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Fundamental Investigation on Electrostatic Ink Jet Phenomena in
Pin-to-Plate Discharge System
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A fundamental investigation was conducted on electrostatic ink jet phenomena. High voltage was applied between an insulative
capillary tube filled with ion conductive water and a metal plate electrode. A large water drop was formed and dropped from the tube
at the dark discharge under conditions of appropriate voltage application and water level. The diameter of the drop was about one
millimeter. At the beginning of corona discharge, however, a Taylor cone of water was formed at the tip of the tube and the tip of the
cone was broken to form a very small droplet that was dispersed like mist at wide angle due to the Coulomb repulsive force of charged
mist. When the applied voltage was further increased, water droplet was formed periodically. Application of adjusted pulse voltage can
form a droplet of which formation is synchronized with the pulse. The diameter of the droplet depended on the applied voltage and the
tube diameter. It was less than a Rayleigh’s limit and agreed fairly well with a Vonnegut’s limit. Preliminary printing on a paper was
also demonstrated. This phenomenon is expected to be utilized for a new ink jet print head.
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Electrospraying and its application have been inves-
tigated by many investigators since the first work by
Rayleigh14 on the stability of a charged liquid drop. He
deduced that there is a limit to the charge that can be
sustained by the drop, above which it becomes unstable
and disrupts. This limit is known as the Rayleigh limit.
Although a number of workers have investigated the
effect of an electrostatic field at a liquid surface since
then, works of Vonnegut and Neubauer15 in 1952 and
Taylor16 in 1964 are especially interesting and impor-
tant. Vonnegut and Neubauer established the relation-
ship between the charge-to-volume ratio of a droplet
applying the energy minimization principle. This
Vonnegut limit is equal to half the Rayleigh limit. Tay-
lor showed both theoretically and experimentally that
an electrostatically stressed liquid surface can be dis-
torted into a stable conical shape called a Taylor cone,
of which the semi-vertex angle is 49.3˚.

In any published study, however, nothing appears to
have been reported on the relationship between the
electrospraying phenomena and the mode of gas dis-
charge, in spite of the fact that kinetics of dark discharge
are quite different to those of corona discharge in a pin-
to-plate gas discharge system. That is, at low applied
voltage, less than corona onset, a Coulomb attractive
force is applied to the pin electrode. However, when the
corona discharge takes place at a voltage higher than
the threshold, substantial ionic wind flows from the pin
electrode to the plate electrode. This causes a repulsive
force to the pin electrode.

Although many studies have also been published on
electrostatic ink jet and some interesting technologies
have been introduced, they have been performed mainly
for industrial application,10,11 and the basic research is
not enough, especially concerning the relationship be-

Introduction
Electrostatics of a pin-to-plate gas discharge system
have been widely investigated mainly in the field of the
high voltage engineering. In addition to the electrical
aspects, the authors have been studying kinetics of the
system,1–4 because it is an important basis for some is-
sues in electrophotography, such as dynamics of a pin
charger,2 a cleanerless brush charger, and a “bead carry-
out” phenomenon with a magnetic brush development
subsystem.5–7 Another interest is an ink jet system. It is
well known that an electrostatic ink jet phenomenon is
observed8–12 when a tube filled with ink is used for the
pin electrode. Although drop-on-demand (DOD) ink jet
printing is currently dominated by thermal and piezo-
electric technologies, another new DOD print head tech-
nology is expected to be realized, if the formation of ink
droplets can be controlled by the application of the elec-
trostatic field to the liquid. It is expected to be applied
not only for ink jet printing systems but also for bio-
logical and analytical chemistry,13 electrospray, and for
film formation for microelectronic devices.
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tween the ink jet phenomenon and the mode of gas dis-
charge. The purpose of our investigation is to clarify
how the formation of the droplet in the electrostatic and
corona discharge field is influenced by the mode of dis-
charge, by use of kinetics in the pin-to-plate gas dis-
charge field.

