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(57) Abstract

In the high-frequency drop-on-demand ink jet system
described in the specification, a variable impedance char-
acteristic of an ink jet orifice is utilized to provide maxi-
mum drop ejection rates exceeding the maximum rates pos-
sible with constant orifice impedance characteristics. In one
embodiment, a variable impedance characteristic is utilized
with an ink jet orifice (17) by applying successive nega-
tive (30), positive (31) and negative (32) pulses to eject
each drop, permitting maximum ink drop ejection rates ex-
ceeding 10-20 kHz and up to 150-200 kHz, and, in another
embodiment, the ink jet orifice (38) is designed with a bell-
mouth shape arranged to enhance the variable impedance
characteristic.

(54) Title: HIGH FREQUENCY DROP-ON-DEMAND INK JET SYSTEM
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Description

High Frequency Drop-On-Demand Ink Jet System

Technical Field

This invention relates to drop-on-demand ink jet
systems and, more particularly, to an improved drop-on-
demand ink jet system operable at high drop-ejection

rates.

Background Art
In recent years, ink jet systems providing high-res-

olution images, i.e., more than 118 dots per cm., have
been developed. In such high-resolution systems, the ink
drops are not only more closely spaced in the image, but
also are smaller in volume. Consequently, a larger num-
ber of drops must be ejected by the ink jet head to pro-
duce the same size image and, unless the drops can be
ejected at a higher rate, the printing operation must be
slower than for a lower-resolution system producing the
same image.

Conventional drop-on-demand ink jet heads, however,
have an upper limit on the rate at which drops can be
ejected through each ink jet orifice which is dependent
upon the orifice size and the characteristics of the ink.
With the smaller-size drops produced in high-resolution
drop-on-demand ink jet systems, the image printing rate
is limited by the maximum drop ejection rate.

As described, for example, in the Fischbeck et al.
Patent No. 4,233,610 and in the paper by Peter A. Torpey
entitled "Effect of Refill Dynamics on Frequency Response
and Print Quality in a Drop-on-Demand Ink-Jet System"
published in the Third International Nonimpact Printing
Symposium of the SPSE, the maximum rate at which a drop-
on-demand ink jet printer may be operated is limited by
the time required to replenish the ink in each ink jet
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orifice after a drop of ink has been ejected from the
orifice.

It has generally been taught that drop-on-demand ink
jet orifices are refilled after drop ejection as a result
of the negative pressure generated by surface tension
within the orifice. 1In hot melt ink jet systems, it is
desirable to be able to use ink having a high viscosity,
which reduces ink flow rates and increases the orifice

refill time.

Disclosure of Invention

Accordingly, it is an object of the present inven-
tion to provide a new and improved drop-on-demand ink jet
system which overcomes the disadvantages of the prior
art.

Another object of the invention is to provide a
drop-on-demand ink jet system capable of printing at a
rate higher than a conventional ink jet system designed
to produce the same resolution with the same kind of ink.

These and other objects of the invention are at-
tained by utilizing variable orifice impedance character-
istics, which are dependent upon the quantity of ink
within the orifice and the shape of the orifice, to pump
ink into the orifice following drop ejection so as to
permit a high ink drop ejection rate.

The use of variable orifice impedance characteris-
tics permits maximum orifice refill rates which may be
from one to two orders of magnitude higher than refill
rates obtainable based on constant orifice impedance cha-
racteristics. The desired variable orifice impedance
characteristic may be achieved by controlling the posi-
tion of the ink meniscus in the orifice during operation
alone or in combination with an appropriately-shaped ori-
fice. With a variable orifice impedance characteristic,
the pressure which draws ink from the reservoir and the
pressure chamber into the orifice may be increased, caus-
ing the orifice to be refilled more rapidly after each
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ink drop ejection, thereby permitting drops to be ejected
more frequently. By utilizing variable orifice imped-
ance, the maximum orifice refill rate can be increased,
permitting printing of images having a very high resolu-
tion, such as 236 to 944 dots per cm., at a rate which is
one to two orders of magnitude higher than printing rates
which could be achieved with constant impedance orifices,
providing maximum ink drop ejection rates of from 10 to
20 kHz up to 150 to 200 kHz, for example. In one embodi-
ment, the orifice has a tapered shape such as a bellmouth
shape designed to enhance the variable impedance charac-
teristics resulting from changes in the amount of ink in
the orifice during operation.

