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This is a continuation-in-part of a copending patent application, that will issue
, having the serial number 07/694,185 entited METHOD AND
APPARATUS FOR CONTROLLING THE TEMPERATURE OF THERMAL INK JET
AND THERMAL PRINTHEADS THROUGH THE USE OF NONPRINTING
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15 relates to copending application Serial No. entitled INK-
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incorporated herein by reference.

10

20 Field of the Invention
This invention relates generally to the field of thermal ink jet printers and more
particularly to controlling the temperature of thermal ink jet printheads.

Backaround of the Invention

25 Thermal ink jet printers have gained wide acceptance. These printers are

described by W.J. Lloyd and H.T. Taub in “Ink Jet Devices," Chapter 13 of

QOutput Hardcopy Devices (Ed. R.C. Durbeck and S. Sherr, San Diego:
Academic Press, 1988) and U.S. Patents 4,490,728 and 4,313,684. Thermalink

jet printers produce high quality print, are compact and portable, and print

30 quickly but quietly because only ink strikes the 'pa_per. The typical thermal ink

' jet printhead (i.e., the silicon substrate, structures built on the substrate, and

connections to the substrate) uses liquid ink (i.e., colorants diséolved 'oir
dispersed in a solvent). It has an array of precisely forméd nozzles at_téched :

to a printhead substrate that incorporates an array of firing chambers which

35 receive liquid ink from the ink reservoir. Each chamber has a thin-film resistor,
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quickly but quietly because only ink strikes the pa?eﬁ'he typi cal thermal
ink Jet printhead (i.e., the silicon substrate, struBhisShea HaBdt Rl e

substrate, and connections to the substrate) uses Ilqﬂlnﬂ“mugu
.col orants di ssol ved or dispersed in a solvent). It ha ’mm
precisely formed nozzles attached to a printhead substrate

i ncorporates an array of firing chanbers whfch receive liquid ink fromthe

thermml 1k | el d%A et i Bt b8 enamfiek Febtg ppsres onaSi SR ttes i
can col | ect beggifiicarn collsktbeewsen iland théeidzelee Whes elictri prdtinpaless heat
the thermal ink jet firing chamber resistor, a small portion of the ink next to it
vaporizes and ejects a drop of ink from the printhead. Properly arranged
5 nozzles form a dot matrix pattern. Properly sequencing the operation of each
nozzle causes characters or images to be printed upon the paper as the
printhead moves past the paper.

Drop volume variations result in degraded print quality and have prevented the
10 - realization of the full potential of thermal ink jet printers. Drop volumes vary
with the printhead substrate temperature because the two properties that
control it vary with printhead substrate temperature: the viscosity of the ink and
the amount of ink vaporized by a firing chamber resistor when driven with a
printing pulse. Drop volume variations commonly occur during printer startup,
15 during changes in ambient temperature, and when the printer output varies,

such as a change from normal print to "black-out" print (i.e., where the printer
covers the page with dots).

Variations in drop volume degrades print quality by causing variations in the
20 darkness of black-and-white text, variations in the contrast of gray-scale images,
and variations in the chroma, hue, and lightness of color images. The chroma,
hue, and lightness of a printed color depends on the volume of all the primary
color drops that create the printed color. If the printhead substrate temperature
increases or decreases as the page is printed, the colors at the top of the page

25 can differ from the colors at the bottom of the page. Reducing the range of
drop volume variations will improve the quality of printed text, graphics, and
images.

Additional degradation in the print quality is cause by excessive amounts of ink
30 in the larger drops. When at room temperature, a thermal ink jet printhead
must eject drops of sufficient size to form satisfactory printed dots. However,
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the thermal ink jet firing chanber resistor, a small pdrhis o2 ed
.next’'do0 it vaporizes and ejects a drop of |nkfromthep rIy
arranged 5 nozzles forma dot matrix pattern. Properl

operation of each nozzle causes characters or images to be printed upon the
paper as the printhead noves past the paper. Drop volune variations result

I n degraded print quality and have prevente&d the 10 real i zation of the

full potential of thermal ink jet printers. Drop vaolunmes vary with the

pri nt head subgrp&lpeISlyehﬂ@watm@hse%aaét meetitils pPORERENGS; redferoaRt rejecti t

Amount of | nk SrSBS SRS oo aiiolifs oAk WP g briinesoE st RS
“printing pul sewarin.oTheobxoessivarinikidegnaded tin® print by causity feathdringbtthe ink

startup, 15 dur | [1 chan?es i n anbi ent tenperature, and when the printer
out put vari es,drops, bieeding ofink drops having different colors, ‘and cockling and curling
5 of the paper. Reducing the range of drop volume variation would help eliminate
this problem.

Summary of the Invention
For the reasons previously discussed, it would be advantageous to have an

10 apparatus and a method for reducing the range of drop volume variation.

The foregoing and other advantages are provided by the present invention
which reduces the range of the drop volume variation by maintaining the
temperature of the printhead substrate above a minimum value known as the
15 reference temperature. The present invention includes the steps of selecting
a reference temperature that can reduce the range of drop volume variation,
measuring the printhead substrate temperature, comparing the printhead
subst_fate temperature with the reference temperature, and keeping the
printhead substrate temperature above the reference temperature to reduce the
20 range of drop volume variation.

The scope of the present invention includes heating the printhead substrate

during a print cycle (i.e., the interval beginning when a printer receives a print

. command and ending when it executes the last command of that data stream),

25 as well as, heating it at anytime or heating it continuously. The scope of the
present invention includes heating the printhead substrate by heating the entire
cartridge (i.e., the printhead substrate, the housing, connections between the
printhead substrate and the ink supply, and the ink supply if it is attached to the
printhead substréte) by using a cartridgé heater or heating the printhead

30 substrate more directly i::y driving the firing chamber resistors with nonprinting
pulses (i.e., puises that do not have sufficient énergy to cause the printhead to
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such as a change fromnormal print to "black-out" print—.e., where the

printer covers the page with dots). Variations in drop v J }q,gge@m aced
print quality by causing variations in the 20 dar kn \a
bl ack-and-white text, variations in the contrast of gray- ‘ nd
variations in the chroma, hue, and |lightness of color im hrona

hue, and |ightness of a printed col or depepds on the vol une of all the
primary color drops that create the printed color. If the printhead
substrat e t enfire)atThee scope editke presereicineastion axcludes psigg a shgrmaitmaddet e

colors at the to of t he n differ fromt ors at fhe
ot Com of ( hoesibat® thaaEoAL of Beah to RbySiiia e, BiTREo0.s ERtAL Lo Vipis ts
i nprove the qt&‘ﬁgéﬁétﬂfe ﬁrﬂh@tr%fbrbﬁéé terﬂE % gFeSané%lerhs /éﬂe@y B?ﬁteen

degradation in the print quality 1I's ca y excessive anounts
swaths to avoid slowing the printer output.