Experimental
An experimental set-up illustrated in Fig. 1 was con-
structed to investigate characteristics of the formation
of water droplets in the electrostatic field. The capil-
lary tube made of silica coated by polyimide (Polymicro
Technologies, Phoenix, AZ) was equipped with a bottom
of a syringe. Two kinds of tube were used for experi-
ments; one had 50 µm inner and 170 µm outer diam-
eters and another had 100 µm inner and 170 µm outer
diameters. Although the preceding researches were con-
ducted with a metal tube,10–13 we used an insulating tube
for simplification of the phenomenon, insofar as the elec-
trostatic force acted only on water. Ion conductive wa-
ter was poured into the syringe and injected into the
insulating tube. This tube with water was mounted per-
pendicular to a plate electrode made of stainless steel.
DC voltage was applied by a DC power supply
(Matsusada Precision Inc, Tokyo, HVR-10P) and pulse
voltage was generated with a function generator
(Iwatsu, Tokyo, SG-4105) and a high voltage amplifier
(Matsusada Precision Inc, HEOP-10B2). The voltage was
measured by a digital oscilloscope and the current was
measured by the voltage drop across a current-shunt
resistor. The formation of the droplet was observed with
a CCD microscope camera (Keyence, Tokyo, VH-7000).
A high-speed microscope camera (Redlake MASD, San
Diego, CA, Motion-Meter 1140-0003) was also used with
a stroboscope light (Sugawara Laboratories Inc.,
Kawasaki, Japan, NP-1A) to observe transient forma-
tion and separation of droplets. The gap was adjusted
by a z-stage and the plate electrode was moved in x and
y directions with two linear stages to demonstrate ink
jet printing on a paper.

Another modified set-up, shown in Fig. 2, was con-
structed to measure the charge on an individual drop-

let. A small hole, 5 mm in diameter, was opened at the
center of the plate electrode and another plate electrode
was set at the back of the plate parallel to it. In this
configuration, corona current flowed solely to the upper
plate but the charge of droplet was transferred to the
lower plate. Therefore, the charge on the droplet was
separated from the corona current, and was measured
by integrating the current flowing to the lower plate.
We confirmed that no corona current flowed to the lower
plate electrode with a metal pin electrode.

Fundamental Characteristics
In the first place, the current-voltage characteristics of
the water pin electrode were measured and compared
with those of the metal pin electrode of the same diam-
eter as the inner diameter of the insulating tube. The
results are shown in Fig. 3. In case of the water pin

Figure 1.  Experimental set-up. (1: water pin electrode, insulative
capillary tube filled with ion-conductive water, 2: metal plate elec-
trode, 3: syringe, 4: CCD camera, 5: DC high voltage power sup-
ply, 6: high voltage amplifier, 7: shunt resistor, 400 kΩ, 8: resistor:
400 kΩ, 9: function generator, 10: oscilloscope, 11: volt meter, 12:
linear motors, x and y directions, 13: mechanical z-stage, 14: stro-
boscope light).

Figure 2.  Experimental set-up. (15: metal plate electrode with
hole).

Figure 3.  V-I curves in pin-to-plate electrode system. (100 µm
inner tube diameter, 100 µm metal pin diameter, 3 mm air gap).
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electrode, although a pulse current was superposed on
the corona current, corresponding to the separation of
the droplet, as described below, a stable corona current
was measured and plotted in the figure. Corona current
of the water electrode agreed well with that of the metal
pin electrode and fundamental characteristics of the dis-
charge were common. That is, no current flowed in the
dark discharge regime, however, when the applied volt-
age reached a threshold (about 2 kV), corona discharge
took place, and the corona current in the order of microA
flowed.

As added in Fig. 3 the formation of the droplet was
classified into the following three modes corresponding
to the discharge modes.9

MODE 1: In the dark discharge regime, 0 ~ 2 kV, a
drop was formed at the tip of the tube. This became
gradually larger and finally separated. The diameter
of the drop was several times larger than that of the
tube diameter and the drop period was long, more than
a second.

