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Abstract

We describetheflight stability of dropletsin an electrostat-
ic ink-jet printer. The droplets are charged and fly near to
other particles, and they therefore interact with the other
particles and deviate from their expected trgjectories.
These interactions are a mgjor cause of droplet-placement
errors in high-speed printing. To understand the cause of
such errors, we observed flying droplets, measured the
chargesin each droplet, and modeled the flight dynamicsin
asimple system. We discuss the causes of placement errors
based on observations, measurements, and numerical anal-
ysis, including an analysis of the effects of electrostatic re-
pulsion and the interactions resulting from aerodynamic
forces. A method of reducing droplet-placement error is
also discussed, and its effectiveness is confirmed.

Introduction

Electrostatic ink-jet printers (1JPs)can print on many kinds
of mediafrom along distance (working distance). Because
of this feature, they are used in industrial marking equip-
ment such as that used to print the production date on cans
of soft drinks, and so on. In recent years, there has been a
demand fore higher printing speed and better print quality
to reduce manufacturing costs.

Electrostatic | JPs generate droplets by vibrating an ink
stream that is shot continuously from anozzle, as shownin
Figure 1. Voltage is applied via a charge electrode, and in-
dividual droplets are charged depending on the data being
printed. The charged droplets are subjected to a deflection
force, applied by causing them to fly between two deflec-
tion electrodes on the way to the target. On the other hand,
non-printing droplets are not deflected; they fly straight,
and are caught by a gutter and reused.
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Figure 1. Schematic view of 1JP
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Because the droplets are charged, they are subject to
several forces during fright, as shown in Figure 2. At the
moment of charging, charge errors occurs and the charge of
a droplet becomes smaller than the expected value due to
theinfluence of the preceding droplet. Further more, during
flight, droplets are affected by various aerodynamic forces
(which depend on the interactions between droplets), and
by electrostatic forces due to the other droplets. These
forces are complexly mixed and combine to cause dropl et-
placement errors. Countermeasures against droplet-
placement errors are difficult because there are a variety of
interactions that change according to the arrangement of
droplets. Formerly, we reduced droplet-placement errors
by interspersing them with dummy droplets to reduce their
interactions.! However, in high-speed printing, we can not
afford to produce such dummy droplets, because we need
to use every droplet. Droplet-placement errors occur as
shown in Figure 3 when dummy droplets aren’t used.

It is extremely effective to consider the relationship
between the arrangement of the flying droplets and print
quality in an integrated model. However, most previousin-
vestigations focused mainly on localized phenomena such
as the mechanism of droplet formation.2=> This being the
case, countermeasures against droplet-placement error de-
pended on coefficients of compensation that were obtained
experimentally,’ so such countermeasures never became
common for use in high speed bar-code printing and with
new characters and patterns.
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Figure 2. Effects of interaction of electrostatic repulsion and
aerodynamic forces
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Figure 3. Drop placement error

In this study, to solve these problems, we observed fly-
ing dropl ets, measured the charge in each, and modeled the
flight dynamicsin asimple simulation system. By carrying
out experiments and analysisin support each other, we will
elucidate the cause of droplet-placement errors.

Observation of Flying Droplets

Observation Apparatus

To understand the cause of droplet-placement errors,
we constructed an ink-jet observation apparatus (Figure 4)
and observed the arrangement of flying droplets. In thisap-
paratus, a stroboscope is flashed at the time voltage is ap-
plied to the charge electrode, in order to observe droplet
placement during each line of printing. We can obtain sev-
era pieces of information (such asthe velocity of the drop-
lets) by computation from the data obtained in these
observations.

Figure 4. Schematic view of ink-jet observation apparatus

Relationship Between Flight For mations and Droplet-
Placement Errors

Droplet placement during vertical-line printing is
shown in Figure 5, as observed using the observation appa-
ratus. In this picture, the deflection electrodes are horizon-
tal and parallel and the droplets are flying toward the right.
The first droplet catches up with the second droplet and
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they merge. The last droplet flies slower than any other
droplets. Also observed was the curved (non-linear) drop-
let-flight formation.

The reason for the curved printed lines (Figure 3) is
thought to be the velocity differences between dropletsin
the sameline.

We calculated the distribution of velocities from the
stroboscopic observation, and prediction the printed-line
shape using this distribution. We then confirmed that this
shape was the same as that produced by the actual droplet-
placement errors, as shown in Figure 3. We will now dis-
cuss the reasons for this distribution of velocities, focusing
on the case shown in Figure 5. (The |JP specifications are
shownin Table 1.)