Another aspect of the present invention varies the reference temperature
according to the print resolution. When a cartridge prints at lower resolution
(i.e., skipping every other dot), the space between the printed dots increases.
The present invention reduces this empty space by increasing the reference
10 temperature of the printhead substrate so that it produces larger dots. A
further aspect of the present invention is a darkness knob that allows the user
to vary the reference temperature and thereby control the darkness of the print
and the time required for it to dry. The present invention includes a
temperature sense resistor deposited around the firing chamber resistors of the
15 printhead substrate. '

The present invention has the advantage of reducing the range of drop volume

variation and increasing the quality of the print. Other advantages of the
20 invention include a reduction in the average drop volume since a smaller drop

volume range allows the designer to set the average drop volume to a lower

value, a reduction in the amount of in_k that the paper must absorb, and more

pages per unit ink volume whether the ink supply is onboard (i.e., physically

attached to printhead substrate so that it moves with it) or offboard (i.e.,
25 stationary ink supply). |

Brief Description of the Drawings

Figure 1 is a block diagram of the present invention.

30 Figure 2 is a plot of the thermal model! of the printhead substrate used by the
preferred embodiment of the invention. '
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30 in the larger drops. Wen at roomtenperature, a thermal TTkjet
printhead nust eject drops of sufficient size to foms%ﬂﬁgﬁ%(k?acggi nt ed

dots. However, 191602-1 Substitute sheet - 14 Aug ously
known printheads that neet this performance require H m
cont ai ni ng excessive anmounts of ink when the printhea war m

S
The excessive ink degraded the print by ®ausing feathering of the ink

drops, bleeding of ink drops having different colors, and cockling and
curling Figure 3 is a block diagram of an alternate embodiment of the present

invention.

Figure 4A is a histogram of the distribution of print-cycle temperatures that a
5 population of printheads substrates without the present invention would
experience over a typical range of user plots.

Figure 4B is a histogram of the distribution of print-cycle temperatures that a
population of printheads with the present invention would experience over the
10 same typical range of user plots where the reference temperature equals 40°C.

Figure 5A is a plot of the distribution of drop volumes for a printhead substrate
without the present invention.

15 Figure 5B Is a plot of the distribution of drop volumes for a printhead substrate
made according to the preferred embodiment of the invention.

Figure 6 shows the temperature sense resistor for the preferred embodiment
of the present invention.
20

Figure 7A shows print having'a resolution of 300x600 dots per inch and
Figure 7B shows print having a resolution of 300x300 dots per inch.

Figure 8 shows the effect of increasing the drop size when printing at a
25 resolution of 300x300 dots per inch.

Detailed Description of the Invention .
A person skilled in the art will readily appreciate the advantages and features
of the disclosed invention after reading the following detailed description in
30 conjunction with the drawings. '
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of the paper. Reducing the range of drop vol une variation would help
elinipate this problem EP-A-0511 602 describes a SysfemhfonasBeeiRsplaygd
yariations in the size of ink drops ejected fromther by
heati ng the printhead using nonprinting pul ses. SUW%M\! ““m&ii on
For the reasons previously discussed, it would be adva S 1o have an
apparatus and a nethod for reducing the ramsge of drop volune variation. The

foregoi ng and other advantages are provided by the present invention as
defined in thdropaveiumeaheariesomithoprinthegs saubstratentempesaturewc| Jines preseantng

mgnp;i Bﬁ ihﬁ? g lir?\regﬁiggﬁsé{esgﬁﬁ Eﬂp&p?er {on%'egdccel the li'an%e’ of QPOQ Uéﬁlwéill\faﬁgt%nn {(ng
heating the printhead substrate to a reference temperature before printing
begins and keeping it from falling below that temperature during printing. The
5 preferred embodiment uses a thermal model of the printhead substrate to
estimate how long to drive the printhead substrate at a particular power level
to raise its temperature to the reference temperature of the printhead substrate.

- 10 Figure 1 is a block diagram of the preferred embodiment of the present
invention. It consists of a printhead substrate temperature sensor 22, also
shown in Figure 6, a cartridge (i.e., the box that holds the ink and the printhead
substrate) temperature (i.e., the air temperature inside the cartridge which is the
ambient temperature of the printhead substrate) sensor, and a reference

15 temperature generator. The outputs of these three devices are fed into a
thermal model pracessor/comparator which calculates how long to drive the
firing chamber resistors with nonprinting pulses having a known power. The
preferred embodiment of the invention heats the printhead substrate only
between swaths so it has a printhead position sensor that detects when the

20 printhead is between swaths. The output of the thermal model and the output
of the printhead position sensor goes to a nonprinting pulse controller that
determines when the firing chamber resistors should be driven with nonprinting
pulses. The autput of the nonprinting pulse controller signals a pulse generator
when to drive the firing éhamber resistors with one or more packets of

25 nonprinting pulses having the duration specified by the thermal model
processor/comparator.

Figure 2 is a plot of the thermal model of the printhead substrate. The
printhead substrate has an exponential temperature rise described by:
30 T Y =A(1 -exp-;)_ A and A are constants of the system. The

catidge
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the present invention includes heating the printhead su |ng
the entire cartridge (i.e., the printhead substrate,

connecti ons between the printhead substrate and the |nk supply, and the ink
supply if it is attached to the printhead Zubstrate) by using a cartridge
heater or heating the printhead substrate nore directly by driving the
firing chanbeinnlg§|t§ttbﬁ§hﬁﬁmai medpk ingludey therefesenge tempﬁfattgestheqaartmge.ot

T Ul Fg WmPRRke 112, AU EmbBfEFd Bf 8 f3ide s Bithidgd b Bitbuncd !
the printhead substrate), and the printhead substrate temperature. The output
parameter, At, shown in Figure 2 is the length of time the firing chamber

5 resistors should be driven with a Power, to heat the printhead substrate to the
reference temperature. The equation that defines this time is:

command and endi ng when-it executes the |ast conmand at data strean)
as well as, heating it at anytine or heating it contin ‘ﬁiﬂm i‘? of

t’f(ln( Tcwkzg- +A- Tmmuu))

Tm +A-T,

The advantage of the thermal model is that the printhead substrate reaches the
reference temperature with reduced iterations of measuring the printhead
10 substrate temperature and heating the printhead substrate. However, the
thermal model is part of a closed-loop system and the system may use several
iterations of measuring and heating if needed.
Figure 4A is a histogram that represents the distribution of print-cycle
temperatures that ai populaﬁon of printheads without the present invention
15 would see over a typical range of user plots. The average print-cycle
temperature of these printhead substrates without the invention is T,er and
equals 40°C. The preferred embodiment of the invention sets the reference
temperature of a printhead substrate equal to Typer This has the advantage of

eliminating half the temperature range and, thus, half the drop volume variation
20 due to temperature variation.