MODE 2: At the beginning of the corona discharge, 2 ~
4 kV, a Taylor cone was formed at the end of the tube
and the tip of the cone periodically separated from the
cone to form a very small droplet of the order of several
tens of microns in diameter. Droplets dispersed over a
wide angle, like a mist.12 Trajectory of the droplet was

unstable and the frequency of the droplet formation was
very high, in the order of kHz.

MODE 3: At still higher voltage, the Taylor cone changed
to hemispherical and the droplet became relatively
large, nearly the same as the tube diameter. The fre-
quency of the droplet formation was 10 ~ 100 Hz.

Figures 4 and 5 show how these three modes were
determined by the applied voltage, the air gap, and the
inner tube diameter. The voltage range of MODE 2 be-
came wide when the air gap was large.

At the Dark Discharge Regime
Critical Voltage and Water Level of
Drop Separation
Figure 6 shows the critical applied voltage and the criti-
cal water level, the length between top level of water in
the syringe and the lower end of the tube (refer to Fig.
1), when the drop just separated from the tube in the
dark discharge regime (MODE 1). It is evident that the
drop was formed under conditions of high pressure and
high electrostatic field.

Critical Diameter of Drop
Figures 7, 8, and 9 show how the drop diameter at the
separation of the drop from the tube was determined by
the applied voltage, the air gap, and the water level,
respectively. The critical diameter was small under con-

Figure 4.  Relationship between applied voltage and air gap ver-
sus mode of drop formation (1). (100 µm inner tube diameter).

Figure 7.  Applied voltage versus critical diameter of drop in
dark discharge regime. (3 mm air gap, 90 mm water level, 100
µm inner tube diameter).

Figure 6.  Critical water level and voltage of water dropping
in dark discharge regime. (3 mm air gap, 100 µm inner tube
diameter).

Figure 5.  Relationship between applied voltage and air gap ver-
sus mode of drop formation (2). (75 µm inner tube diameter).
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ditions of high voltage and small gap. This means that
the electrostatic force applied to the drop forced the drop
to separate from the tip of the tube before it grew to full
size.

Balance of Forces Applied to Drop
In the dark discharge regime, forces applied to the drop
at the tip of the tube are the electrostatic Coulomb force
Fe, force due to surface tension Fs, force due to water
pressure Fp, and weight of the drop mg. It is assumed
that the critical diameter was determined as a static
balance of these forces. Hoop tension due to charge on
the drop was neglected, because no measurable charge
existed in the drop formed in the dark discharge regime.
Thus,

    
F F F mg r r gh r ge s p o i d= − − = − −2

4
3

2 3π γ π ρ π ρ ,   (1)

where ro is the outer radius of the tube, 75 µm, γ is sur-
face tension of water measured by the ring method, 63
N/m, ri is the inner radius of the tube, 50 µm, ρ is the
density of water, h is the water level, and g designates
the gravitational constant. To confirm this hypothesis
the electrostatic force, Fe, was derived by substitution
of the measured critical conditions into Eq. (1), and, it
was compared to the force separately measured with the
metal pin electrode. Experimental methods to measure
the force applied to the meal electrode have been re-
ported in Ref. 1. Here, the diameter of the metal pin
electrode, 1.2 mm, was adjusted to be approximately the
same as that of the drop. It is clearly recognized from
the result shown in Fig. 10 that the force derived from
the critical drop agreed well with that of the metal pin
electrode, and they were proportional to the square of
the applied voltage. From this experimental evidence it
is simply concluded that the critical diameter was de-
termined as a static balance of the Coulomb force, the
surface tension, the water pressure, and gravity. How-
ever, the diameter was too large and a period of the drop
formation too long for ink jet application.

At the Beginning of Corona Discharge
Mechanism of Mist Formation
At the beginning of the corona discharge, a Taylor cone
was formed at the end of the tube, and the tip of the
Taylor cone separated periodically from the cone to form
a very small droplet (MODE 2). Droplets dispersed like

Figure 8.  Air gap versus critical drop diameter in dark discharge
regime. (90 mm water level, 100 µm inner tube diameter, 1.6 kV
applied voltage).