Table 1. 1 JP specifications

Diameter of nozzle dj 65 um
Frequency f 68 kHz
Initial velocity of droplet vO | 20.2 m/s
Deflecting electric field E 0.9 kV/mm

Upper Deflection Electrode
—
Flight Direction
Last Droplet

Figure 5. Drop placement during printing of vertical lines (video
observation)

M easurement of Charges

Charge-M easuring Apparatus

It isimportant to recognize the influence of charge er-
ror, which results from interactions with the previous drop-
let during the charging period, because it directly
influences printing quality. To study the droplet-placement
error which depends on charge error, we built a small
charge-measuring apparatus and measured the charge in
each droplet. In this device, each charged droplet is caught
on an earthed catch plate, and then the current is measured
and the charge calculated. This equipment is capable of
measuring the charge in each droplet due to the use of an
operational amplifier with high impedance and low input-
bias to amplify the current. Calibration of output voltage
with input current is carried out by connecting the droplet
catch-plate with capacitor with a known capacitance.
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Figure 6. Relationship between charge-error ratio and drop
placement

M easurement of Charge Error

To estimate the charge error, charge in droplet is mea-
sured in the case of a 2-drop fly. In this experiment, the
inter-droplet distance dx is varied. Measured data are
shown in Figure 6. In thisfigure, droplet distance xd is ex-
pressed as amultiple of nozzle diameter dj, and the charge-
error ratio isdefined asratio of charge of first droplet to the
difference of the charge of the second droplet from its ex-
pected value. The graph shows that charge error getsworse
with reduced droplet spacing, which makes it easy to un-
derstand why droplet-placement error becomes worse in
high-speed printing in which we can not use any dummy
droplets. Charge error can be controlled by applying mod-
ified voltages to the charge electrode. The appropriate
modified voltages can be obtained based on the voltage ap-
plied to the preceding droplet.

Numerical Analysis of Flight
Dynamics of Droplets

Analysis

We will now discuss a numerical analysis of droplet
flight dynamicsto giveinsight into the mechanism of drop-
let-placement error and to study effective methods of re-
ducing it. The flow of our analysisis shown in Figure 7.
First, the charge on each droplet is calculated in consider-
ation of theink spray velocity, the diameter of the droplets,
and charge errors due to printing conditions. Next, the ac-
celeration affecting the droplet at each instant of time is
calculated, and integrated over all the flight paths to obtain
the instantaneous flight trajectory. The method of estima-
tion used for each item will be discussed next.

1. Droplet Diameter

We can obtain the rel ationship between the diameter d
of the nozzle and the diameter d of the droplets asfollows,®
since the mass of theink is conserved:

d=A,d ((3/2(A/d)*e. )

Here, A is the distance between droplets, A, is a cor-
rection coefficient. From the observation of flying droplets
under the conditions shown in Table 1, we obtained A, =
0.931.
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Figure 7. Flow of analysis

2. Droplet Charge

The charge q in a droplet at the charge electrodes is
given by equation (2) by approximating the 2 panels of
charge electrodes with infinite planes and the droplets with
asolid system.®

q=2mA, £, A V_/ In (4d, /td) @)

Here, €, is the permittivity of a vacuum, V is the
charging voltage, d, isthe distance between the two charge
electrodes, and A, is a correction coefficient. From the
measurement of charge g, we obtained A, = 1.054.

3. Deflection Force

Droplets are charged at the charge electrodes and un-
dergo deflection force F, during their flight through the
electric field between the deflection electrodes.

F=qE ©)

Where, E is the straight of the electric field between
the deflection electrodes.

4. Coulomb Force

Charged droplets are used for IJP and are subject to
Coulomb force F_ due to the preceding and succeeding
droplets.

Fo=thGp/ (4T &1 4
Here, r isthe distance between successive droplets.

5. Aerodynamic Forces

Droplets fly through air and are therefore affected by
aerodynamic forces. Aerodynamic force F, can be defined
as follows, under the approximation of droplet shape as
perfect spheres of diameter d.”