The preferred embodiment of the invention heats the printhead substrate to the
reference temperature only during the print cycle. This has the advantage of
keeping the printhead substrate at lower and less destructive temperatures for
25 longer.  Additionally, the preferred embodiment of the invention heats the
' printhead substrate only between swaths (i.e., passes of a printhead across the
page) to reduce the load on the processor ahd prevent a reduction in the print

speed. An alternate embodiment of the present invention heats the printhead
substrate continuously. It measures the temperature of the printhead substréte
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4 fire). The scope of the present invention includes nﬁgghgetﬁai@ﬁr nodel

to estimate the anount of heat to deliver to the printlhi h o
Jaise its tenperature to the reference tenperature andtgﬁm S
energy between swaths to avoid slow ng the printer out

preferred aspect of the present invention varies the reference tenperature
according to the print resolution. Wen g cartridge prints at | ower
resolution (i.e., skip ing every other dot), the space between the printed

dots increasesit Thowespaefossrthe papact Ifdf ist below ¢ neferancentengpenatudrectie t hi s
enpty space by increasing the reference te rature of. th rinthea
Substrate sdTRRAINS Wil Septh pither PRHINGBlse TAPe, pIPhEadliesr it PF BdTonRsEEngof
the present j Nhf ' ' ; t he
reference t e%é?’a%ﬁ%agﬁ%ﬁpﬁg Erﬁ%@t%?é Hh{tgr}@ I"éfﬁéen g‘a Kk neggﬁﬁﬁ?ﬁéa% rg?%t%ate

at anytime without departing from the scope of the invention. ' '

The preferred embodiment of the invention heats the printhead substrate to the
reference temperature by driving the firing chamber resistors with nonprinting
pulses (i.e., pulses that heat the printhead substrate but are insufficient to cause.
the firing chamber resistors to eject drops). Alternate embodiments of the

10 invention can heat the printhead substrate in any manner (e.g., printing pulses
driving any resistive element, a cartridge heater, etc.) without departing from the
scope of the invention. |

In summary, the preferred embodiment uses a thermal model of the printhead
15 substrate, having inputs of the reference temperature, the cartridge

temperature, and the printhead substrate temperature, that calculates how long

the firing chamber resistors of the printhead substrate should be driven with

packets of nonprinting pulses delivering power at the rate of Power, to the

printhead substrate between swaths to raise the printhead substrate
20 . temperature to the reference temperature.

Figure 3 shows an alternate embodiment of the invention that uses an iterative
approach to heating the printhead substrate to the reference temperature. The
temperature sensor measures the printhead substrate temperature. An output
25 signal 25 of the temperature sensor is processed by either a buffer-ampliﬁér or
a data converter and goes to an error detection amplifier that compares it toa
reference temperature signal 36. If the printhead substrate temperature is less
than the reference temperature, the closed-loop pulse generator will drive the
firing chamber resistor with a series of nonprinting pulses. This process is
30 repeated continuously during the print cycle. This and other aspects of the
present' invention are described in U.S. Patent Application 07/694,184 hereb_y
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and the tine required for it to dry. The present invention preferably
i'ncl ueles a tenperature sense resistor deposited arounc}hﬁgﬁeetfﬁagh%m@a;aa)er

resi stors of the printhead substrate. The present inven o
advant age of reducing the range of drop volunme variatio ‘mmmln ng the
quality of the print. O her advantages of the invention I uction
I n the average drop volune since a snaller ,drop volune range all ows the
.designer to set the average drop volune to a | ower value, a reduction’'in
the amount of jhddepbhtbditierdlaiceTust absorb, and nore pages per unit ink
vol ume whether the 1nk supply is onboard (i.e., physically attached to

printhead substrate so that it noves with it) or offboard (i.e., stationary
i nk supply). l?l{s' %{ateDg Secarriié)rt, iF‘fgnur%f 4.“}5 aDrh?s\"Enéaxga% of the distribution of print-cycle
temperatures for a printhead substrate without the present invention. The
5 average print-cycle temperature, T,eer, i 40°C. When the population of
| printhead substrates with the histogram of print-cycle temperature distributions
shown in Figure 4A adopts the present invention with the reference temperature -
set at Typer, 40° C, these printhead substrates obtain the histogram of print-
cycle temperature distributions shown in Figure 4B. It is a skewed-normal
10 distribution with the lower temperatures of Figure 4A avoided by use of the
present invention. This printhead substrate made according to the preferred
embodiment of the invention operates at the reference temperature of 40° C
most of the time but it does float up to higher temperatures including a
maximum temperature (i.e., the highest printhead substrate temperature) when
15 the print duty cycle is high in a warm environment.

As stated earlier the preferred embodiments of the present invention, sets the
reference temperature equal to TA;,,, because it has the advantage of
eliminating half the temperature range and half the range of drop volume

20 variation due to temperature variation. Alternate embodiments could set the
reference temperature equal to any temperature, such as above the maximum
temperature, equal to the maximum temperature, somewhere between T,,.; and
the maximum temperature, or below T,,.; without departing from the scope of
the invention.

25
Another aspect of the invention, is a darkness control knob, shown in Figure 1,
that allows the user to change the reference temperature and thereby adjustthe
darkness of the print or the time required for the ink to dry according to
personal preference or changes in the cartridge'performance._ Adjustments of

30 the darkness control knob can cause the reference temperature to exceed the
maximum temperature. |
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Figure 1 is a block diagramof the present invention. hligtHe& 42skein Re - of
the thermal nodel of the printhead substrate used by th 1

_\,errbodi nent of the invention. 5 Figure 3 is a block dlmﬂﬁmmu L

al ternate enbodi rent of the present invention. Figure 4 [ m of
the distribution of print-cycle tenperatures that a 5 popul ati on of
print heads substrates w thout the present #nventi on woul d experience over a

typi cal range_of ~user plots.
P J Raising the npeference temperature has the advantage of reducing the range of

printhead substrate temperature variation and if the reference temperature

equals the maximum temperature, the printhead substrate temperature will not

véry at all. Butraising the reference temperature places increased stress on the

5 printhead substrate and the ink and the likelihood of increased chemical
interaction of the ink and the printhead substrate. This resuits in decreased

reliability of the printhead. Also, a printhead substrate with a higher reference:
teniperature will require more time for heating. Another disadvantage of raising

the refereﬁce température is that all ink jet printer designs built to date have

10 shown a higher chance of misfiring at higher printhead éubstrate“temperatures;

Figure 5A shows the drop volume range for a printhead substrate without the
present invention. The X-axis is the volume of the drops and the Y-axis is the
15 percentage of drops having that volume. The peak of the distribution curve is
at 52.5 pico liters. The vertical lines are the lower acceptability limit (i.e., the
smallest acceptable drops) and upper acceptability limit (i.e., the largest
accéptable drop). The largest drops produced by a printhead substrate without
the present invention exceed the upper acceptébility limit and cause the
20 feathering, bleeding, and block (i.e., the sleeve of a transparency film adheres
to the printed area of the film and permanently changes the surface of the film)
problems, as well as, the cockling and curling problems mentioned earlier.