Figure 9.  Water level versus critical diameter of drop in dark
discharge regime. (3 mm air gap, 100 µm inner tube diameter,
1.6 kV applied voltage).

Figure 10.  Electrostatic Coulomb force applied to water drop
and metal electrode in dark discharge regime. Solid lines are least-
square fitted quadratic curves of the metal electrode. (1.2 mm
metal pin diameter, 100 µm inner tube diameter in case of water
electrode).

Figure 11.  Traces of mist at the beginning of corona discharge.
(3 mm air gap, 70 mm water level, 100 µm inner tube diameter,
48 mm/s linear motor speed).
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mist over a wide angle, depending on the applied volt-
age. Figure 11 shows traces of ink mist on a paper. Here,
the paper was set on the plate electrode and the plate
electrode with paper was linearly driven in y-direction
at constant speed to visualize the mist dispersion. It is
clearly seen that droplets dispersed widely, even at rela-
tively high applied voltage.

Transient phenomena during droplet formation were
observed by the stroboscope light and the high speed
camera in order to investigate the mechanism of mist
formation. Figure 12 shows photographs on the forma-
tion of the Taylor cone and droplets at the very begin-
ning of the corona discharge. The Taylor cone was formed
as a balance between the surface tension and the elec-
trostatic force, because the electrostatic field was con-
centrated at the tip of the water electrode under these
conditions. It is assumed that dispersion of the force
balance causes the separation of the droplet at the tip
of the Taylor cone. It was confirmed that a pulse cur-
rent was superimposed on the corona current corre-
sponding to the separation of the droplet as shown in
Fig. 13, because the frequency of the pulse current was
coincided with that of the droplet separation.

If the applied voltage was slightly increased, the shape
of Taylor cone became unstable, and the droplet did not
drop right under the tube but dispersed as shown in
Fig. 14. A Coulomb repulsive force seems to cause this
instability, and charged droplets of common polarity
spread along the electrostatic flux line. Because ionic
wind is very week in this regime, no substantial bun-
dling force was applied to the mist. A separate experi-
ment and numerical calculation indicated that the speed
of the ionic wind at the center of the gap was essen-

Figure 12.  Formation of Taylor cone and mist at the very begin-
ning of corona discharge. (3 mm air gap, 70 mm water level, 100
µm tube diameter, 2.5 kV applied voltage).

Figure 13.  Current corresponding to formation of Taylor cone
and mist at the very beginning of corona discharge. (3 mm air gap,
70 mm water level, 100 µm diameter, 2.5 kV applied voltage).

Figure 14.  Formation of Taylor cone and droplet at the begin-
ning of corona discharge. (3 mm air gap, 70 mm water level, 100
µm inner tube diameter, 2.6 kV applied voltage).

Figure 15.  Current corresponding to formation of Taylor cone and
mist at the beginning of corona discharge. (3 mm air gap, 70 mm
water level, 100 µm inner tube diameter, 2.6 kV applied voltage).

tially zero m/s under these conditions.17 Fluctuation of
current due to the streamer corona is another possible
reason for this instability, but details are not clear so
far. The pulse current was increased corresponding to
the increase of the applied voltage, but the pulse fre-
quency, i.e., the frequency of the droplet formation, was
almost the same as at the very beginning of the corona
discharge, as shown in Fig. 15.

If the applied voltage was further increased, both the
diameter of the droplet and the frequency varied as
shown in Fig. 16 and 17. Taylor cone formation was sup-
pressed probably because the reaction force of the ionic
wind became large, and the concentration of the elec-
tric field at the tip was accordingly relaxed.1 This is a
transition from MODE 2 to MODE 3. It was confirmed
that a relatively large droplet caused the large pulse
current, and the pulse current corresponding to the
small droplets was small.

