
1         EP 0 373 894 B1                      2 Description
scaling desired. US-A- 4 490 728 discloses a cyclic method of The present
invention relates to thermal ink jet  operating an ink jet pen comprising a
firing resistor, [err] systems, and more particularly to a meth-     each
cycle comprising the steps of: sending a od and apparatus for gray scale
printing with such    5   precursor pulse to the resistor to warm the ink
and systems.                                             sending a firing
pulse to the resistor to eject the ink Thermal ink jet printers are well
known in the   from the pen. art and are illustrated, for example, in U.S.
Patents   However, the method does not produce the 4,313,124 and 4,296,421.
In such printers, a thin    controlled variations in ejected ink volume
that are film resistor in an ink drop generator is heated and   10  needed
for gray-scale printing. causes sudden vaporization of a small portion of
Accordingly, the invention provides a cyclic the ink. The rapidly expanding
ink vapor displaces   method of operating an ink jet pen comprising a ink
from a nozzle, causing drop ejection. The eject-  firing resistor, each
cycle comprising the steps of: ed drops collect onto a page to form printed
char-   sending a precursor pulse to the resistor to warm acters.
15  the ink and sending a firing pulse to the resistor to The utility of
such printers has been inhibited  eject the ink from  the pen, the method
being because of the difficulty involved in achieving gray  characterised
in that the form of the precursor scale printing.
pulse controls the volume of the ejected ink. U.S. Patent 4,503,444
proposes one technique         By varying the volume of ejected ink the
meth- for achieving gray scale printing. In the disclosed   20  od can be
used for gray-scale printing. system, the thin film firing resistor is
provided with  According to one embodiment of the present several
electrical firing pulses in rapid succession  invention, the firing
resistor in an ink jet pen is (termed a "packet"). The individual droplets
formed  driven by two signals in sequence. The first signal by the pulses
merge in flight to create a single    is a warming signal, tailored to
transfer a desired drop. The drop volume, and thus the resulting gray   26
quantity of thermal energy to the ink in the firing scale, can be varied by
varying the number of        nozzle. The second signal is a firing pulse
tailored pulses in the packet.                                to vaporize
ink adjacent the resistor and thereby In an alternative system, disclosed
in U.S. Pat-  eject a bubble of ink from the nozzle. The warming ent
4,746,935, an ink jet pen is provided with three  pulse serves to warm the
ink in the nozzle and drop generators which produce drops of different  so
thereby increase the volume of the vapor bubble volumes, weighted in binary
relationship. By firing  produced by the firing pulse. By varying the char-
various combinations of the drop generators at a     acteristics of the
warming pulse, the droplets eject- given pixel on the printing medium,
eight levels of  ed by the firing pulse can be varied in volume, print
density can be achieved.                       thereby effecting gray scale
printing. The foregoing techniques all rely on the con-   35   The
foregoing and additional objects, features vergence of a plurality of
droplets, either in flight or  and advantages of the present invention will
be on the printing medium, to yield variations in gray  more readily
apparent from the following detailed [err].  While these techniques achieve
the desired    description, which proceeds with reference to the results,
they  do  so  with  certain  attendant        accompanying drawings.
drawbacks, such as accelerated burnout of the   40      Fig. 1 is a chart
illustrating the relationships firing resistor due to electromigration.
between firing pulse energy and droplet volume for Other techniques for
achieving gray scaling      prior art pens and for pens according to the
have been proposed which rely on the ejection of     present invention. ink
droplets of varying volumes, such as by varying     Fig. 2 is a block
diagram  of an apparatus the amplitudes or durations of the firing pulses.
45  according to one embodiment of the present inven- However, these
techniques have generally not met     tion. with success.
Figs. 3A - 3G illustrate exemplary waveforms It is an object of the present
invention to pro-  that may be applied to the firing resistor in the vide a
gray scale printing technique that does not   apparatus of Fig. 2. rely on
the firing of multiple droplets to achieve   so  In an exemplary thermal
bubble ink jet pen, a gray scaling.