Drop volume is a function of the printhead substrate temperature, geometric
25 = properties of the printhead such as resistor size or nozzle diameter, and the
energy contained in a printing pulse. As shown in Figure 5A, the drop volume
range of printheads without the present invention is large. Typically, the dropé
ejected by previously-known printers at the cold, start-up printhead substrate
tefnperatures are too small and produce substandard print. To produce larger
30 drops at the cold, start-up temperatures, the p}operties of a printhead without
the present invention, such as its geometry, must be adjusted so that the drops
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Figure 4B.is a histogramof the distribution of print- cycle terrperatures
that-a popul ation of printheads with the present inve e rikhischh “ﬂﬁl

over *the 10 same typical range of user plots where
-terrperature equal s 40[err]C. Figure 5Ais a plot of the

drop volumes for a printhead substrate w thout the present |nvent|on
Figure 5B is a plot of the distribution ofqgdrop volunes for a prlnthead
substrate nade according to the preferred enbodi mrent of the invention.

Fi gure 6 showgprokibcednipye raacold: psiathead substrate abpowes-qor efeclarge endwagh tent

300600 dot 5 (REPALEEEahiGERe, PBt B dn el Rimed ibtaliehy 11 e
300x300 dots pgdrkn8sd). When these printhead substrates heat-up, they produce drops of
excessively large volumes (as shown in Figure 5A) that change the saturation

5 level of the graphics, make the text bloomy, and create print that does not dry

quickly and resuits in ink that bleeds, blocks , or smears and paper that cockles

or curls. For these reasons, it is desirable to reduce the volume of the larger
drops.

.10 Figure SB shows the drop volume range for a printhead substrate made
according to the present invention. The peak of the distribution curve is at 47.5
pico liters and both the lower end and the upper end of the drop distribution

fits inside the | _
limits of acceptabiiity. This volume distribution was obtained by using the
15 present invention which kéeps the printhead substrate temperature from falling

below the reference temperature and by skewing the entire range of drop

volumes down to lower drop volumes. This is accomplished by changing the

geometry of the printhead such as the size of the resistors and the orifice

diameter. Thus, an advantage of the present invention is that the largest drops
20 can be eliminated by skewing down the entire range of drop volumes.

Figure 6 shows the temperature sense resistor 22 that the preferred
embodiment of the invention uses. Temperature sense resistor 22 measures
the average temperature of a printhead substrate 20 since it wraps around all
25 nozzles 24 of printhead substrate 20. The temperature of the ink in the drop
generators is the temperature of greatest interest, but this temperature is
difficult to measure directly but temperaturé sense resistor 22 can measure it
_indirectly. The silicon is thermally conductive and the ink is in contact with the
substrate long enough that the temperature averaged around the head is very

30 close to the temperature of the ink by the time the printhead ejects the ink.
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Figure 8 shows the effect of increasing the drop size when printing at a 25

resol-ution of 300x300 dots per inch. Detailed Descript ¢d on
A person-skilled in the art will readily appreciate the
features of the disclosed invention after readi ng the f

description in 30 conjunction with the draw ngs. 191602 1 Subst i tute

sheet - 14 August 1999 Drop vol unme varies WRth printhead substrate
tenperature. The pre
Pnnthead substrate temperature sensor 22 is inexpensive to manufacture

because it does not require any processing steps or materials that are not
already a part of the manufacturing procedure for thermal ink jet printheads.
However, it must be calibrated using standard calibration techniques, an
5 accurate thermistor located in the printer box, and a known temperature
difference between the printhead substrate and printer box. Other possibilities

for calibrating printhead substrate temperature sensor 22 include laser trimming
of the resistor.

.10 The preferred embodiment of the invention heats the printhead substrate by
using packets of nonprinting pulses. The power delivered by these packets
equals the number of nozzles times the frequency of the nonprinting pulses
(which can be much higher than that of the printing pulses since no drops are
ejected from the printhead) times the energy in each nonprinting pulse. This

15 power parameter is used to create the thermal model shown in Figure 2. The
number of nozzles and the frequency of the nonprinting pulses are constant
and set by other aspects of the printhead design. Alternate embodiments of
the invention can vary the frequency of the nonprinting pulses and pulse some
but not all of the nozzles without departing from the scope of the invention.

20 | .
in the preferred embodiment of the invention, the nonprinting pulses have the
same voltage as the printing pulses so that the various time constants in the
circuit are the same for printing pulses and nonprinting pulses. The pulse width
and energy delivered by printing pulses are adjusted according the

25 characteristics of each particular printhead. The width of nonprinting pulses is
equal to or less than .48 times the width of the printing pulse so that it has little
chance of ever ejedting ink from the printhead. In the preferred embodiment
of the invention, the printing pulses have a width of 2.5 usec. and the
nonprinting pulses have a width of .6usec.

30

The preferred embodiment of the invention changes the reference temperature
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I nvention uses this principle to reduce the range of _drop volune variation
by hgating the printhead substrate to a reference tenperature before

printing begins and keeping it fromfalling bel ow t Iis Sh Ba¢nReplacddir i ng
printing. The preferred enbodi nent uses a thermal nod t head
- substrate to estimate how long to drive the printhead a
particul ar power level to raise its tenpengture to the reference
tenperature of the printhead substrate. Figure 1 is a block diagramof the
preferred embwithmhangss in esguticr thatiare caused byl a cbange in priof spegd.i At thead

substrate te r [ al so..sho Ln, Fiqure 6, _.a cartridge.(i e.,
the box that REFBErs RUPF ARoesineqBsairanreae0 Aotk PEL P a8ng B pebdf et ”
the air tenpeagisHrr 600 iddts bBP itk Adrods theWNidth bfthbhSasuFth ehé chATEY déaH ©
of the printhead substrate) sensor, and a reference tenperature generator.
The out put s ofliregtigrewhighesansistesdatodmniced the numbesof dots across the width of the
5 paper. Figure 7A shows the coverage of dots in 300 x 600 dot per inch print.
If the print speed is doubled, the printhead operates the same way but the
resolution becomes 300 x 300 dots per inch. Figure 7B shows the coverage
of dots when the resolution is reduced to 300 x 300 dots per inch print. Holes
open up between the dots. At the lower resolution modes, the present invéntion
10 increases the reference temperature to T o, Shown in Figure 2, so that the
printhead ejects drops with a larger volume that produces larger dots that

better fill in the empty space between the dots as shown in Figure 8.

