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Abstract

This paper dealswith electrical characterization of the drop
formation of a continuous ink jet. Methods are presented
for investigations of the behavior of a nozzle system for
different stimulation frequencies and for measurement of
the width of the forbidden region for control voltage
switching during the formation of adrop. The nozzles used
in theinvestigations are glass nozzlesfrom Siemens-Elema
(Solna, Sweden). At 4.0 MPaink pressure, 9.5 um diameter
jets are emerging with avelocity of around 50 m/s. There-
sults show that the amount of stimulation introduced on the
jet varieswith the stimulation frequency due to mechanical
resonance frequencies of the nozzle assembly. The results
of the measurement of the forbidden region show that the
width of the region is strongly influenced by the formation
of satellite drops. The presented methodsareahelpin eval-
uating nozzle systems and in selecting suitable stimulation
frequencies to ensure stable drop formation and controlled
drop charging.

Introduction

In order to control the flight path of the dropsin anink jet
printer based on continuousjets, electrical charging and de-
flection of the drops are used. The charging of the dropsis
possible since the ink is conductive. A ground terminal is
in contact with the ink and a control electrode is placed
around the point of drop formation (PODF) (Figure 1).
When a voltage is applied to the electrode with respect to
the ink, the jet will be charged due to electrostatic influ-
ence. The amount of charge induced is determined by the
voltage, Vctl, connected to the charging electrode and the
value of the capacitance, C, formed between the jet and the
control electrode.

When the jet is cut off and adrop isformed the charge
onthetip of thejet will be captured in the drop. The amount
of charge transported by the drops will cause a charging
current, Ic, through the ground terminal .
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Figure 1. Electrical charging of a conducting continuous ink jet

The drop formation is stabilized by applying a me-
chanical vibration at around 1 MHz frequency to the jet,
e.g. by apiezo-electric crystal. The drops formed will then
be equal in size and the PODF will be well defined. When
more than one nozzleisused inanink jet printer it is desir-
able that the nozzles can be operated at the same drop for-
mation frequency. The nozzle assembly together with the
piezo-electric crystal make up a complex mechanical sys-
tem. A vibration with 1.0 MHz frequency will have awave-
length of about 5 mmin glassand in metal, given the speed
of sound of around 5000 m/s. Thisis considerably shorter
than the physical dimensions of the nozzle assembly. The
amount of stimulation applied to the jet will thusto agreat
extent depend on where the crystal isfit on the nozzle as-
sembly, the actual dimensions of the parts of the assembly,
the frequency behavior of the crystal and the frequency and
amplitude of the voltage applied to the crystal. The stimu-
lation introduced to the jet will in turn affect the stability in
the drop formation.® Thus, it is necessary to examine the
frequency behavior of a nozzle assembly to avoid frequen-
cies where the resonance freguencies of the nozzle system
counteract, resulting in weak stimulation.
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Intheink jet printer the flight path of each individual
drop is controlled. This can only be achieved if adrop can
be completely charged or discharged during the drop for-
mation period, 1 psfor 1 MHz drop formation frequency.
The charging of adrop can be modeled on the charging of
a capacitor through a resistor varying in time (Figure 2).
The capacitor isformed between the drop to be formed and
the charging electrode.
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Figure 2. Electrical model of the charging of the drops

The resistance is increasing in time during the drop
formation cycle due to the fact that the part connecting the
drop to be formed to therest of the jet gets thinner and thin-
ner until the drop is finally cut off. To achieve complete
electrical control of the dropsin an ink jet printer it is es-
sential that the switching of the control voltage occurs in
the beginning of the drop formation cycle.? If the control
voltage is switched too close to the drop cut-off, the resis-
tance is too high and the drop will not be completely
charged or discharged. The resulting semi-charged drop
will be partially deflected in the deflection field leading to
amisplaced spot on the recording paper. The region close
to drop cut-off where no switching must occur is called the
forbidden region.? The size of the region dependsto agreat
extent on the resitivity of theink and the way the filament
connecting the outmost drop to the continuous jet is de-
creasing in size during the drop formation.

The value of the resistor in the charging model is de-
termined by the total resistance from the ground connector
to the tip of the conducting continuous jet. Since all the
“necks’ of the jet decrease in size during the formation of
each drop, the resistance will increase periodicaly with
time.

The forbidden region should be as narrow as possible
in order to prevent small variations in the synchronization
between the switching of the control voltage and the drop
formation process from deteriorating the print quality.

In the following, electrical methods will be presented
for the measurement of the amount of stimulation intro-
duced on the jet and the width of the forbidden region.

