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Drop Charging and Deflection in an Electrostatic Ink

Jet Printer

Abstract: This paper describes the drop charging and drop deflection processes in an electrostatic ink jet printer. Included in the dis-
cussion of drop charging are induction interaction effects and charge synchronization requirements, as well as design considerations
for the charge electrode. In describing the parameters governing drop deflection, some drop placement errors are related to undesired
interactions resulting from aerodynamic forces and electrostatic repulsion effects on the drops. A scheme for obtaining accurate drop

placement in the presence of these interaction effects is described.

Introduction

In an electrostatic ink jet printer [ 1], lines of characters
are produced by deflecting charged drops vertically
while the ink jet printhead moves horizontally relative to
the paper. Here, we are concerned only with drop charg-
ing and drop deflection, the processes required to form
vertical scans. In the charging process stored character
data are converted to a temporal sequence of charge
electrode voltages; for each drop to be charged, a volt-
age induces a charge on the stream at the point of drop
breakoff. The charged drop is then deflected as it passes
through an orthogonal electric field so that it strikes the
paper at a height determined primarily by its charge and,
to a lesser extent, by interactions with surrounding
drops in flight. When a particular spot in the character
matrix is to be left white, the uncharged drops are direct-
ed into a gutter and returned to the ink supply for recir-
culation.

Charging and deflection of ink drops for printing appli-
cations have been treated comprehensively by Sweet
[2] and more recently reviewed by Kamphoefner [3].
The work reported in this paper was aimed at develop-
ing a printer capable of producing ink jet printing of a
quality equivalent to that attained with a SELECTRIC®
typewriter. The constraints imposed by this requirement
demanded consideration of many second-order effects to
develop suitable drop charging and drop deflection
methods.

The drop charging process and related issues are de-
scribed in the first part of this paper. The second part
deals with drop deflection and the measurement and
correction of drop placement errors.
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Drop charging process

Before each drop of ink breaks off from the cylindrical
jet, it can be either selectively charged and used to form
part of a character, or it can be allowed to proceed to a
gutter for ultimate recirculation. The charge is applied to
a drop as the drop passes through an electrode centered

Figure 1 Drop charging with paraliel plate electrodes.
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Figure 2 Equivalent charging circuit for two previously
formed uncharged drops.
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Figure 3 Equivalent circuit for three previously charged drops.

about the jet axis at the nominal stream breakup point.
The amount of charge is determined by the relative level
of a voltage pulse applied to the charge electrode, and
that level is approximately proportional to the desired
drop position relative to the character baseline on the
printing surface.

An ink stream with two parallel-plate electrodes locat-
ed at the point of breakup is shown in Fig. 1(a), with the
equivalent electrical circuit as in Fig. 1(b). The conduc-
tive ink stream is grounded. The forming drop is one
plate of capacitor C, between the stream and the elec-
trode. When a voltage of the polarity shown is applied to
the electrode, a negative charge is induced on the drop
and is retained after breakoff until the drop impinges on
the paper.

o [nductive charge interactions

The charge on a forming drop is influenced not only by
the charge electrode potential but also by the charges on
previously formed drops. In the presence of two pre-
viously formed but uncharged drops, the equivalent
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charging circuit is modified as shown in Fig. 2. With the
additional charging paths shown, we can lump the vari-
ous capacitive paths to the forming drop into one equiv-
alent capacitor, C,. Then the desired drop charge Q, can
be described by

Q,=—CV,. (1

To illustrate the interactions among previously
charged drops and the forming drop, the case of three
previously charged drops is depicted in Fig. 3, which
shows the drop-to-drop capacitive interactions from the
three preceding drops that affect the net charge induced
on the forming drop. In this case we must add three
terms to Eq. (1) to describe drop charging:

Q;z = _Cche + AQn—l + AQn—Z + AQn—3' (2)

Here, Q;, which is less than the desired charge Q,,
must be increased by the amount AQ,  +AQ,,
+ AQ,_, (the positive charges induced on the forming
drop by each of the preceding drops).