The increase in temperature between T, and T, depends on how drop
15 volume increases with temperature, the pl/°C rating, and the dot size versus
drop volume. If the printhead experiences .5pl change per degree C, then
switching from T, = 40°C to Ty, = 55° C produce a drop volume change of

7.5pl. Eventhough the reference temperature is increased, the pulse width and
voltage remain the same.

20
All publications and patent applications cited in the specification are herein
incorporated by reference as if each publication or patent application were
specifically and individually indicated to be incorporated by reference.

25 The foregoing description of the preferred embodiment of the present invention

has been presented for the purposes of illustration and description. It is not
intended to be exhaustive nor to limit the invention to the precise form
disclosed. Obviously many modifications and variations are possible in light of
the above teachings. The embodiments were chosen in order to best explain
30 the best mode of the invention. Thus, it is intended that the scope of the
invention to be defined by the claims appended hereto. '
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t her.mal nodel processor/conparator which cal culates how long to drive the
flLLngnchanber resistors with nonprinting pul ses having a knomn pomer The
;preferred enb vention heats the printh

‘bet ween swat hﬂmmmlnnn "Immrnt head position sensor th m- the
printhead is b&tweert sWat Bs.* The out put of the thernal ut put
of the printhead position sensor goes to d4nonprinting pulse controller
that determ nes when the firing chanber resistors should be driven with
nonpfinting pul ses. The output of the noRi®MP8Eting pul se control ler signals
a pul se generator when to drive the firing chanber resistors with one or
nore packets of nonprinting pul ses having the duration specified by the

t hermal nodel Whatissclaimecbisparator. Figure 2 is a-plot of the thernmal nodel
of the printhead substrate. The

5 1. A method for reducing a rangé of drop volume variation of a thermal ink

jet printhead, comprising the steps of: _
a. selecting a reference temperature that can reduce the range of drop
volume variation;
b. measuring a temperature of the printhead substrate (20);

10 ¢. comparing the printhead substrate (20) temperature with the

reference temperature; and
d. heating the printhead substrate (20) to the reference temperature to
reduce the range of drop volume variation.

15 2. The method, as in claim 1, further comprising the step of heating the
printhead substrate (20) by driving a firing chamber resistor on the printhead
substrate with nonprinting pulses.

- 3. The method, as in claim 1 or 2, further comprising the step of heating the
20 printhead substrate (20) to the reference temperature during the print cycle.

4; The method, as in claim 3, further comprising the step of setting the

reference temperature equal to a maximum temperature of the printhead
substrate (20).

5. The method, as in claim 3, further comprising the step of setting the
reference temperature below an average print-cycle temperature.

6. The method, as in claim 3, further comprising the step of setting the
30 reference temperature between an average print-cycle temperature and a
maximum temperature of the printhead substrate (20).

191602-1



pri nthead subsl_LaLe_has_a,n_expgnential terrperature ri se described by: err]
A a [err].are constants of the sy The 71in ssheeoHﬁszEent
.m)del i ncl ude: JIMI& wﬂm‘mg Jﬂgperature the cartri dg (I
the tenperatur e the cartridge that s

printhead substrate e pr| nt head substrate terrpera ure
paraneter, At, shown in Figure 2 is the HBngth of tinme the flrlng chanber 5

resistors should be driven with a Power[err] to heat the printhead
substrate to7tfiberaetepdnas in @Iapmraatfurrﬂ@er qerepeginstthestem &f se@ngntbg this tine

s reference temperature equal to approximately an average print-cycle
" temperature of the printhead substrate (20).

5 8. The method, as in claim 1 or 2 or 7, further comprising the step of
increasing the reference temperature when a print resolution of the printhead
substrate (20) decreases. '

8. The method, as in claim 1 or 2 or 7, further comprising the step of using a
10 thermal model of the printhead substrate (20) to estimate how much energy
the nonprinting pulses should deliver to the firing chamber resistors.

10. The method, as in claim 1 or 2 or 7, further comprising the step of

varying the reference temperature in response to an user input.
15
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[err] The advantage of the thermal nodel is that the printhead substrate
Teaches the reference tenperature with reduced iterations of nmeasuring the
printhead 10 substrate tenpétigregve Baskehdiri 18'9%% pri

ate.
However, the thernmal nodel .is part of°™ied o¥edi oop systemand th SHShRM
may use several iterations of neasurif?g® ahd®hdating if nabi ‘o i s
a histogramthat represents the distribution of print-cycl ..
that a popul ation of printheads wthout the present invent | d
see over a typical range of user plots. The average print-cycle

tenperature of these printhead substrates without the invention is T[err]
and equals 40[err]C. The preferred enbodi nent of the invention sets the

reference tenpersg a printhead substrate equal jfuQeelildd . This has
t he advant age of ™
o
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elimnating half the tenperature range and, thus, half the drop volune

variation 20 due to tenperat Wgg, 6@l ipdkkNNolhegwwoef erred enbodi nent of
the invention heats the printhead subghliali€et 0aft he ref er efiteShea HoeBwb Re
only during the print cycle. This haspjjae,adyant age of keed uﬂ m MHI ‘l!

t he

printhead substrate at |ower and | ess destructive tenperat
| onger. Additionally, the preferred enbodi nent of the invention heats

pri nthead substrate only between swaths (i.e., passes of a printhead across
t he page) to reduc e lﬁj on the processor and prevent a reduction in
the print speed. AHEMRERAWREDOdi nent of the present invention heats the
printhead substrate coRtinuously. It neasures the tenperature of bWE

pri nt head .‘subst r at e+]£ .602- 1 P R 1
o cartridge

TLD ref +
Tref T
T( printhead \
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Substitute sheet - 14 August 1999 8 as it nmoves across the paper. If it is
bel ow*the reference tenperature thgRehi BE.W! hoS€ %g\#ther a printing
se. ternate enbodi ments

pulse if the plot requires it or a nonpgjntl getpualI

of the invention may heat the printhead Py ?irggg at anytinme w thout
departing fromthe scope of the invention. e preferr%dmwgﬂe
I nvention heats the printhead substrate to the reference tenperature by

driving the firing chamber resistors with nonprinting pthi as Been Rplakes
that heat the printhead substrate but are insufficient tf) i ng
chanber resistors to elect drops). Alternate enbodi nents
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I nvention can heat the printhead substrate in any manner (e.g., printing

pul sgs driving any resistive el efrent mé an Sak, rhdgqug&ter etc.) wthout
ﬂépartl ng fromthe scope of theTnv ‘tnfpe‘d in summary, the preferred

enbodi mrent uses a thermal nodel of tggg h,ead substrat e havirg—nputs
of the reference tenperature, the cartr| dge tenperature, and rﬂe | hgad
substrate tenperature, that cal cul ates how long the fi r'l'l’h -
resistors of the printhead substrate should be driven w mﬁm ‘\
nonprinting pul ses delivering power at the rate of Povver

printhead substrate between swaths to raise the printhead substrate
tenperature to the reference tenperature. Figure 3 shows an alternate

enbodi ment of the invention that uses an iterative approach to heating the
printhead substrate to the reference tenperature. The
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tenperature sensor neasures the printhead substrate tenperature. An output
signal 25 of the tenperature seng@bedes RoREASIRA hyi1edkt her a
buffer-anpiifier or a data converter ahshspes. tQ an error detection
anplifier that conpares it to a refergjce §eppgrature signal 36. If the

or

printhead substrate tenperature is |ess Than t he refe%eﬁee—%eﬁﬁefafure——the
cl osed-1 oop pul se generator will drive the firing cha eﬁm}a a
Eﬁﬁ ti ng

er i
series of nonprinting pul ses. This process is repeated
the print cycle. This and other aspects of the present i
described in U S Patent Application 07/694, 184 Subs