Materialsand Methods

All the experiments are performed using a Siemens-Elema
nozzle with Siemens-Elema Storage Fluid as ink substitute
(Siemens-Elema, Solna, Sweden). The resistivity of the
Storage Fluid is 2 Qm. The nozzle is operated at 4.0 MPa
ink pressureresulting in ajet diameter of 9.5 pm with ave-
locity of 53 m/s unless otherwise stated.
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Charging Current Measurement

The charging current can be measured either by con-
necting an picoamperemeter (Keithley 485, Keithley In-
struments, inc., Cleveland, Ohio, USA) in the ground
terminal or by collecting the charged drops and discharging
them through the picoamperemeter to ground (Figure 3).
The measurements presented here are conducted using the
second aternative since it is then easier to isolate the drop
collector in order to reduce noise and influence from |eak-
age currentsin the measurements.

Figure 3. Charging current measurement. a) Through theink
ground terminal. b) Through discharging of the charged drop.

The size of the drop charge and thereby the size of the
charging current can be estimated by approximating the
charging tunnel and theink jet with acylindrical capacitor
and computing the resulting charge on the drop as the
charge on the capacitor, C, according to

q,=Vy [C 6h)
The charging current is then determined from

I =1, [ 2

wheref_, isthe frequency of charged drops, i.e., the num-
ber of drops charged per second. With a constant charging
voltage all drops will charged and f _, will be equal to f ;.

If the diameter of the undisturbed jet istaken asthe di-
ameter of the inner conductor, the capacitance between the
drop to be formed and the charging electrode can be deter-
mined from
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where D, is the diameter of the charging tunnel and D is
selected to the diameter of the undisturbed jet. The value of
| is set equal to the length of the jet forming one drop. With
D, =500 um, D, =9.5umand| = 5.3 - D, (assuming ajet
velocity of 53 m/s and a drop formation frequency of 1.0
MHz) the capacitance will be 0.71 fF. With a charging
voltage of 40V thedrop chargewill be 28 fAs. At 1.0 MHz
drop formation frequency, the charging current can be esti-
mated at 28 nA. Due to the influence from the charge on
the previously formed drops®# the drop charge and thereby
the charging current will theoretically be somewhat lower.
The value of 1 has been measured to 31 nA for a jet and
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charging tunnel of the above sizesindicating that the cylin-
drical capacitor model is a reasonable approximation.

M easurement of the Variation in Jet Stimulation with
Frequency

The distance, L, from nozzle to the PODF can be ex-
pressed as®

d
20,

0

L:VI__T:%H]( ) (4)

wherev isthejet velocity, T thetime to jet break-off, 3the
growth rate factor, d the jet diameter and 9, the stimulation
amplitude applied at the nozzle exit. Thus, by measuring
the distance to the PODF for different frequenciesit is pos-
sible to determine how the amount of stimulation varies
with the frequency.

The measurement can be accomplished electrically by
using the fact that the amount of charge induced on the
drops varies with the distance between the PODF and the
charging electrode if the PODF is located outside the
charging tunnel. Figure 4 shows the experimental set-up
used in the following measurements. The charging elec-
trode is made of a2 mm thick brass plate. A 0.5 mm hole
is drilled through the electrode forming a charging tunnel.
Thetip of the nozzle is positioned 2.0 mm from the charg-
ing electrode and the drops are aimed at the center of the
0.5 mm hole. The resulting charging current is then mea
sured for varying stimulation frequencieswhen V , is kept
constant.
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Figure 4. Experimental set-up for the measurement of the
distance to the PODF.

Measurement of the Width of the Forbidden Region
Figure 5 shows the principle of the measurement. Ris
the resistance (schematic) to the drop to be formed during
the drop formation period. A region measurement pulse
(RMP) is applied during each drop formation cycle. The
position of the leading edge of the pulse, T, is varied over
the drop formation cycle while the position of the trailing
edge is kept constant to directly after drop cut-off. The
forming drops will be charged during the on-time of the
pulse. The charging of adrop isequal to the charging of the
capacitor in the model (Figure 3). The capacitor is charged
through the varying resistance, and the voltage across the
capacitor V. will increase and reach the level V., when
thedropiscut off. If thedropisfully charged V ., isequal
to V. Vo is related to the drop charge according to
equations 1 and 2. Theresulting charging current isrecord-
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ed for the different positions of the leading edge of the
RMP.

If the resistance is low enough when the pulse is ap-
plied the drop will befully charged. During the drop forma-
tion cycle, the resistance will increase and at some point it
isnolonger possibleto fully charge the drop and the result-
ing charging current will decrease. Thisis an indication of
that the leading edge of the RMP has reached the forbidden
region.

The pulse output of the electronics is amplified by a
MOSFET driver IC (Maxim MAX628) generating ex-
tremely short rise and fall times of around 5 ns. To be able
to usethiscircuit, the charging voltage had to be reduced to
15V, thus lowering the maximum charging current. The
RMPisapplied to every second drop formed in order to re-
duce the influence from previously charged drops which
further reduces the maximum charging current.