For convenience, we define the following drop inter-
action constants:

a=—AQ, /0, , (3)
B=-40,,/Q, (4)
y=—8Q, /0y (5)
Substituting Eqs. (3), (4), and (5) into (2), we obtain

0, =—CVe—aQ, — B0, ,~ vQ, (6)

We now use Eq. (6) to develop the charge equations
(including induction interaction effects) for four consecu-
tive charged drops. Assume several uncharged drops
prior to the formation of drop n — 3. Then,

Qs ="Clys (7)
Q,,=—CV,,+CaV,_,, (8)
Q,,=—CJV, +ClaV, ,+ (B—a")V,_], (9)
0, =—CV,+ClaV, ,+(B—a)V,,

— (& =28+ V)V, ], (10)
where V,, V, _,, V,,. and V, _, represent the charge

electrode voltages for drops n, n — 1, n — 2, and n — 3,
respectively.

Measured interaction constants in our ink jet printer
were o = 0.15, 8= 0.045, and y = 0.015. If we take a
simple case in which V, =V, _ =V, =V, ., wefind that
Q, is reduced 22 percent below its expected value when
drops n — 1, n— 2, and n — 3 are uncharged. Drop charge
changes of this magnitude cause unacceptably large drop
placement errors. This decrease in charge is compensated
by increasing the charge electrode voltage.

IBM J. RES. DEVELOP,



Drop placement correction techniques that involve
adjusting the charge electrode voltage for these effects
are also used to compensate for aerodynamic interaction
and for mutual repulsion among drops in flight. A
method for compensating all the drop interaction effects
is described later.

s Charge electrode design considerations

Two charge electrode geometries were considered —a
cylinder and parallel plates. A cylindrical electrode
would have better charging efficiency, but the stream
would be much more difficult to align in a two-dimen-
sional configuration. Moreover, viewing the stream at
breakup within the electrode would be difficult. Parallel
plates facilitate stream alignment and, if the plates are
oriented in the vertical direction, a stroboscopic light
source can be placed under the electrode structure to
permit viewing of the stream from above at breakup.
Also, a vertical parallel-plate structure is less susceptible

to contamination by ink during stream startup / shutdown é
cycles. Thus we chose the vertical parallel plate design. !
The charge electrode should appear infinitely long ;’ 2+
within the range of expected excursions of the stream E
breakup point. Otherwise, variations in charging effi- i:rf
ciency and induction interaction effects may become = 0 Js 6L 7L s'; ; -

unacceptably large. The spacing of the parallel plates
should be small in order to obtain high charging efficien-
cy. On the other hand, it is desirable to have a large
drop-to-electrode distance to allow for stream misalign- Figure 4 Induced charge vs wavelength-to-jet diameter ratio.
ment and the oversize drops that are sometimes formed
at start-up. Plate separation s, in our charge electrode is
0.64 mm (25 mils) and plate length /, is 2.67 mm (105
mils). Figure 5 Induced charge vs stream misalignment.

A mathematical model of the parallel plate charge
electrode was derived using the method of images [4]. \= 160

The relationships among charging efficiency, induced 18-
charge, stream misalignment, plate spacing, and wave- 4= 343pm
length-to-jet diameter (\/d,) ratio were calculated with o
the model. The image model, although not a rigorous
solution to the drop charging problem, proved useful in M
indicating general trends. Assumptions in the model in- il
clude a spherical drop at breakup and an approximation
of the ink drops as point charges. The model did not 10F 4o 508
account for the grounded stream between the plates. : «
Figure 4 shows the first-order induced charge (per- : s Sce = 635pm

6 See = 762 um /

Wavelength-to-jet diameter ratio ( >\/(1j )

20

centage of charge from the previously charged drop to
the drop being formed) as a function of A/d, for three
parallel-plate electrode spacings. (A glossary is provided
in Appendix 1.) The circled data point represents an

Change in induced charge (percent)

2k
4]

experimental measurement on the printer. Variations in

induced charge and charging efficiency as functions of 0 ; -

stream misalignment within the charge electrode are 130 60 90 120

shown in Figs. 5 and 6, respectively, for various parallel-

plate electrode spacings. Stream misalignment ( cm) 39
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Figure 6 Charging efficiency vs stream misalignment.
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Figure 7 Charging efficiency vs electrode spacing.