Brief Description of Drawings
Further objects and advantages of the invention will

be apparent from a reading of the following description
in conjunction with the accompanying drawings, in which:

Fig. 1 is a schematic view in longitudinal section
illustrating a representative drop-on-demand ink jet
head;

Fig. 2 is an enlarged schematic fragmentary view
illustrating a conventional orifice structure for the ink
jet head of Fig. 1;

Fig. 3 is an enlarged fragmentary view of the ar-
rangement shown in Fig. 2 illustrating the contact angle
of the ink meniscus in the orifice passageway;

Fig. 4 is a schematic equivalent electrical circuit
diagram showing the fluidic pressures, resistances and
inertances for a constant impedance orifice arrangement;

Fig. 5 is a schematic equivalent electrical circuit
diagram showing the fluidic pressures, resistances and
inertances for a variable impedance orifice arrangement;

Fig. 6 is a graphical representation showing a rep-
resentative drop ejection pressure pulse waveform ar-
ranged to utilize variable orifice impedance characteris-
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tics so as to produce a high operating frequency and a
correspondingly high drop ejection rate;

Fig. 7 is a graphical representation showing the ink
flow within the orifice during application of the pulse
shown in Fig. 6;

Fig. 8 is a graphical representation illustrating
the relative proportion of the total orifice volume con-
taining ink during the application of the pulse shown in
Fig. 6;

Fig. 9 is an enlarged fragmentary illustration of an
ink jet orifice showing the location of the ink meniscus
just prior to drop ejection in an arrangement utilizing
variable orifice impedance characteristics for high-fre-
guency operation; and

Fig. 10 is an enlarged fragmentary view similar to
Fig. 2 illustrating the positions of the ink meniscus
before and after drop ejection in a bellmouth orifice
arrangement providing a variable impedance characteristic

for high-frequency operation.

Best Mode for Carrying Out the Invention
In the typical embodiment of an ink jet system shown

schematically in Figs. 1 and 2, an ink jet head 10 in-
cludes a reservoir 11 containing a supply of ink 12 and a
passage 13 leading from the reservoir to a pressure cham-
ber 14. A transducer 15 forming one wall of the pressure
chamber is arranged to be actuated on demand to force ink
from the chamber 14 through a passage 16 leading to an
orifice 17 in an orifice plate 18, causing a drop of ink
19 to be ejected from the orifice 17. During such opera-
tion, the ink jet head 10 is scanned in a direction per-
pendicular to the plane of Fig. 1 adjacent to a substrate
20 such as a sheet of paper supported on a platen 21 and
movable between two drive rolls 22 and 23 in the direc-
tion perpendicular to the direction of motion of the
head. By selective ejection of drops from an array of
orifices 17 in the orifice plate 18 as the ink jet head
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10 is scanned adjacent to the substrate 20, and by moving
the substrate perpendicularly to the scanning direction,
an image having a desired configuration is produced on
the substrate in a conventional manner.

Referring to Fig. 2, which is an enlarged fragmen-
tary view schematically illustrating the pressure cham-
ber, the passage 16 and the orifice 17 of the ink jet
head, the position 24 of the ink meniscus in the orifice
17 immediately prior to ejection of an ink drop 19 is
normally at the outer end of the orifice and the position
25 of the meniscus immediately after drop ejection is

.spaced from the outer end of the orifice by a distance

corresponding to the volume of the drop of ink which has
been ejected. The maximum refill pressure P,.¢;;; in the
ink which causes ink flow in the orifice to produce a
replacement of the drop volume in the orifice is depen-
dent upon the angle 26, shown in Fig. 3, between the me-
niscus 24 and the wall of the orifice 17, which is, in
turn, dependent upon the surface tension of the ink and
upon the orifice radius a, in accordance with the follow-
ing equation:

20

2 = — (1)
refill ao

where o is the surface tension of the ink and a; is the
orifice radius. 1In practice, the average orifice refill
pressure P_.¢;;; 1S considerably less than the maximum
value represented by Equation (1).