F,=Cd (U2)pv2T/ 4 d? (5)
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Where, Cd isthe coefficient of drag, and p is the den-
sity of air. When the Reynolds number of theair islessthan
1, the equation of Oseen is applicable, but when the Rey-
nolds number isover 200, asisusualy the casein | JP, there
is no theoretica relationship between it and Cd. In this
study, for simplicity and useful analysis (discussed later),
wewill neglect higher vel ocities, and use Oseen’ sequation:

Cd=A,((B,/Red+B,), (6)

where, Red = v d/ v and v is kinematic viscosity, and B,
and B, depend on Red asfollows: whenRed < 1thenB, =
24, and B, = 4.5 (equal to Oseen’ s equation); when 1 < Red
< 2thenB, =27and B, = 1.5; and when 2 < Red < 200
then B,=60 and B= 0.5.

Next we obtain A, from observation of droplets in
flight. Given that droplets are affected by both aerodynam-
ic and deflection forces, we can obtain equation (7) from
equations (3) through (6).

dv/dt=-G (V2 +2Q,v+Q,), (7

where, G, Q,, and Q, are coefficients that depend on print-
ing conditions, and Q, is a function of the vector that rep-
resents the flight direction of the droplet. In this study, for
simplicity, we will consider Q, as a constant, solve the dif-
ferential equation by separation of variables, and thus de-
termine the relationship between time t and velocity of
droplets v using A,. We can measure velocity v at time t
from our observations, and thus determine that A, = 1.116.

Treatment of Interactions of Droplet in Aerodynamic
Force

When droplets fly continuously in the air, the
aerodynamic forces applied to a droplet are influenced by
the preceding droplet as mentioned above. In this section,
we consider theinfluence of base droplets (dropletsthat are
not deflected) and preceding droplets on the droplets that
follow.

1. Effectsof Base Droplets

All droplets in non-printing mode and printing-mode
droplets that are not used are not charged, and thus fly
straight into the gutter. The air around these “ base droplets’
has a velocity distribution reflective of its being dragged
with these droplets. In this study, we will consider thisflow
to be stable. Approximating this phenomena as a laminar
flow near aninfiniteplanegivesusour velocity distribution.

Laminar flow near the plane if the velocity at infinite
distance from the plane is uw», can be represented as
follows®

wu,, = (1/2)f' (n) )
Where,
f'(n) =a n/l! - a2 n¥4al + 11a3 N7[7! - eee )

In this study, we adopt the value a = 1.32824 as nu-
merically integrated by Topfer using the Kutta theorem.®
By measuring the position at which droplets begin to bein-
fluenced by aerodynamic forces, we arrive at u/u, = 1/2.
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Thus from equation (8), we obtain f’(17)=1, and get n =0
0.77192 viaequation (9). Then,

§=2n(UXxU, )y,
(F0).54384(v x/u )2

In this study, we consider the velocity of a laminar
flow of thickness d ,, to be same as the velocity of the base
droplets. We will now consider the effects of these base
droplets by calculating the aerodynamic forces that affect
dropletsflying inthislayer from the difference between ve-
locities of the droplets and the air flowing in the layer.

2. Effectsof Wake

Wakes form behind flying droplets as shown in Figure
8. When we consider a droplet as a sphere, the width b of
the wake increase in proportion to xwlf3 increase and the
maximum velocity reduction u,., decreases in proportion
tox,, 237 In this study, we set

b=d (l + A4 Xw)ﬂs, and (11)
Uy = V (2d/(2d + A )23,

where, A, and A are coefficients that we obtained experi-
mentally.

d Droplet

Wake / X '/ v

Umax (= b =
Y jvil

Figure 8. Wake

From observation of two flying droplets following the
same path, the drag Cd of the latter droplet is obtained in
the same way asin the discussion of aerodynamic forcesin
section 5. And by considering the value of umax that is
caused by the preceding droplet, we can obtain A.. Further-
more, we obtain A , from observations of whether or not the
2 droplets merge when the charge of following droplet is
varied. From the 2-drop fly experiment, we obtained A , =
0.05and A = 1.00.

In thisstudy, by simplifying to consider the velocity of
the flow within the wake of width isb to be equa tou,
everywhere, we can consider the effect of the wake to be
the same as in the case discussed in the Introduction.