August 1999
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As stated earlier, Figure 4A is a histogramof the distribution of

'prlru cycle terrperatures for ap nthea substr at hout the present
i Avention. The ‘average print- cyc{‘j(e fee@‘%:@?tl Nt T e\rgp% is 40[err] C. Wen

t he popul ation of printhead substrate J\&:; hi st ogramof—primt-cycle
tenperature distributions shown in Fi gu e 4A adopts the ﬁe&'ﬂltas iiwgn

with the reference tenperature set at T[err] 40[err] C
substrates ghtain the histogramof print- cycle tenperat
shown in Fig&we 4B. It is a skewed-normal. dlstrlbutlon\M
t enper at ur eshof Fi gure 4A avoi ded by use of the present |nvent|on Thi s
printhead supstrate nmade according to the preferred enbodi nrent of the
invention opgrates at the reference tenperature of 40[err] C nost of the
time but it Foes float up to higher tenperatures including a maximm
tenperature {i.e., the highest printhead substrate tenperature) when

- L
30 65 70 pl
96 ' .
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the print duty cycle is high in a warmenvironment. As stated e |

preferred enbodi ments of the preggid..) K& ORw. SRI1B08he reference laced
ténperature equal to T[err] because | o aﬁ,gpqﬂadvantage ofThis Sh

hal f the tenperature range and half t rangg of drop vol umau“\ “ “
tenperature equal to any tenperature, such as above the nmaxi num

. . e .
to tenperature variation. Ntemmieeﬁ%dmes could set th
tenperature, equal to the maxi numtenperature, sonewhere between TAPCT and

t he maxi num t enper at ur e, elYow( TerxX ] fw X hgutX d tAng fromthe scope
of the invention. preferr the invention, is a
dar kness control knob, sh | I e user to change

the reference tenperature
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darkness of the print or the time required for the inKk T0o dry according to
personal preference or changes in the cartridge perf oryPsied Had WA BRI NEQAL S Of
t.he” darkness control knob can cause the reference tenp ed the
maxi mum t enper at ur e. 10 Raising the reference tenpeqHMEnﬂyﬂJEmF
advant age of reducing the range of pri nt:] ad substrate :
variation and if the reference tenperatu equal s the maxi num t enperat ure,

the printhead substrate tenper atyyr e \ lok‘ Ao  SIVE-T AV all. But raising the
reference tenperature places i nms\é%—s%res-s—oﬂé-grﬁe
The volume of drops ejected from thermal ink jet printheads varies with the
temperatufe of the printhead (20). The variation in drop volume degrades
print quality by causing variations in the darkness in black and white text, the
5 contrast of gray scale images, and variations in the chroma, hue, and
lightness of color images. The present invention reduces the range of drop
volume variation by reducing the range of printhead (20) temperature
~ variation during the print cycle by keeping the printhead temperature above
a reference temperature. When the printhead temperature falls below the

10 reference temperature during a print cycle the printhead is heated with
nonprinting pulses.

(Bg- )

RV
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5 pri nt head substrate and the ink and the |ikelihood of

drop volune range for a printhe

%mmﬂ-

I ncr eased

: chemi cal inteF ! *E *NT and the printhead substrate. Thisyrasults
i n decreased [+ :Iak P A printhead. Also, a printhead substrate with
a hi'gher refelehce tenperaturle Wll require nore tinme for heating. Another
di sadvant age pf raiium.me riefler enceq fzenper Substitite shedt -al 2 Juhk 1996 '
printer desighs{built to date Have 10 shown a hi gher chance of
m sfiring at hi gher printhead sjubstrate tenperatures. Figure 5A shows the

d substrate wi thout the present invention.

The X-axis is the volune of the drops and the Y-axis is the 15
percentage of drops having that volunme. The peak of the distribution curve

is at 52.5 pico | e vertical lines are the lo
limt (i.e., the accept abl e drops) and upper
(i.e., the largest Qesepthble drop). The largest drop -
print head substr at ey @ owt I'Z-"”""
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the present invention exceed the upper acceptability limt and cause the 20
‘feathering, bleeding, and block (i.e., the sleeve of a transparency film
adheres to- the. printed area of the filmand permanently changes the surface
of the film problens, as well as, the cockling and curling problens
mentioned earlier. Drop volune is a fypption gfibétiwite'shebtead Julysivase
tenperature, geonetric 25 properties of the printhead such as resistor
size or nozzle dianmeter, and the energy contained in a printing pulse. As
shown in Figure 54’EM|PEF{1AWRE| ume range of printheads w thout the present
invention is large. Typically, the drops ejected by previously-known
printers at the cold, gt art-up printhead substrate tenperatures FOWERO1

smal |l and P éﬂ%gﬁ@@ [‘andard print. To produce |arger 30 deaps, at t he
cold, start erafures, the properties of a ead without the '
present invention, such as its geonetry, mnust adj uste( t-he--drans
PLAEE*/I?I\' QHEET
124uL 19967
a
TLD ref +
Tref T
T(printhead‘
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Tcgrtridge —
TIME

iaure 2
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191602-1 11 produced by a cold printhead substrate at power-on are |arge
enough to produce satisfactory print (i.e., conpletely forned characters of
adequat e darkness). Wen these printhead substrates heat-up, they produce

drops of excessively large volunes (as shown in Figure 5A) that change the

saturation 5 | evel of the graphi cs,ssdlri?léei ;gﬁRéﬁﬁggh%%gyéa@gﬁ'ygagg?eor

print that does not dry quickly and re
snears and paper that cockles or curls. For these reasons, it is desirable

to reduce the volune of the |arger
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drops. 10

*substrate nmade according to the present

i nventi on.

Fi gure 5B shows the drop volune range for a printhead
The peak of the

di stributi-on curve is at 47.5 pico liters and both the |ower end and the .
upper end of the drop distribution fits inside the |imts of acceptability.

This volune distribution was obtainedgﬁy usi

whi ch keeps the printhead substrate tenperature
reference tenperature and by skewing the entire range of drop vol unes down

to | ower drop vol unes.

printhead such as the size of the resistors and the qrifice dianeter.