Diameter and Charge of Droplet
Figure 18 shows the diameter of the droplet as a func-
tion of the applied voltage and the air gap. It was much
smaller than that of MODE 1, because only the tip of
Taylor cone formed a droplet at MODE 2. The diameter
became large at high voltage. There are two possible
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reasons of this characteristic: one is that the reaction
force of the ionic wind prevented the separation of the
droplet from the tip of the Taylor cone, and another is
relaxation of the electric field, which made the tip of
the Taylor cone relatively round. Further investigation
is necessary on the mechanism of the droplet formation
in the MODE 2 regime, for it is anticipated that MODE
2 may be utilized for a micromist spray and formation
of the small droplets.

As qualitatively discussed in the previous section, we
assume that the break of the force balance between Cou-
lomb repulsive force and surface tension causes the sepa-
ration of the droplet at the tip of the Taylor cone. This
condition is determined by the following Rayleigh
limit.14,18

    Q R= 8 0
3π ε γ (2)

where Q is charge of droplet, ε0 is the permittivity of
free space and R is the radius of the droplet. Another
model was established by Vonnegut and Neubauer based
on the energy minimization principle.15 The Vonnegut
charge is half the Rayleigh limit. Figure 19 shows
Rayleigh’s and Vonnegut’s limits and the measured re-
lationship between droplet diameter and charge. Mea-
sured results were lower than Rayleigh’s limit but
agreed fairly well with Vonnegut’s limit.

At Stable Corona Discharge
At higher voltage, more than 4 kV, Taylor cone forma-
tion was suppressed and relatively large droplets were
formed as shown in Fig. 20. This is probably because

Figure 17.  Current corresponding to formation of Taylor cone
and mist at the middle stage of corona discharge. (3 mm air gap,
70 mm water level, 100 µm inner tube diameter, 2.9 kV applied
voltage).

Figure 18.  Diameter of droplet at the beginning of corona dis-
charge. (70 mm water level, 100 µm inner tube diameter).

Figure 19.  Relationship between the critical droplet diameter
and charge. (3 mm air gap, 70 mm water level, 100 µm inner
tube diameter).

Figure 20.  Photograph of droplet formation under conditions of
the stable corona discharge. (3 mm air gap, 70 mm water level,
100 µm inner tube diameter, 4.5 kV applied voltage).

Figure 16.  Formation of Taylor cone and droplet at the middle
stage of corona discharge. (3 mm air gap, 70 mm water level, 100
µm inner tube diameter, 2.9 kV applied voltage).
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the reaction force of the ionic wind became large, and
the concentration of the electric field was relaxed as
discussed in the preceding section. A periodic spike cur-
rent was observed as shown in Fig. 21, corresponding
to periodic formation of droplets. It is assumed that con-
vection of the charged droplet is the cause of the spike
current. This is confirmed by a synchronized measure-
ment of current and high speed photography of droplet
formation. The result is shown in Fig. 22. It was ob-
served that the current increased slightly due to the
growth of the droplet, thus shortening the gap, and then
suddenly decreased just when the drop separated from
the tube. Because a substantially strong ionic wind was
generated in this regime, of the order of several m/s,17

and it streamed to downward from the tip, the charged
droplet was neither broken nor deflected, and the single
droplet reached the center of the plate electrode in each
cycle. This assumption is supported qualitatively by the
experimental fact that water level is depressed on the
order of several mm under these conditions, if the plate
electrode is replaced with water.3

Relationship between applied voltage and frequency
of the current pulse is shown in Fig. 23. It seems para-
doxical that the droplet formation was less frequent at

higher voltage. The reason is probably that the repul-
sive force of the ionic wind acting on the droplet at the
tube tip was high at high voltage, but, on the other hand,
the attractive force is constant even at high voltage,
because the electrostatic field at the tip is maintained
constant during corona discharging.1

This hypothesis is supported by the experimental re-
sults on droplet size. Measured droplet diameter is
shown in Fig. 24. Not only the applied voltage but also
the air gap was selected as parameters. First of all, it is
evident that the higher the voltage the larger the drop-
let. Because the repulsive force due to the ionic wind
acting on the droplet prevented separation of the drop-
let from the tip of the tube, the droplet grew large be-
fore separation at high voltage. Figure 24 indicates that
the droplet volume did not depend on the gap. This evi-

Figure 21.  Pulse current corresponding to spraying of water in
the stable regime of corona discharge. (3 mm air gap, 70 mm
water level, 100 µm inner tube diameter, 4.5 kV applied voltage).