Analysis Conditions

Numerical analyses of the flight dynamics of droplets
was carried out according to the method discussed above.
In the next section, this analysisis carried out for the con-
ditions shown in Table 1, which correspond to the printing
conditions photographed for Figure 5.
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Interaction in 2-drop Fly

When droplets fly continuously, a non-linear region
will observed where merge and scatter occur because of in-
teractions between droplets. In this region, the motion of
droplets is uncontrollable and improvement of printing
quality is difficult. So that reason, recognition of this re-
gion is important when designing of a printer. To discern
this region, a 2-drop fly print experiment was carried out.
In this experiment, the voltage applied to the charge elec-
trode for the first droplet was fixed at 248 V and that ap-
plied for the second droplet was varied to observe the
effects on the flying droplets. A numerical analysis was
aso carried out. In this study, We will discuss the interac-
tion between droplets is discussed in terms of deflection.
Theresult of the experiment are shown in Figure 9. An ap-
proximately linear decrease in the deflection of the second
droplet can be seen; thisis caused by charge error. Thereis
also a merge area, where the two droplets merge in the re-
gion where the charges are approximately the same. This
merge area and the scatter area that is formed next to it
clearly define the non-linear region. Next, analysis for the
case of vertical-line printing is carried out using the same
technique.
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Figure 9. Interaction of flight of two drops

Analysis of Vertical-line Printing
1. Droplet-placement and Printed Image
Droplet-placement and the predicted print image dur-
ing vertical line printing are shown in Figure 10, as calcu-
lated by simulation according to the method discussed in
the previous section. Droplet placement during line print-
ing shows similar characteristics in observation (Figure 5)
and simulation, such as merging of the first and second
droplets, and delay of the last droplet. As aresult of these
factors, curved-line flight formation is also predicted. Fur-
thermore, the curved bar-code print image that results from
this curved flying formation aso shows good agreement
with the actual observed image in Figure 3. These results
confirmed that this method of simulation can reproduce ac-
tual printing errors.

2. Force Applied to Droplets

To study placement errors, we investigated the chang-
esin the forces exerted on the droplets as they fly, by cal-
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Figure 10. Drop placement and printing image during printing
of lines (ssimulation)

culation and analysis. Figure 11 showsthe force exerted (in
theflying direction) on thefirst and the last droplet accord-
ing to their distance from the nozzle.

Thefirst droplet undergoes a large aerodynamic force
due to drag after leaving the base-droplet layer and thisre-
duces its flying velocity. On the other hand, the following
droplet fliesinside of wake that isformed by the preceding
droplet, so the aerodynamic force is reduced and the de-
crease in flight velocity is smaller than in the case of the
first droplet. Furthermore, the last droplet has no following
droplet to apply forward-direction Coulomb force, so im-
mediately after charging at the charge electrodes, only the
backwards “braking” Coulomb force is applied and its
flight velocity is therefore reduced more than that of any
other droplet. As a result of these mechanisms, the same
phenomena are observed in the situation as in the experi-
ments, such as the second dropl et catching up with the first
droplet and merging, and the last droplet trailing far behind
the other droplets.

3. Reduction of Droplet-Placement Error
Based on the results above, we will now discuss a
method of reducing droplet-placement error. In order to re-
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Figure 12. Relationship between line-curvature ratio and
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one another and deviate from their expected trajectories.
These interactions are a mgjor cause of droplet-placement
error in high-speed printing. To understand the cause of
such, we observed flying droplets, measured their charges,
and modeled their flight dynamics using a simple system.
That includes the effects of electrostatic repulsion and the
interactions resulting from aerodynamic forces. Finally, a
way to reduce the droplet-placement error was discussed
and its effectiveness is confirmed.

Figure 11. Forces applied to a droplet (simulation)

duce the effect of aerodynamic forces, decreasing flying
distance and/or increasing droplet weight are both accept-
able. On the other hand, to compensate for errors due to the
Coulomb force, one might design a printing sequence that
prints droplets from higher charge voltage to lower so asto
provide back-up propulsion for the first droplet, which is
subject to the greatest aerodynamic drag and to minimize
the retarding Coulomb force on the last dropl et.

Figure 12 shows the relationship between line-curva-
ture ratio and working distance that, as obtained by exper-
imentation and simulation. In this study, we evaluate line
curvature is estimated using the “line curvature ratio”, de-
fined as the ratio of deviation from the line to the diameter
of the printing dot image. Good agreement between exper-
iments and simul ation was shown for every printing condi-
tion. Also, applying all of our countermeasure reduces the
line-curvature ratio to 1/10 of the uncorrected value.

Conclusions

We have analyzed and observed the flight stability of drop-
lets in an electrostatic ink-jet printer. The droplets are
charged and fly near other particles, and thus interact with
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