The equivalent charging capacitance discussed earlier
is useful as a measure of charge electrode efficiency and
may be determined experimentally by placing a constant
voltage on the electrode and measuring the current car-
ried by the stream. Figure 7 shows charging efficiency
versus electrode spacing for streams centered within a
parallel-plate and a hollow cylinder charge electrode.
Both sets of data are closely approximated (within =3
percent) by an equation of the form

S
Ce=K10gms—°, (11)

ce
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where s, is the electrode spacing or diameter. Here s,,
the empirically derived constant, is 29.21 mm (1150
mils) for the cylindrical case and 22.61 mm (890 mils)
for the parallel-plate configuration, and K is 2 X 107 F.

* Maximum charging limits

Two fundamental processes limit the amount of charge
that can be placed on a drop. If the electrostatic repul-
sion forces are strong enough to overcome the surface
tension that holds the drop together, the drop disinte-
grates. This limit [ 5] is given by

Q.. = (64ncr*o)t coulombs, (12)
max 0 d

where ¢, is the permittivity of free space, r, is the drop
radius, and o is the ink surface tension.

The second charging limitation is caused by the mu-
tual electrostatic repulsion among the charged drops.
This interaction among drops in flight can become so
large that a small radial disturbance on a drop at breakup
causes the stream to disperse at some distance down the
jet axis. For a stream of drops that are all charged to the
same level, we have found that the following empirical
relation is valid over a wide range of the operating pa-
rameters for our printer:

Qmaxzi
2
U d\

_3 coulomb-second

=1.05x 10 motre

, (13)
where z, is the distance from breakup to the point at
which the average displacement from the jet axis is one
drop radius, and v, is the jet velocity. A derivation of the
form of this equation is given in Appendix 2.

Although either of the above processes may limit
maximum charge, for most ink jet systems the limit giv-
en by Eq. (13) is encountered first.

» Charge synchronization

In our ink jet printer, a discrete voltage level must be
present on the charge electrode for each drop formed.
This level must be applied for a sufficient interval prior
to drop breakoff for the charge to build up to its desired
value; this level must also be maintained until the drop
breaks off. Some time is then required to change the
voltage level to the value required for the next drop, but
the voltage must not change until after the original drop
has broken off from the stream.

Although the timing of the charge voltage pulse can be
controlled electronically with sufficient accuracy, stream
breakup time varies with ink temperature and pressure
and with drop generator drive voltage, all of which have
long-term variations. The correct timing relationship can
be maintained by periodically adjusting the phase of the
voltage pulse to coincide with the instant of stream
breakup. Stream breakup time can be resolved within a
fraction of one drop time period by applying a series of
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variable-phase test charging signals to the charge elec-
trode and directly or indirectly sensing drop charge to
determine which signal actually charged the stream.

An obvious approach to obtaining an indication of
drop charging for synchronization is to collect the
charged drops in a metal container connected to ground
through a picoammeter. The picoammeter would indi-
cate the net current of the charges carried by the drops.
Another sensing method would allow deflected drops to
impact a force transducer (a piezoelectric element).
Because only charged drops are deflected, drop impact
on the transducer would indicate synchronization. In the
method used in our printer, the drop charge is sensed by
capacitive induction to a special sensing electrode. This
electrode is also used for sensing and control of the de-
flection height [6].

Vertical drop deflection

e Deflection sensitivity

After leaving the charge electrode, charged drops are
deflected by an electric field to a height at the paper
plane that is approximately proportional to their charge
level. The deflection of an ink jet system can be approxi-
mated by the equation describing the defiection of a
point charge in a uniform electric field:

— QdE _ ldp
X, = (mdvﬁ)ld"<z" 5 ), (14)

where x, is drop deflection height, Q, is drop charge, m,
is drop mass, E is electric field, [, is deflection plate
length, and z, is the distance from the deflection plate
entry to the paper plane.