capillary tube draws ink from an ink reservoir into a It is a more
particular object of the present    firing nozzle. In the firing nozzle, a
portion of the invention to vary printed gray scale by varying the  ink is
superheated by application of a firing pulse volume of droplets ejected
from the pen.             to a firing resistor, causing a vapor bubble to
It is still another more particular object of the   55  rapidly grow on the
surface of the resistor. The present Invention to vary printed gray scale
by      rapid growth of this bubble expels the ink above preceding the
firing pulse with a warming pulse to  the bubble out a print orifice and
towards the warm the ink in accordance with the degree of gray   printing
medium. 2    



3                  EP 0 373 894 B1                     4 The behavior of
the bubble in the firing cham-   mized. ber is complex and a description
thereof is beyond      To obtain predictable variations in droplet vol- the
scope of this disclosure. However, the phenom-   ume so as to achieve
gray-scaling, the present enon is described in "Output Hardcopy Devices,"
invention warms the ink in the firing nozzle prior to edited by R. Durbeck,
Academic Press, 1988, pp.   5   the firing pulse. By prewarming the ink,
more of the 336 - 345 and in Hewlett-Packard Journal, Vol. 36,  ink in the
nozzle is brought to the vaporization No. 5, May, 1985, pp. 21-27.
temperature by the firing pulse before its heating is In a typical pen, the
firing resistor may be     interrupted by the formation of the vapor
bubble. energized with a pulse of 25 volts having a duration  By vaporizing
more of the ink, a larger ink droplet of 5 microseconds. After a short
delay to permit  10  is ejected. The precise size of the ink droplet is the
firing chamber to refill with ink from the capil-  controlled by
controlling the quantity of heat trans- lary tube and stabilize, the pen
can be fired again.  ferred to the ink during this prewarming operation,
The interval between firings is typically 200 to 800  thereby achieving
predictable gray scaling. microseconds.
Fig. 1 shows a second curve, above the first, Fig. 1 shows the relationship
between energy   15  representing variation in droplet volume as a func-
applied to the firing resistor and the resultant    tion of firing energy
when the ink in the firing droplet volume. As can be seen, the droplet vol-
chamber has been prewarmed. As can be seen, ume is quite small (often zero)
for low firing en-  this second curve has the same basic characteris-
ergies and then increases rapidly over a short       tics as the prior art
curve, but is shifted upwardly, portion of the curve before levelling out
at high   20  reflecting larger droplet volumes. firing energies. The level
curve at the high firing     It should be noted that this second curve
illus- energies is due to the insulative properties of the  trates only one
prewarming condition. If the ink is vapor bubble. Once a vapor bubble
begins to form,    prewarmed to a higher temperature, a curve above further
heat transfer to the ink is essentially inter-  the one illustrated will
result. If the ink is prewar- rupted, limiting the maximum bubble size and
thus   25   med to a lower temperature, a curve below the one the maximum
droplet volume. (This insulative qual-  illustrated will result. The actual
volume of the ity also causes the resistor temperature to rise at  droplet
produced again depends on the magnitude an accelerated rate at high firing
energies since    of the firing pulse. Again, the magnitude of the
conduction of heat away from the resistor is inter-  firing pulse is
desirably selected to be well up on rupted.)
30  the level portion of the curve so that reliably re- As further shown by
the Fig. 1 prior art curve,  peatable droplet volumes are produced. To vary
within a narrow, middle range of firing energies,    droplet volumes, the
degree of prewarming is var- droplet volume increases rapidly with small
vari-    ied, resulting in different curves. ations in firing energy. This
phenomenon could be       A warming pulse that increases the tempera-
exploited to produce gray scaling if the phenom-   35  ture of the ink in
the nozzle to 60 degrees Centi- enon was reliably repeatable (i.e. by
modulating     grade has been found to produce droplets having the firing
energy within this range to achieve differ-  three times the volume of
corresponding droplets ing droplet volumes). Unfortunately, it is not. The
produced with ink at ambient temperature. Droplet curve in this range has a
wide standard deviation,    volumes greater than this 3X droplet size can
be as shown by the bracket labelled "A". Thus, while  40  achieved by
increasing the ink temperature to more one droplet produced at a certain
energy in this    than 60 degrees (although care must be taken that range
may have one volume, another droplet pro-     the ink is not warmed to the
boiling point, typically duced at the same energy may have a volume that
about 100 degrees Centigrade). Similarly, droplet differs considerably from
the first.                 volumes less than this 3X droplet size can be
Since the droplet volume is not reliably con-   45  achieved by raising the
ink temperature less than stant over this steeply sloped portion of the
curve,  this 60 degree figure. pens are typically operated well above this
range,      (While, for simplicity's sake, the same mag- in the level part
of the curve where the standard    nitude firing pulse is used in the
present invention deviation is greatly reduced. By operating in this   as
in the prior art, the present invention can be upper range, the droplet
volume remains predict-  50   practiced with a smaller firing pulse. The
prewar- ably constant. The prior art curve is marked with an  ming of the