Qﬂnﬁ#ﬁuﬂé

rom

shest TN

1gﬂy§ntion

ow t he

This is acconplished by changi ng the geonetry of the

Thus,

an advantage of the present invention is that the | af) ] can
be elimnated by skewing down the entire range of dr gEELAﬁﬂﬁgﬁnigﬁEET
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Figure 6 shows the tenperature sense resistor 22 that the preferred

-enbodi ment of the invention uses. Tenperature sense resistor 22 neasures
the average tenperature of a printhead substrate 20 since it waps around
all 25 nozzl es 24 of printhead substrate 20. The tenperature of the ink
in the drop generators is the tenperagyje of %ﬁﬁéﬁtﬁ?é sh8&€! 93t Julpf998i s
tenperature is difficult to nmeasure directly but tenperature sense resistor
22 can neasure it indirectly. The silicon is thermally conductive and the

ink is in contact with the substrate | ong enough that t

averaged around the head is very 30 close to the ten £ﬂ6}EMENTIS k
by the tinme the printhead ejects the ink. 191602-1 1 i
12 JUL 1995
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12 Printhead substrate tenperature sensor 22 is inexpensive to manufacture
"because it does not require any processing steps or materials that are not
al ready a part- of the manufacturing procedure for thermal ink jet
printheads. However, it nust be calibrated using standard calibration
techni ques, an 5 accurate therms | oca I i_ntLr nd a
known '?errperature di fference between :522 pri nFﬁggi(i{hst%%&efegfgéﬁg%??% er
box. O her sibilities for calibrating printhead substrate tenperature
sensor 22 intPude Iaser trimm ng of the resistor. 10 The preferred
enbodi mrent oM the invention heats the printhead substrate by using packets
of nonprintirng pul ses. The power delivered by these packets

- A : : z >~
3 3 40 45 50 55 60 65 70 g
o - | REPLACEMENT SHEET
f Flﬂure 5A
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equal s the nunber of nozzles times the frequency of the nonprinting pul ses
‘(which can be nuch higher than that of the printing pul ses since no drops
are ejected fromthe printhead) tines the energy in each nonprinting pul se.

This 15 power paraneter is used to create the thermal nodel shown in
Figure 2. The number of nozzles and they frequsiistitate sSREeONRI JGIY i TED@UI Ses
are constant and set by other aspects of the printhead design. ternate
enbodi ments of the inventi he nonprinting
pul ses and pul se some but departing fromthe
scope of the invention. 2QCI r € | f the invention,

~ the nonprinting pul ses ha it i ng pul ses so that
the various tinme constant shg | or printing pul ses
and nonprinting pul ses. THe Yujs dt

S LAY

_9Fi ure 7A

+ %%4 + ‘._i-‘F_ju_m 7B
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.and energy delivered by printing pul ses are adjusted according the 25
characteristics of each particular printhead. The width of nonprinting

pul ses isrequal to or less than 48 tinmes the width of the printing pul se so
that it has little chance of ever ejegging ink fromthe printhead. In the.
preferred enbodi nent of the invention, the printing pulses have a wi dth of

2.5 [err]sec. and the nonprinting pul ses haveReplacethéntShee6f &2 Jplet?9630 The
grgiggrzfid enbodi ment of the |nv§\rgs|nparét%kf1%_r‘16q 'ssct.élseuréeference t enperature

METHOD AND APPARATUS FOR REDUCING THE RANGE OF

DROP VOLUME VARIATION IN THERMAL INK JET PRINTERS

The volume of drops ejected from thermal ink jet printheads varies with the
temperature of the printhead (20). The variation in drop volume degrades
print quality by causing variations in the darkness in black and white text, the
contrast of gray scale images, and variations in the chroma, hue, and
fightness of color images. The present invention reduces the range of drop
volume variation by reducing the range of printhead (20) temperature
variation during the print cycle by keeping the printhead temperature above
a reference temperature. When the printhead temperature falls below the

reference temperature during a print cycle the 'printhead is heated with -
nonprinting pulses. |

REPLACEMENT SHEET
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Substitute sheet - 14 August 1999 13 vith changes in resol uti oht Kaf “are
causedipy a change in print speed. At the standard print speed, tiyé@<
resol ution is 300 dots per inch along the paper feed axis and 600 dots .per

i Ack across the width of the paper in the gahsiiR8 shedt -di4 Atigust 19Ysh
translates into twi ce the nunber of dots across the watir of the paper. -

Figure 7A shows the coverage of dots in 300 x 600 dot per inch print. if
the print speed is doubled, the printhead operates the sane way but the
resol uti on beconmes 300 x 300 dots per ilnch. Figure 7B shows the coverage of

open up_bet veen + HETOB AR RREAHNLGSIOR RRBYICHS 8% AANGEOET - foles

et o, 16 22553 0% ) URRARIBR N YLl ¢ bt Bivkes 0 e

Field of the Invention .
This invention relates generally to the field of thermal ink jet printers and more
particularly to controlling the temperature of thermal ink jet printheads.

Backgi-ound of the Invention
Thermal ink jet printers have gained wide acceptance. These printers are
described by W.J. Lioyd and H.T. Taub in “Ink Jet Devices," Chapter 13 of
Qutput Hardcbpy Devicés (Ed. R.C. Durbeck and S. Sherr, San .Diego: '
Academic Press, 1988) and U.S. Patents 4,490,728 and 4,313,684. Thermal ink
jet printers produce high qual'ii:y print, are compact and portable, and print -
quickly but quietly because only ink strikes the paper. The typical thermal ink
jet printhead (i.e., the silicon substrate, structures built on the SUbstrate, and
connections to the substrate) uses liquid ink (i.e., colorants diésol(re& or
dispersed in a solvent). It has an array of precisely formed nozzles attached
to a printhead substrate that incorporates an array of firing chambers which
receive qu'uia ink from the ink reservoir. Each chamber has a thin-film resistor,

REPLACEMENT SHEETS SG
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pri nt hgad ejects drops with a larger volune that produces |arger dots t hat
bet ter f| Il in the enpty space between the dots as shown in Figure 8. The
i ncfease in tenperature between T[err] and T[err] depends on how drop

vel yne i ncreases wWith tenperature, the pl/ Cabstlifuteasticet - 'ﬁmq\q@gtdcgggsi ze '
versus drop volune. |If the pr| nt head experieénces bpl change per degree C,

then swi tching fromT[err] 40[err]C td T[err] S5[err] C produce a drop
vol unme chan LR r@ddf [ ased,
t he pul se V\P%\ﬁ&é “{#égﬂr enal nﬁ#%géﬁéﬁ§%or eggl ng g*cer?}tpta%%gﬁ of
the preferr dcbpsw‘mdxtamng elcdssivepamsants ofirdnihen thaspiistteag: ssatiatel i$ or
the purposes of ustrati.on, and descrj |on s _.not. i nten .
exhaust i ve ME™: OH‘F BXCeFSe F"Hﬂ/aﬁ "aéﬁdt et%“tptP!éEPe%f‘%FﬁE“&r‘Eg %s‘bgﬁg
Qoviously MpypdDEiebbirRf SRR FBEs WAVINY LiffePeritRIGSS 8h&lcdckiing agldtcutiing

of the paper.. Reducing the range of drop volume variation woqld help eliminate

this problem. '

EP-A-0511 602 describes a system for reducing variations
in the size of ink drops ejected from thermal printheads
by heating the printhead using nonprinting pulses. -

_ Summary of the Invention
For the reasons previously discussed, it would be advantageous to have an

apparatus and a method for reducing the range of drop volume variation.