Two primary requirements for drop deflection are 1)
that deflection be sufficiently large to meet character
height needs, and 2) that deflection variations be accu-
rately controlled to minimize character height changes.
When considering variations in deflection, the geometric
factors (2, and /;,) can be assumed to be unchanging.
Drop frequency and deflection voltage, which affect the
mass and electric field, respectively, are not difficult to
control. Variation in charge synchronization (the pri-
mary cause of charge variation) has just been discussed.
The details of adjusting velocity to maintain the correct
deflection range are presented in [ 6]. We note here only
that the deflection control system, which is needed pri-
marily for compensating velocity variations, actually
corrects the deflection, regardless of the parameter that
caused the deflection height variation.

Drop deflection is increased either by increasing Q,,,
E, l,, and 2z, or by decreasing m, and v,. The limitations
on increasing Q, were discussed earlier. Electric field
strength, E, can be increased only to the value at which
air breakdown occurs under worst-case conditions of
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Figure 8 Electrostatic repulsion and aerodynamic interaction
effects.

temperature and pressure [ 7]. Plate length, /, , cannot
exceed z,. It must, in fact, be somewhat smaller to ac-
commodate the gutter and fog collection hardware [1].
The value of m, is constrained by the required dot size
to be printed. The lower limit on v; (closely approximat-
ed by v,) is determined primarily by its effect on wave-
length (drop spacing), A, and frequency, f, through the
relation

v, = fA. (15)

J

A decrease in f lowers the print rate. A decrease in A
affects drop generator performance, which is sensitive to
the ratio A/d,. A decrease in A or an increase in z, also
adversely affects drop merging, which is discussed later.

* Drop placement errors

To produce typewriter print quality with an ink jet print-
er, a relative dot placement tolerance of +=0.033 mm
(1.3 mils) is required, and overall character height must
be controlled to within about 2 percent. The largest
sources of drop placement errors are deflection errors,
and among the latter, by far the largest deviation from
the deflection predicted by Eq. (14) is caused by aero-
dynamic and electrostatic forces.

A free-body force diagram of two adjacent drops in
flight is shown in Fig. 8. Vertical upward forces F, and
F, are generated by the deflection field; aerodynamic
drag provides retarding forces F,, and F,, along the
trajectories; and forces F., and F_, acting along the
drop-to-drop axis are due to electrostatic repulsion. Ver-
tical downward forces due to gravity are insignificant
and thus are not shown.

The decreased velocity of a stream of drops due to air
drag eventually causes the drops to merge unless acted
upon by other forces. Aerodynamic effects on a stream
of drops are further complicated by the fact that only the
first drop in the stream is traveling through still air. The

41
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Figure 9 Drop placement error examples: (a) misplacement,
(b) merging, (c) scattering.
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Figure 10 Merge curves.

remaining drops experience air turbulence and reduced
drag due to the passage of their predecessors.

A delicate balance exists between the aerodynamic
forces that tend to merge the drops and the electrostatic
repulsion forces that tend to scatter them. Assume that
two adjacent and charged drops in a stream of un-
charged drops are entering the deflection field. While
still in the mainstream, the two drops experience identi-
cal aerodynamic conditions, both flying in the wake of
all preceding drops. As these two charged drops are
deflected out of the mainstream, the leading drop ulti-
mately travels through almost still air and is exposed to
maximum drag. The trailing drop experiences a drag that
is greater than that in the mainstream but less than the
drag acting on the leading drop, since it moves in the wake
of the latter. As the differential drag causes the distance
between the drops to decrease, the repulsive electro-
static forces increase and give rise to drop scattering.