ink results in its more consistent "X" at a representative operating point,
which may   nucleation and reduces the effect of ambient tem- provide 25 to
60 percent more energy to the firing   perature on pen performance. This
permits the pen resistor than is theoretically needed. By overpower-  to be
reliably fired without the substantial overpow- ing the resistor in this
manner, variations in printer  55   ering that is used in the prior art to
minimize the performance due to changes in ambient tempera-
variability in performance due to these factors.) ture and processing
tolerances, such as passivation     In designing printing systems utilizing
the thickness of the thin film firing resistor, are mini-  present
invention, it should be recognized that the 3    



5                 EP0373894B1                         6 larger droplets
produced by prewarming of the ink  delayed a desired interval behind the
firing pulses must be replaced by a correspondingly larger vol-  and having
magnitudes related to the gray scale ume of ink drawn through the capillary
tube to the  signal. The delay is set so that the gray scaling [err] nozzle
during the refill interval. Consequently,  signal occurs a desired interval
before the next the refill interval is somewhat longer in pens ac-   5
firing pulse. This delayed gray scale signal is again cording to the
present invention than in the prior art  shaped as desired by a warming
pulse shaping pens and is variable on the degree of prewarming.  circuit 30
and buffered by a warming pulse buffer In the preferred form of the present
invention,  amplifier 32 before being applied to the firing resis- the
prewarming of ink in the firing chamber is     tor 18. The superposition of
the warming pulse and achieved by applying an electrical warming pulse   10
firing pulse signals applied to the firing resistor 18 signal to the firing
resistor prior to the firing pulse  yields the desired two component
waveform. signal. The warming pulse can take any of myriad       It should
be noted that while the firing pulses forms, such as a square pulse, a
ramp, an ex-      shown in the figures are illustrated as being rectan-
ponential curve, etc., or repetitive combinations of  gular, there are a
great variety of other firing any of these. Exemplary waveforms are shown
in  15  waveforms known to the art that can readily be Figs. 3A - 3G (not
to scale). Similarly, the warming  used in place of those illustrated.
Similarly, while pulse can occur within a wide range of time inter-  the
firing pulses are shown as being invarient from vals before the firing
pulse, and may even transi-  one cycle to the next, in other embodiments it
may tion into the firing pulse without returning to zero.  be desirable to
vary the character of these pulses the greater the time interval between
the warming   20  over time. pulse and the firing pulse, the greater the
heat loss  Compared to the multi-drop techniques for from the ink by
conduction, etc.                    gray-scaling known in the prior art,
the present Often, a desired prewarming effect can be       invention
achieves an improved print quality while achieved by several entirely
different warming      producing droplets at a slower rate. (Alternatively,
pulses, such as a large rectangular pulse several  25  the invention can
produce droplets at the same rate tens of microseconds before the firing
pulse or a  and complete the printing job more quickly). Resis-
commensurately smaller ramp warming pulse just a   tor life is also
extended as there is less cavitation few microseconds before the firing
pulse.          due to fewer droplets per resistor. The prewarming pulse is
preferably of short        As in the prior art, the printhead is desirably
duration so that heat produced thereby does not  30  provided with a
heatsink to prevent the ambient have time to diffuse into adjacent ink
still in the  temperature of the ink in the pen from rising unduly
capillary feed tube and change its temperature, or  during prolonged
printing operations. raise the temperature of the substrate. Such para-
Having illustrated the principles of my invention sitic heating introduces
an undesirable offset into  with reference to a preferred embodiment and
sev- the gray scale which should be avoided by main-  35  oral variations
thereof, it should be apparent that taining the ink outside the firing
nozzle, as well as  the invention can be modified in arrangement and the
pen itself, near ambient temperature.           detail without departing
from such principles. For Fig. 2 shows a an ink jet printing system 10
example, while the invention has been described that includes a simple
waveform generator 11 for   as using the firing resistor for the prewarming
op- practicing the present invention. A firing oscillator  40  eration, in
alternative embodiments, additional re- 12 produces an output signal every
200 micro-      sistive heating elements can be used for this pur- seconds,
corresponding to a pen firing rate of 5000  pose. Similarly, while the
invention has been de- droplets per second. This signal is applied to a
scribed  as employing a resistive element to firing pulse shaping circuit
14 which generates the  prewarm  the ink, the same result could be desired
firing pulse waveform. This signal is in turn  45  achieved by employing a
solid state cooling ele- fed to a firing pulse buffer amplifier 16 which
drives  ment to vary the ink temperature a desired degree the firing
resistor 18 in the ink jet pen 19.       below ambient. Finally, it should
be recognized that An eight bit gray scale signal is applied from a  the
prewarming may be controlled either in re- printer controller (not shown)
to waveform gener-  sponse to the data (typically an image) being print-