The position in time within the drop formation cycle
will in the following be expressed as the phase within the
drop formation cycle. One drop formation cycleis equal to
360 degrees where 0 degrees is defined as the time when
the previous drop is cut off.

To be able to apply the RMP with the trailing edge po-
sitioned directly after drop cut-off, the phase of the drop
formation cycle with respect to the crystal signa voltage
has to be determined. This is accomplished by stepping a
22.5 degrees wide (on-time) phase measurement pulse
(PMP) over the drop formation period. The resulting PMP
charging current is recorded while the drop formation is
viewed in stroboscopic light using a video camera connect-
ed to amicroscope. The phase of the drop cut-off can be de-
termined from the resulting PMP charging current curve
and is found when the charging current reaches minimum.
The result is verified on the video monitor. Photographs
showing the drop formation in phase steps 0, 90, 180, (225)
and 270 degrees together with the PMP charging current
curves are incorporated in the result figures shown below.
The RMPis applied and the length of the pulseisvariedin
32 steps over the drop formation period while the resulting
charging current for each step isrecorded. Sincethe current
measured is only a few nanoamperes at maximum, five
consecutive readings from the picoamperemeter are aver-
aged per step to reduce influence from noise.

Results and Discussion

Variationsin Jet Stimulation with Frequency

Figure 6 shows the charging current calibration plot
when the distance from the nozzletip to the PODF was var-
ied by varying the stimulation amplitude. The frequency of
the stimulation was set to 1.0 MHz and the charging volt-
agewas40V.

From the curve it can be seen that the maximum charg-
ing current is close to 31 nA and is found when the PODF
has entered the charging tunnel.

Figure 7 showsthe behavior of anozzlewhen the stim-
ulation frequency is varied for two different jet velocities.
Theink pressures were 3.5 MPa (above) and 4.0 MPa (be-
low) generating jets at 48 m/s and 53 m/s. The theoretical
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Figure 5. Principle for the applying of the region measurement
pulse (RMP). The drop is charged during the on-time of the pulse.
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Figure 6. Charging current vs. the distance to the PODF for a
9.5 um jet traveling at a velocity of 53 mys. The stimulation
frequency was set at 1.0 MHz and the charging voltage was 40
V.

maximum drop formation frequencies are 1.61 MHz and
1.79 MHz, respectively.

The observed fluctuationsin the distance to the PODF
follow a similar pattern for the two velocities. This indi-
cates that the amount of stimulation introduced onthejet is
dependent on the resonance frequencies of the nozzle sys-
tem. It can also be seeninthe curvesthat there are somefre-
guencies between 1.4 and 1.5 MHz where the stimulation
is very weak. In order to assure stable drop formation the
frequency of stimulation should be selected to a value
where the distance to the PODF is short, i.e., where the
charging current is low.
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Figure 7. Charging current measured at two jet velocities when
the stimulation frequency was varid between 0.9 - 1.8 MHz.

Width of the Forbidden Region

Figure 8 and Figure 9 show the PMP and RMP curves
obtained for the stimulation frequencies 0.97 MHz and
1.04 MHz, respectively. The results clearly demonstrate
the influence from the satellite drops on the measurements.
The two drop frequencies used in the figures are both close
to 1 MHz. Inthe photographs of the drop formation for 0.97
MHz (Figure 8) it can be seen that the satellite drops are not
cut off from the main drop until the main drop has been cut
off from the continuous part of the jet. The main drop and
the satellite are charged simultaneously. The RMP diagram
shows that the drops are fully charged over approximately
180 degrees of the drop formation cycle. (The decrease in
charging current close to O degreesis probably due to drift
in the measurement). Thus, the width of the forbidden re-
gioninthis caseis 180 degrees.

For the drop formation frequency of 1.04 MHz (Figure
9), the satellite drop is cut off before the main drop. The
main drop and the satellite drop can then be charged indi-
vidually leading to the shape of the PMP curve. The RMP
curveis distorted at around 200 degrees and it can be seen
in the photographs that this is the position of the satellite
cut-off. For RMP applied at phase values up to 200 degrees
the charge is transported by both the satellite drop and the
main drop. When the RMP is applied after satellite cut-off,
only the main drop is charged. Since the satellite drop will
merge backward it isimportant that both the main drop and
the satellite drop are fully charged or discharged to achieve
acorrect drop flight. Thisisfulfilled for phase valuesup to
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Figure 8. Results from the measurement of the width of the for-
bidden region for a drop formation frequency of 0.97 MHz. The
satellite cut-off occurs after the main drop cut-off. The drop for-
mation is shown above for a) 0, b) 90, c) 180 and d) 270 degrees
phase with respect to the main drop cut-off.

about 90 degrees and the width of the forbidden region is
thus 270 degrees in this case.

The presented methods clearly offer a simple way of
evaluating nozzle systems during development and for
characterizing the drop formation in order to find the op-
erating conditionsfor stable drop formation and controlled
drop charging.
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