These effects are illustrated in the simulated ideal
characters shown in Fig. 9. Note the difference in the
height of the crossbar of the character T relative to the
main stem height in Fig. 9(a). The long white space
between the base and crossbar of the T represents a pe-
riod during which several drops were undeflected. Thus,
aerodynamic drag caused the first drops of the short ver-
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tical segment in the crossbar to be slowed and therefore
deflected upward more than drops at the top of the adja-
cent long vertical segment in the stem of the T. Drag
may also cause a leading drop to be slowed sufficiently
so that the drop following merges with it, as shown in
Fig. 9(b). This can be either a consistent effect, as at the
bottom of the serifs, or an intermittent effect, as in
the crossbar. The drop placement problem illustrated
in the crossbar of the T, Fig. 9(c), is an example of a pos-
sible merge-scatter interaction. The leading drop of the
short vertical segment is slowed, and the second drop
comes very close to the leading drop. When this occurs
at large deflection, the electrostatic repulsion force may
overcome the aerodynamic forces tending to merge the
two drops, resulting in drop scattering. This scattering
effect may also be intermittent because of the highly
unstable balance of these forces.

» Experimental methods for characterizing drop inter-
actions

During the process of defining a combination of ink jet
parameters to meet specific printer performance require-
ments, it became necessary to understand in detail the
various drop interaction effects, so that a suitable
scheme for accurately placing drops could be developed.
The trajectory of a single drop can be described analyti-
cally even in the presence of the aerodynamic and elec-
trostatic forces, but for a group of drops with their
associated wakes, the problem becomes extremely com-
plex. In the absence of any analytical means for study-
ing drop interaction effects, some heuristic tools were
developed. Two of the most useful characterization
methods are merge curves and minimum separation
curves [8].

Merge curves were generated by the following experi-
ment: Two drops in a stream of otherwise uncharged
drops are charged such that both follow the same deflec-
tion trajectory. Since the second drop is traveling in the
wake of the first, it experiences a smaller drag force. If
this difference in drag is not sufficiently counteracted by
electrostatic repulsion forces, the second drop eventu-
ally overtakes the first and they merge into a single over-
sized drop. A merge curve is defined as the set of coor-
dinates at which merging occurs. A different merge
curve can be obtained for each initial spacing of the two
drops. (Some merge curves are shown in Fig. 10.)

Because the wake of the undeflected stream reduces
the differential drag of the two drops, the merge curves
bend sharply to the right near the abscissa. As drop
charge is increased, electrostatic repulsion between the
drops becomes increasingly significant, causing the
bending to the right at large deflections. The curves end
abruptly at very large deflections, when the electrostatic
forces become strong enough to prevent merging. One
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additional characteristic worth noting is the crossing of
the curves for different initial spacings. The aerodynam-
ic forces fall off less rapidly than the 1//° electrostatic
force. It is therefore possible for two drops separated by
several wavelengths to build up a relative momentum
that cannot be overcome by the electrostatic force,
whereas this same electrostatic force is more than suffi-
cient to prevent merging when the drops are initially
separated by some smaller distance. One therefore can-
not claim that increasing the drop spacing retards merg-
ing. In fact, increasing the separation between deflected
drops may enhance merging. This phenomenon is an
essential feature of the drop placement scheme (de-
scribed later) used in our printer.

The utility of the merge curves is not limited to pro-
viding an understanding of the important parameters as-
sociated with drop merging. The area beyond the curves
(Fig. 10) represents a region in which multiple drops may
not be directed to a given deflection position without
merging. For example, the minimum abscissa coordinate
of the 1x curve gives an approximate maximum distance
between the deflection field entrance and the print plane
if every drop is to be used. For a printer design these
merge data have to be supplemented by two additional
considerations: First, the curves are based on two-drop
experiments; for many drops the picture becomes more
complicated and smaller merge-free distances may have
to be used. Second, since most ink jet printers do not
send two drops to the same position at the paper plane,
the second drop is not following directly in the wake of
the first and the merging is, therefore, delayed.

Once a position for the paper plane has been chosen,
it is useful to determine how closely consecutive drops
can be placed on the paper. In Fig. 11(a) two drops are
deflected to widely separated positions at the paper
plane. The drop charges are then modified so that the
impact points of the drops approach one another, as
shown in Fig. 11(b). If the paper plane is located to the
right of the merge boundary, and the drop charges are
further changed to reduce the distance between the drop
impact points, a condition is reached in which a single
merged drop arrives at the paper plane, as illustrated in
Fig. 11(c). The difference in impact points just before
the merge occurs is called the minimum separation dis-
tance. Impact points separated by less than this distance
cannot be addressed by individual drops. Thus, the mini-
mum separation data set a maximum limit on the dot
matrix resolution of an ink jet printer for a given operat-
ing point.