ator 11 on an input line 20. This signal is converted   so  ed, or it may
be set independently, as by a user- to an analog equivalent by an D/A
converter 22 and  adjustable control. is applied to the input of a gating
circuit 24. Gating circuit 24 is gated on by a delayed version of the
Claims firing oscillator signal, provided by a variable delay stage 26
whose delay is controlled by a warming  55  1. A cyclic method of operating
an ink jet pen pulse offset signal supplied by the printer control-
comprising a firing resistor (18), each cycle ler. The gating circuit 24
and delay stage 26 coop-    comprising the steps of: sending a precursor
erate to provide to line 28 a series of pulses         pulse to the
resistor to warm the ink, and 4    



5                 EP 0 373 894 B1                      6 larger droplets
produced by prewarming of the ink   delayed a desired interval behind the
firing pulses must be replaced by a correspondingly larger vol-   and
having magnitudes related to the gray scale ume of ink drawn through the
capillary tube to the  signal. The delay is set so that the gray scaling
[err] nozzle during the refill interval. Consequently,  signal occurs a
desired interval before the next the refill interval is somewhat longer in
pens ac-   5   firing pulse. This delayed gray scale signal is again
cording to the present invention than in the prior art  shaped as desired
by a warming pulse shaping pens and is variable on the degree of
prewarming.   circuit 30 and buffered by a warming pulse buffer In the
preferred form of the present invention,  amplifier 32 before being applied
to the firing resis- the prewarming of ink in the firing chamber is
tor 18. The superposition of the warming pulse and achieved by applying an
electrical warming pulse   10  firing pulse signals applied to the firing
resistor 18 signal to the firing resistor prior to the firing pulse  yields
the desired two component waveform. signal. The warming pulse can take any
of myriad       It should be noted that while the firing pulses forms, such
as a square pulse, a ramp, an ex-       shown in the figures are
illustrated as being rectan- ponential curve, etc., or repetitive
combinations of  gular, there are a great variety of other firing any of
these. Exemplary waveforms are shown in  is   waveforms known to the art
that can readily be Figs. 3A - 3G (not to scale). Similarly, the warming
used in place of those illustrated. Similarly, while pulse can occur within
a wide range of time inter-  the firing pulses are shown as being invarient
from vals before the firing pulse, and may even transi-  one cycle to the
next, in other embodiments it may [err] into the firing pulse without
returning to zero.  be desirable to vary the character of these pulses The
greater the time interval between the warming   20   over time. pulse and
the firing pulse, the greater the heat loss   Compared to the multi-drop
techniques for from the ink by conduction, etc.
gray-scaling known in the prior art, the present Often, a desired
prewarming effect can be       invention achieves an improved print quality
while achieved by several entirely different warming      producing
droplets at a slower rate. (Alternatively, pulses, such as a large
rectangular pulse several  25  the invention can produce droplets at the
same rate tens of microseconds before the firing pulse or a   and complete
the printing job more quickly). Resis- commensurately smaller ramp warming
pulse just a    tor life is also extended as there is less cavitation few
microseconds before the firing pulse.           due to fewer droplets per
resistor. The prewarming pulse is preferably of short         As in the
prior art, the printhead is desirably duration so that heat produced
thereby does not  30   provided with a heatsink to prevent the ambient have
time to diffuse into adjacent ink still in the  temperature of the ink in
the pen from rising unduly capillary feed tube and change its temperature,
or  during prolonged printing operations. raise the temperature of the
substrate. Such para-      Having illustrated the principles of my
invention sitic heating introduces an undesirable offset into  with
reference to a preferred embodiment and sev- the gray scale which should be
avoided by main-   35  eral variations thereof, it should be apparent that
taining the ink outside the firing nozzle, as well as  the invention can be
modified in arrangement and the pen itself, near ambient temperature.
detail without departing from such principles. For Fig. 2 shows a an ink
jet printing system 10     example, while the invention has been described
that includes a simple waveform generator 11 for     as using the firing
resistor for the prewarming op- practicing the present invention. A firing
oscillator  40  eration, in alternative embodiments, additional re- 12
produces an output signal every 200 micro-       sistive heating elements
can be used for this pur- seconds, corresponding to a pen firing rate of
5000  pose. Similarly, while the invention has been de- droplets per
second. This signal is applied to a    scribed  as employing a resistive
element to firing pulse shaping circuit 14 which generates the  prewarm
the ink, the same result could be desired firing pulse waveform. This
signal is in turn   45  achieved by employing a solid state cooling ele-
fed to a firing pulse buffer amplifier 16 which drives  ment to vary the
ink temperature a desired degree the firing resistor 18 in the ink jet pen
19.       below ambient. Finally, it should be recognized that An eight bit
gray scale signal is applied from a  the prewarming may be controlled
either in re- printer controller (not shown) to waveform gener-   sponse to
the data (typically an image) being print- ator 11 on an input line 20.