The rate of flow of ink into the orifice 17 as a
result of the refill pressure P_.¢;;; is determined by the
resistance within the orifice 17 and in the ink passages
13 and 16 and in the pressure chamber 14 in the path be-
tween the reservoir 12 and the orifice 17. The orifice
resistance R, is given by the equation:
where p is the ink viscosity and £; is the fluidic length
of the orifice. Consequently, the maximum ink flow rate
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R, = (2)

Qnax available to refill the orifice is given by the fol-

lowing equation:

P .

Qmax = refill (3)
Rsystem

where Ry gtem 1S the total resistance between the ink res-
ervoir and the outlet end of the orifice. Since Rgystem
is greater than the orifice resistance R;, the upper lim-
it on the refill flow rate for a constant orifice imped-

ance characteristic is:

3
Prefiny _ 300

= (4)
Orax R, 4pl,

and the maximum drop ejection frequency for each orifice
is the maximum refill flow rate Q. ,, divided by the drop

volume, i.e.:

- Omx _ ™20 (5)
max Vg4 4pl vy

Fig. 4 is a schematic electrical circuit diagram
illustrating the equivalent electrical circuit for the
ink flowpath between the ink reservoir and the outer end
of the orifice for an ink jet system having a constant
orifice impedance characteristic. 1In that diagram, P,
is the pressure of the ink in the reservoir, R,..¢ is the
refill resistance of the ink flowpath leading to the ori-
fice, P,., is the atmospheric pressure, defined as zero
pressure, Pjetting is the pressure applied to eject ink
from the orifice, R, is the fluidic resistance of the
orifice, L, is the fluidic inertance of the orifice, P, is
the orifice refill pressure, i.e., the pressure at the
inner surface of the ink meniscus in the orifice, which
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is the pressure produced by the surface tension between
the ink and the orifice wall, and C, is the capacitance
of the meniscus. The following calculation of the maxi-
mum operating frequency of the orifice assumes that P g,
is constant and slightly negative, that the maximum nega-
tive pressure P, is 20/a,, and that the system is linear.

In a typical hot melt drop-on-demand ink jet system
designed for high resolution, a, is 28 x 106 meters, o is
0.028 Newtons/m, u is 0.025 Pascal/sec., £3 is 30 x 1076
meters, and V4 is 0.95 x 10713 m3. substituting those
values in Equation (5) gives a maximum drop ejection fre-
quency of 6775 Hz. If the ink passages 13 and 14 leading
from the reservoir 11 to the orifice 17 have a flow re-
sistance R..¢ which is approximately equal to that of the
orifice, the maximum operating frequency of the ink jet
head would be approximately half that given by Equation
(5), or about 3300 Hz. At a resolution of 118 dots/cm.,
this maximum operating frequency based on a constant ori-
fice impedance requires approximately 1 second to print a
27.9 cm. line and, for a resolution of 236 dots/cm.,
which is a current high-resolution standard, requires
about twice as long, assuming the same orifice refill
time, which implies the same orifice diameter. For very
high-resolution operation, up to 944 dots/cm., the print-
ing time would be substantially greater.

In accordance with one aspect of the invention,
variable orifice impedance characteristics are utilized
to provide orifice refill rates greater than those of
constant impedance orifices and correspondingly higher
drop ejection frequencies by controlling the manner in
which pressure is applied to the ink in the orifice dur-
ing the ink drop ejection pressure pulse. 1In particular,
the drop ejection pressure pulse has a negative pressure
component applied when the orifice impedance is high, and
a positive pressure component which is applied when the
orifice impedance is low, so that there is a significant
difference in the orifice impedance during the periods of
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application of the different pressure pulse portions.
Moreover, the pressure pulses are applied for time dura-
tions which are not excessively long compared with the
inertance/resistance ratio of the orifice.

