
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