Figure 12 shows a typical set of minimum separation
curves. The minimum separation distance is plotted as a
function of height above the undeflected stream, and the
initial spacing of the two drops is used as a parameter
for the curves. These curves represent data taken for an

JANUARY 1977

Deflection plates

(b)

Figure 11 Drop merging and scattering.

0.30  Initial drop spacing

x
+ 1A x/

x 2A
025 * 3A +. +7+
s 4N -,‘./ \+/ \"
0.20 +
- +/
/ /

0.15 = + /
00 s *-*/
e
0.05 r— / \
of 4 4 \ | gJ
1 3

Deflection (mm)

% 1'

Minimum separation (mm)

Figure 12 Minimum separation curves.

ascending scan, i.e., the trailing drop was directed above
the leading drop. A descending scan produces similar,
though not identical, curves. Note that under certain
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conditions, drops that are separated initially by 1A can
actually be placed closer together than those starting
with a 2\ spacing.

When the paper plane is located to the left of all the
merge boundaries, the minimum separation is obviously
zero. However, locating the paper plane at such a posi-
tion unduly limits the deflection that can be obtained.

The paper plane position and character matrix resolu-
tion cannot be rigorously determined from these simple
two-drop experiments. Significant interactions can occur
between drops separated by ten wavelengths or more. It
was therefore necessary that tentative conclusions
drawn from these experiments be thoroughly re-exam-
ined using more complex drop patterns with each of the
drop placement schemes considered later. The final
qualification of operating parameters, including paper
plane position and matrix resolution, was made only af-
ter satisfactory printing of characters in all fonts had been
demonstrated.

Figure 13 shows the experimental equipment used for
the drop position measurement on which the above
trajectory characterization methods have been based. A
microscope and closed-circuit television camera, togeth-
er with a light-emitting diode (LED) and its associated
focusing lens, were mounted on a platform, horizontally
movable by micrometer control to permit viewing of the
ink jet stream at any point between the nozzle and paper
plane. The stream was illuminated by the LED and
strobed at the drop generation frequency. A digital mi-
crometer also provided vertical control of the viewing
apparatus to measure drop deflection.

To control drop charging, an electronic robot was de-
signed to generate the charging voltage for each of 256
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sequential drops to be varied independently. Any drop
in the 256-drop sequence could be selected by setting
switches, and the charging voltage could be continuously
varied by a switch-controlled up-down counter. This fea-
ture was particularly useful in varying individual drop
charges to study merging and scattering. The signal used
to pulse the LED was generated by delaying a signal
that was synchronized with the first drop of the se-
quence. Because this delay was variable, a particular
drop could be observed at any point in its flight path by
adjusting the horizontal position of the viewing apparatus
and controlling the timing of the LED pulse.

* Drop placement schemes

Various drop placement techniques were investigated to
avoid the merge-scatter problems. The most obvious
method of placing the drops at the paper plane is a se-
quential placement scheme in which print positions of
drops used to form a vertical scan, listed in the order of
their generation, form a monotonic sequence. The se-
quence can be either increasing (ascending scan) or
decreasing (descending scan). Figure 14 is an example
of a sequential drop placement scheme with ascending
scans. The numbers on the drops indicate their genera-
tion order.

1t is possible that the desired operating characteristics
of an ink jet printer (deflection height, resolution, etc.)
cannot be achieved with a sequential drop placement
scheme, regardless of the choice of printhead parame-
ters, because of the tendency of the first drops in a scan
to merge. This merging can be prevented by placing
drops on the paper in a nonsequential manner. Drops
that are generated close together in time are widely
spaced on the paper, and drops that are close on the
paper are widely separated in time. Figure 15 illustrates
two methods of nonsequential drop placement. An unde-
sirable characteristic of this scheme, when used for
printing single scans, Fig. 15(a), is the horizontal drop
displacement caused by the motion of the ink jet print-
head from left to right. An additional disadvantage of a
nonsequential scheme is that one must consider a great-
er number of surrounding drops when making correc-
tions for drop placement errors.