Fig. 5 shows the equivalent electrical circuit dia-
gram for an ink jet system utilizing a variable orifice
impedance characteristic. As will be apparent from a
comparison with Fig. 4, this circuit diagram has variable
orifice resistance and orifice inertance, but otherwise
is the same as that of Fig. 4.

Utilization of variable orifice impedance character-
istics in accordance with the invention may be effected
by controlling the position of the ink meniscus within
the orifice in such a way that the impedance is reduced
during drop ejection, thereby permitting higher drop
ejection rates. This is a consequence of a surprising
attribute of a system with variable orifice impedance,
i.e. a positive flow of ink through the orifice can be
created as a result of a pressure waveform which is nega-
tive when averaged over time. Fig. 6 illustrates a rep-
resentative pressure pulse waveform capable of producing
a high drop ejection rate, and Fig. 7 illustrates the ink
flow within the orifice during the application of that
pulse, while Fig. 8 represents the relative proportion of
the orifice volume containing ink during the application
of the drop ejection pulse.

The typical pressure pulse utilizing variable imped-
ance characteristics of an orifice shown in Fig. 6 com-
mences with application of negative pressure during a
first time period 30, followed by application of positive
pressure having about twice the magnitude of the negative
pressure during a second time period 31, after which neg-
ative pressure of a magnitude similar to that applied
during the time period 30 is applied during a time period
32, and thereafter the pressure is restored to zero.

During each of these time periods, as shown by the
sloping pulse lines, the absolute value of the applied
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pressure decreases at a rate dependent on the magnitude
of the initially-applied pressure to a pressure which is
approximately half that of the initially-applied pressure
during that time period. At the beginning of the third
time period 32, however, a negative pressure spike 33
having a peak value approximately three times that of the
initial negative pressure is applied for a very short
time period for the purpose of inducing drop break-off.

As shown in Fig. 7, the resulting flow of ink in the
orifice is in the inward direction during the time period
30, retracting the meniscus until it reaches a point at
which the orifice is less than half-full, as shown in
Fig. 8, after which the positive pressure pulse applied
during the time period 31 directs the ink flow in the
outward direction at a very high rate until the drop is
ejected at the end of that time period, after which the
ink flows away from the end of the orifice during the
time period 32. The negative pressure spike 33 assures
that the ink drop will be ejected by separation from the
meniscus in the orifice precisely at the beginning of the
time period 32, assuring uniform drop size and accurate
drop placement as the head scans adjacent to the sub-
strate. Moreover, because the variable orifice impedance
characteristic is utilized, the maximum rate of drop
ejection is not limited by the relation between the sur-
face tension of the ink and orifice radius and may be
many times the maximum rate based upon constant orifice
impedance assumptions, as described above.

Thus, in contrast to the drop ejection arrangement
shown in Fig. 2, in which the meniscus 25 is at the outer
end of the orifice when the ink drop is ejected, by uti-
lizing a drop ejection pulse of the type described above,
the ink meniscus, as shown in Fig. 9, is initially with-
drawn from a location 35 at the outer end of the orifice
17 to an interior location 36 toward the opposite end of
the orifice for drop ejection at which the impedance to
ink flow is substantially reduced, permitting high maxi-
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mum drop ejection rates of, for example, from 10 to 30
kHz up to 150 to 200 kHz.

By utilizing an orifice with a tapered shape such as
a bellmouth-shaped orifice 38 in which the diameter of
the meniscus increases as the meniscus is retracted into
the orifice, as shown in Fig. 10, an improvement in maxi-
mum drop ejection rate can be achieved since, in this
case, the variable impedance characteristic of the ori-
fice to ink flow is augmented by the design of the ori-
fice. In this way, the improvement provided by utilizing
a variable impedance characteristic can be enhanced by
combining the tapered orifice structure shown in Fig. 10
with a pulse shape of the general type shown in Fig. 6,
in which a negative pressure pulse precedes a positive
pulse of greater magnitude.