This signal is converted   50  ed, or it may be set independently, as by a
user- to an analog equivalent by an D/A converter 22 and  adjustable
control. is applied to the input of a gating circuit 24. Gating circuit 24
is gated on by a delayed version of the  Claims firing oscillator signal,
provided by a variable delay stage 26 whose delay is controlled by a
warming   55   1. A cyclic method of operating an ink jet pen pulse offset
signal supplied by the printer control-    comprising a firing resistor
(18), each cycle ler. The gating circuit 24 and delay stage 26 coop-
comprising the steps of: sending a precursor erate to provide to line 28 a
series of pulses          pulse to the resistor to warm the ink, and 4    



7                 EP 0 373 894 B1                     8 sending a firing
pulse to the resistor to eject    caractsristiques de l'impulsion
prscurseuse ink from the pen, the method being charac-         commandent
le volume d'encre dject6e. terised in that the characteristics of the
precur- sor pulse control the volume of the ejected ink.  2. Un proced6
selon la revendication 1, dans 5       lequel l'impulsion precurseuse est
commandee 2. A method according to claim 1, wherein the          par un
signal d'6chelle des gris, variant dans le precursor pulse is controlled by
a time-varying    temps, qu'il est possible de faire varier d'un
gray-scaling signal which may be varied from       cycle a 1'autre. cycle
to cycle. 10  3. Un systeme d'impression (10) & jet d'encre 3  An ink jet
printing system (10), comprising a       comprenant un stylo thermique (19)
a jet d'en- thermal ink jet pen (19) having a firing resistor  cre incluant
une resistance de lancemrent (18); (18); a waveform generator (11), said
waveform     un generateur (11) de forme d'onds, ledit g6- generator
repetitively providing to said firing    nerateur de forma d'onde envoyant
de fagon resistor a waveform comprising a warming sig-  is  r6petitive a
ladite resistance de lancement une nal and a firing signal; and means (26)
for        forms d'onde comprenant un signal d'6chauf- varying the warming
signal of said waveform to     fement et un signal de lancement; et un
effect variations in printed gray scale.           moyen (26) servant &
faire varier le signal d'echauffement de ladite forme d'onde afin de
PatentansprUche                               20       provoquer des
variations de l'echelie des gris imprimde. 1. Zyklisches Verfahren zum
Betreiben eines Tin- tenstrahistiftes, mit einem Abfeuerwiderstand (18),
bei dem jeder Zyklus die folgenden Schritte umfa~t: Senden eines
Vorlauferimpul-  25 ses zum Widerstand, um die Tinte zu erwar- men, und
Senden eines Abfeuerimpulses zum Widerstand, um Tinte vom Stift
auszusto~en, dadurch gekennzeichnet, daI die Charakteri- stik des
Vorlauferimpulses das Volumen der  30 ausgestoRenen Tinte steuert. 2.
Verfahren nach Anspruch 1, bei dam der Vor- lauferimpuls von einem
zeitveranderlichen Grauskalensignal gesteuert wird, das von Zy-  3s klus zu
Zyklus verandert warden kann. 3  Tintenstrahldrucksystem (10) mit einem
thermi- schen Tintenstrahlstift (19), der einen Abfeuer- widerstand (18),
eanen Wellengenerator (11),  40 der wiederholt aine Wellenform an den
Abfeu- erwiderstand liefert, welche ein Erwarmungssi- gnal und ein
Abfeuersignal umfaBt, und eine Vorrichtung (26) zum Ver~ndern des Erwar-
mungssignales der Wellenform aufweist, um   45 Ver~nderungen der gedruckten
Grauskala zu bewirken. Revendicatlons 50 1. Un proc~d6 cyclique de mise en
oeuvre d'un stylo & jet d'encre comprenant une resistancs de lancement
(18), chaque cycle comprenant las stapes consistant a: envoyer h la
r6sistan- ce une impulsion prdcurseuse afin de chauffer  55 I'encre, et
envoyer a la resistance une impul- sion de lancement pour ejecter l'encre
du sty- lo, le procMd6 etant caracterise en ce qua les 5    