A third scheme consists of placing drops nonsequen-
tially to form vertical segments of a character with cer-
tain drops from several successive scans. In this inter-
lace scheme the separation of drops in a scan is chosen
so as to avoid the merge-scatter problem. In Fig. 15(b),
each vertical segment is formed from drops placed in
three different scans, resulting in a “three-level inter-
lace.” The tilt of these segments, which is three times
that of a sequential scan, can be corrected by tilting the
deflection plates. By means of the interlace scheme,
drops can be accurately placed without loss of through-
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put. However, this method has two disadvantages: In
addition to the extended range of correction required for
the nonsequential schemes described earlier, it is neces-
sary to have precise velocity control of the ink jet print-
head, since a vertical segment involves several scans
and a deflection plate tilt proportional to printhead ve-
locity.

The fourth method of avoiding the merge-scatter prob-
lem is to increase the spatial separation between printed
drops by inserting guard drops (uncharged drops) be-
tween the deflected drops [9]. The tendency of printed
drops to merge is not uniform throughout a segment.
The leading drops of a segment experience the most
severe aerodynamic forces and therefore exhibit the
strongest tendency to merge. Because more guard drops
are required at the beginning of a segment to prevent
merging, a scheme for inserting guard drops uniformly
throughout a segment is inefficient.

A special <1032 guard drop scheme (named for the
particular pattern of guard drops within the leading part
of a segment) was empirically developed for our ink jet
printer. This scheme, illustrated schematically in Fig.
16, attempts to minimize the print quality deterioration
caused by merging, while minimizing the loss in through-
put resulting from the use of guard drops. In an ascend-
ing scan each printed drop is placed one position higher
in the character matrix than its predecessor. The .only
exceptions to this are the first two drops, which are
allowed to merge and are directed to a print position in-
termediate between the individual positions. At the
beginning of a printed segment, it would be necessary to
insert six or more guard drops to prevent merging of the
first two deflected drops. The loss of six generated drops
within a segment was considered too great a reduction in
throughput to prevent the slight deterioration in print
quality caused by a single merged pair. As noted in the
discussion on the merge curves, an increase in separa-
tion can enhance the tendency of two drops to merge.
For this reason, a guard drop is inserted between the
first two deflected drops. The larger ratio of mass/ radius
of the oversized (merged pair) drop causes it to be decel-
erated less than a single drop. Thus, the distance be-
tween the merged pair and the third deflected drop in-
creases rather than decreases, and a guard drop is not
required. Three guard drops are required between the
third and fourth deflected drops; two guard drops be-
tween the fourth and fifth deflected drops; and one guard
drop separating each remaining pair of drops within the
segment. This decrease in the number of guard drops is
possible because of the lessening of the aerodynamic
forces as one proceeds into the segment. For short seg-
ments the pattern can be truncated after any deflected
drop. If a scan contains more than one printed segment,
a number of uncharged drops, usually five or more, must
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Figure 14 Sequential drop placement.

(b)

Figure 15 Nonsequential drop placement: (a) single scan and
(b) interlace.

Figure 16 “1032” guard drop sequential scheme.

Legend:
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Figure 17 Ink jet print samples with and without drop place-
ment error compensation.

separate the segments to prevent merging of the trailing
drop of one segment with the leading drop of the next.

For a given drop generation frequency, the use of a
guard drop scheme results in a reduction of throughput.
For long segments, the drop utilization efficiency of the
“1032” guard drop scheme is n/ (2n + 1), where #n is the
number of printed drops.

e Drop placement error compensation

The search for a compatible set of operating parameters
and drop placement scheme for the ink jet printer in-
volved a number of qualification tests and experiments
to verify that printer performance objectives could be
achieved. For example, the basic consideration in evalu-
ating the drop placement scheme was to determine
whether patterns of drops could be accurately placed at
their correct positions in the print plane according to the
placement algorithm.