Although the invention has been described herein
with reference to specific embodiments, many modifica-
tions and variations therein will readily occur to those
skilled in the art. Accordingly, all such variations and
modifications are included within the intended scope of
the invention.
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Claims
1. A method for ejecting ink drops at a high rate
from an ink jet head having an orifice plate to which ink
is supplied from a reservoir comprising applying pressure
pulses to ink within the orifice at a rate sufficient to
produce a maximum drop ejection rate exceeding 10 kHz
utilizing a variable orifice impedance characteristic.

2. A method according to Claim 1 including apply-
ing a composite pressure pulse to the ink in the orifice
in which a first negative pressure pulse portion with-
draws the ink meniscus from a region adjacent to the out-
er end of the orifice into the interior of the orifice,
and a succeeding positive pressure pulse portion of grea-
ter absolute magnitude than the negative pressure pulse
portion ejects a drop of ink from the orifice.

3. A method according to Claim 2 including apply-
ing a negative pressure pulse immediately after the posi-
tive pressure pulse portion to facilitate drop separa-
tion.

4. A method according to Claim 2 in which the ab-
solute magnitude of each of the pressure pulse portions
applied to the ink in the orifice decreases with time

during the pulse portion.

5. A method according to Claim 2 in which the ab-
solute magnitude of the maximum value of the positive
pressure pulse portion is approximately twice that of the
negative pressure pulse portion.

6. A method according to Claim 2 in which the neg-
ative and positive pressure pulse portions have approxi-
mately equal duration.
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7. A method according to Claim 1 wherein the ink
drop is ejected from an orifice having a tapered shape
arranged to provide a variable orifice’ impedance charac-

teristic.

8. A method according to Claim 2 wherein the ink
drop is ejected from an orifice having a tapered shape
arranged to provide a variable orifice impedance charac-

teristic.

9. A method according to Claim 1 wherein the maxi-
mum drop ejection rate is between 10 kHz and 200 kHz.

10. A method according to Claim 9 wherein the maxi-

mum drop ejection rate is in the range from 10-20 kHz.

11. A method according to Claim 1 wherein the maxi-

mum drop ejection rate is in the range from 20-200 kHz.

12. An ink jet system for ejecting ink drops at a
high maximum rate comprising a reservoir, an orifice
plate having an orifice, an ink supply conduit for sup-
plying ink from the reservoir to the orifice, and a tran-
sducer for applying pressure pulses to the ink in the
orifice to utilize a variable orifice impedance charac-
teristic so as to eject ink drops at a maximum rate ex-

ceeding 10 kHz.

13. An ink jet system according to Claim 12 wherein
the transducer is actuated to apply pressure pulses to
ink in the orifice which include a negative pressure
pulse portion followed by a positive pressure pulse por-
tion of greater absolute magnitude than the negative pre-
ssure pulse portion, in order to eject each drop of ink.
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14. An ink jet system according to Claim 13 wherein
the absolute magnitude of each of the successive pulse

portions decreases with time during the pulse portion.

15. An ink jet system according to Claim 13 wherein
the transducer is arranged to produce a negative pressure
pulse portion following the positive pressure pulse por-
tion to facilitate drop separation.

16. An ink jet system according to Claim 13 wherein
the transducer is arranged to apply a positive pressure
pulse portion having a maximum absolute amplitude which
is approximately twice the maximum absolute amplitude of
the preceding negative pressure pulse portion.

17. An ink jet system according to Claim 12 wherein
the orifice has a tapered shape with decreasing diameter
in the direction toward the outer end of the orifice ar-
ranged to enhance the nonlinear orifice impedance charac-

teristic.

18. An ink jet system according to Claim 12 wherein
the transducer is arranged to apply pulses to eject ink
drops from the orifice at a maximum rate exceeding 20
kHz.

19. An ink jet system according to Claim 12 wherein
the transducer is arranged to apply pulses to eject ink
drops from the orifice at a maximum rate in the range
from 20 to 200 kHz.
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