Figure 22.  Photographs of dropping of water droplet and corre-
sponding discharge current just at the separation of water drop-
let. (5 mm air gap, 90 mm water level, 100 µm inner tube diameter,
7 kV applied voltage).

Figure 23.  Frequency of current pulse corresponding to water
spraying in the stable regime of corona discharge. (3 mm air gap,
90 mm water level, 100 µm inner tube diameter).

Figure 24.  Applied voltage versus droplet diameter in MODE 2
regime. (70 mm water level, 100 µm inner tube diameter, param-
eter: air gap).
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dence also supports our hypothesis, because the repul-
sive force rarely depends on the gap.1

Demonstration of Ink Jet Printing
For the ink jet printing application, a pulse voltage

was applied to control formation of a single droplet. Fig-
ure 25 shows traces of mist by application of voltage
pulses in the MODE 2 regime. Although droplets dis-
persed at wide angle with long pulse width, it is pos-
sible to control formation of a single droplet by short
pulse width voltage application. Printing on paper was
demonstrated utilizing this characteristic. A print
sample is shown in Fig. 26 (b), application of pulsed
voltage, 1.5 kV and 10 ms pulse width, to the pin elec-
trode while a sheet of paper on the plate electrode was
linearly driven stepwise in x and y directions by the two
linear motors synchronized with the pulse. The speed
of motion was 100 ms/step. Ink used for the demonstra-
tion was commercially available pigmented black ink
for Epson ink jet printers, the paper was not for ink jet
printers but for laser printers. Although the present im-
age was preliminary, it is expected to be the basis of a
new ink jet system.

We also tried to control droplet formation in the MODE
3 regime for ink jet printing. The pulse width with which
the single droplet was formed in one pulse was mea-
sured at a fixed frequency. The result is shown in Fig.
27. Critical pulse width depended on the pulse voltage
but the frequency was nearly irrelevant. This charac-
teristic was also utilized for the printing as demon-
strated and shown in Fig. 26(c). Because the diameter
of the droplet in this regime was larger than that at the
MODE 2 regime, resolution was poor compared to that
of MODE 2. The tube diameter must be smaller to real-
ize higher resolution.

Conclusions
We have investigated electrostatic ink jet phenomena
in the gas discharge field between an insulative tube
filled with ion conductive water and a plate electrode.
Principal results of the investigation are as follows.
1. In the dark discharge regime, a relatively large drop

is formed at the end of the tube. The diameter of the
drop was several times larger than that of the tube
diameter and the drop period was long. A critical
diameter was determined as a balance of Coulomb
force, surface tension, water pressure, and gravity.

2. At the beginning of corona discharge, a Taylor cone
of water was formed at the tip of the tube and the tip
of the cone broken off to form very small droplets that
dispersed like mist over a wide angle due to the
Coulomb repulsive force of the charged mist. Droplet
diameter was in the order of several tens of microns,
and the frequency of droplet formation was very high,
on the order of kHz.

3. At the stable stage of corona discharge, the Taylor
cone changed to hemispherical and the droplet
became relatively large, of the same order of the tube
diameter. The frequency of the droplet formation was
10 – 100 Hz.

4. In any case, the diameter of the droplet depended on
applied voltage and tube diameter. It was less than
the Rayleigh limit but agreed fairly well with the
Vonnegut limit.

5. Application of an adjusted voltage pulse can lead to
droplet formation synchronized with the pulse.
Printing on paper was demonstrated utilizing this
characteristic.    
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