After a satisfactory operating point and placement
scheme had been established, it was then necessary to
determine experimentally the charge electrode voltages
for every allowable pattern of drops in order to compen-
sate for drop placement errors caused by charge induc-
tion, electrostatic repulsion, and differential aerodynam-
ic drag. Because of the long-term characteristics of the
drop interaction effects, a significant range of drops be-
fore and after the reference drop was considered. Drop
patterns in our printer included eight leading and three
lagging printed drops surrounding the reference drop.
For each pattern, charging voltages for the reference
drop and surrounding drops were initialized and itera-
tively adjusted according to an algorithm until all drops
were correctly positioned at the paper plane. Data repre-
senting the resulting charging voltages are stored in the
ink jet printer, and the appropriate voltages are gener-
ated from this information each time a particular pattern
of drops is printed. In all, nearly 3000 different patterns
of drops had to be characterized experimentally to ob-
tain the charging voltages for printing all the allowable
drop patterns. An automated system was developed to
allow quick and accurate measurement of these experi-
mental data.

An enlarged photograph of compensated and uncom-
pensated ink jet printing is shown in Fig. 17. Drop
placement errors due to merging and scattering are evi-
dent in the uncompensated printing. Close examination
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of the defects in the character T reveals some drop
placement problems very similar to those illustrated in
Figs. 9(a) and (b).

Summary

Development of an ink jet printer capable of producing
typewriter print quality required an understanding of the
physical effects within the printhead. The phasing of the
charge voltage pulse with drop breakoff time had to be
controlled to ensure that the proper charge was applied
to the drop. Drop charge interactions were found to be
significant, both in the charging process, where the in-
tended charge on a drop may be modified, and in the
deflection process, where electrostatic repulsion causes
drops to scatter. Aerodynamic effects operating on the
drops tended to produce drop merging, and a suitable
drop placement scheme was developed to prevent merg-
ing and allow drops to be accurately placed on their tar-
get positions. These combined interaction effects are
extremely complex and do not yield readily to theoreti-
cal study. Empirical tools and models were developed to
aid in understanding their control. A combination of
printhead parameters and a print scheme were chosen to
allow compensation for the drop misplacement caused
by these effects. This compensation had to be made
through adjustment of drop charges —the only variable
under our control.
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Appendix 1: Glossary

d, jet diameter

v, jet velocity

A drop-to-drop spacing; wavelength
f drop frequency

drop velocity

drop mass
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g drop radius
o ink surface tension
p ink density

o drop charge
V charge electrode voltage
K} charge electrode plate spacing

charge electrode plate length

C, equivalent charging capacitance

o first-order induction factor

B8 second-order induction factor

0% third-order induction factor

€ free space permittivity

r drop instability displacement
from jet axis

r, initial radial displacement
of stream from jet axis

2 distance from breakup to
instability point

L time to instability

X, drop deflection

E electric field

Lo deflection plate length

z distance from deflection plate

entry to print plane

Appendix 2: Charging limit due to drop instability

The electrostatic repulsion force between any two drops

of equal charge acting along the stream axis is
0;

= 47T€0)\2 )

(A1)

Although the electrostatic force is predominantly axial,
we assume that a small radial displacement r exists in the
stream. This displacement produces a small radial com-
ponent of the repulsion force, which is proportional to
r/\. The radial acceleration is given by

d*r 1< (o3 )1 (A2)

dr " m \dme \P/\

where m, is the drop mass.
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Equation (A2) can be solved to yield the time to in-
stability, 4:

1
= [A;—]Z 2, (A3)
! 4me N my Ty
where r, is the initial radial displacement of the stream,
and r, is the radial displacement that we define as the
criterion for an unstable stream.

The distance from stream breakup to instability is given
by

z.=ut, (A4)

1 i

and the drop mass is

2
=7rdj)\p

YR (AS)

my
where p is ink density. Substituting Eqs. (A4) and (AS5)

into (A3) and rearranging, we obtain

dei 7 Looh
o\ /7 (pey)? In . (A6)

which agrees in form with the empirically obtained
Eq. (13).
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