The forego:.ng and other advantages are provided by the
present invention as defined in the claims.

The scope of the present invention includes heating the printhead substrate
during a print cycle (i.e., the interval beginning when a printer receives a print
command and ending when it executes the last command of that data stre'arh).
as well as, heating it at anytime or heating it continuously. The scope of the .
presént invention includes heating the printhead substrate by heating the entire
cartridge (i.e.,"the printﬁead substrate, the housing, connections between the
printhead substrate and the ink supply, and the ink supply if it is attached to the
printhead substrate) by using a' cartridge heater or heating the printhead
substrate more directly by driving the firing chamber resistors with nonprinting
pulses (i.e., pulses that do not have s'ufﬁcient energy to cause the printhead to

REPLACEMENT SHERT

14AUG 1999 J

st e l



the above teachings. The enbodi nents were chosen in order to best explain
t he: best node of the invention. Thus, it is intended that the scope of the
i nwéntion to be defined by the clains appended hereto. CLAIMS 1. A

met hod for reducing the range of vari ati onSubstite smdemrxmmfA@mqm i nk

jet printhead, the nmethod conprising: neasurirng the tenperature of the:
printhead substrate (20); 4

ﬁke). The scope of the present invention includes using a thermal model to
estimate the amount of heat to deliver to the printhead substrate to raise its

temperature to the reference temperature and delivering this energy between
swaths to avoid slowing the printér output.

preferred
Another aspect of the present invention varies the reference temperature

according to the print resolution. When a cartridge prints at lower resolution
i.e., sklp ing every other dot) the space between the printed dots increases.
is pre rred aspect of t

Fhe present invention re uces this empty space by increasing the reference -

tempera1ure of the printhead substrate so that it produces larger dots. - A
referred

further aspect of the present invention is a darkness knob that allows the user

to vary the reference temperature and thereby control the darkness of the rint
referab

and the time requxred for it to dry. The present mventlon includes a -

temperature sense resistor deposited around the firing chamber resnstors of the
printhead substrate.

The present invention has the advantage of reducing the range of drop volume
variation and increasing the quality of the print. Other advantages of the
invention include a reduction in the average drop volufne sinée a smaller drop
volume range allows the designer to set the average drop volume to a lower
value, a reduction in the amount of ink that the paper must absorb, and more
pages per unit ink volume whether the ink supply is onboard (i.e., physically

attached to printhead substrate so that it moves with it} or offboard (i.e.
stationary ink supply). -

Brief Description of the Drawings
Figure 1 is a block diagram of the present invention.

Figure 2 is a plot of the thermal model of the printhead substrate used by the

preferred embodiment of the invention. REPLACEMENTSHEET
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conpari ng t he measured tenperature with a reference tenperature; and
heating.the printhead substrate (20) to the reference tenperature, the
ref erence tenperature being such that the heating of the printhead

substrate (20) thereto will serve to reduce é‘:%tﬁ@@%é& 'dm@*y@'!#@%
variation; characterised in that: the printhez , t the
maxi mum drop volume is approximately 60 gicolitres. 2. A nethod as clai med

inclaiml, further conprising the step of heating the printhead susbstrate
(20) by dri \ﬂrﬁ’@ yojume nyarigsamitiy primfiieacbrsubnstrizter teriperakme.  The present

invention uses this principle to reduce the range of drop volume variation by
heating the printhead substrate to a reference temperature before printing
begins and keeping it from falling below that temperature during printing. The
preferred embo'dirnent uses a thermal model of the printhead substrate to
estimate how long to drive the printhead substrate at a particular power level
to raise its temperature to the reference temperature of the printhead substrate.

Figure 1 is a block diagram of the preferred embodiment of the present
invention. It consists of a printhead substrate temperature sensor 22, also
shown in Figure 6, a cartridge (i.e., the box that holds the ink and the printhead
substrate) temperature (i.e., the air temperature inside the cartridge which is the
ambient temperature of the printhead substrate) sensor, and a reference
. temperature generator. The outputs of these three devices are fed into a
thermal model processor/comparator which calculates how long to drive the
firing chamber resistors with nonprinting pulses having a known power. The
preferred embodiment of the invention heats the printhead substrate only
between swaths so it has a printhead position sensor that detects when-the
printhead is between swaths. The output of the thermal model and the output
of the printhead position sensor .goes to a nonprinting pulse controller that
determines when the firing chamber resistors should be driven with nonprinting
pulses. The output of the nonprinting pulse controller signe-ls a pulse generator
‘when to drive the firing chamber resistors with one or more packets of

nongrinﬁ__n_g pulses having the duration specified by the thermal model .
processor/comparator.

Figure 2 is a plot of _the thermal model of the printhead substrate. The
printhead substrate has an'exponential temperature rise described by:

t
Trnamessstarne = Teamigge =A(1 =exp ). A and¥ are constants of the system. The
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substrate with nonprinting pul ses. 3. A net:hod as clainmed in any preceding
claim ~wherein the printhead substrate (20) is heated to the reference
tenperdture during the print cycle. 4. A nethod as clained in any preceding
claim further conprising setting the refergusgituesrphést uid Rqgast 1899

maxi num t.enperature of the printhead substrate (207~ 15 Substitute

-sheet - 14 August 1999 5. A nmethod asgclainmed in any one of clainms 1 to
3,

_és it moves across the paper. If it is below the reference temperature the
machine will send either a printing pulse if the plot requires it or a nonprinting
pulse. Alternate embodiments ofthe invention.may Heat the printhead substrate
at anytime without departing from the scope of the invention.

The preferred embodimént of the invention heats the printhead substrate to the
reference temperature by driving the firing chamber resistors with nonprinting
pulses (i.e., pulses that heat the printhead substrate but are insufficient to cause
the firing chamber resistors to eject drops). Alternate embodiments of the
invention can heat the printhead substrate in any manner (e.g., printing pulses

driving any resistive element, a cartridge heater, etc.) without departing from the
scape of the invention.

in summary, the preferred embodiment uses a thermal model of the printhead
substrate, having inputs of the reference temperature, the cartridge
temperature, and the printhead substrate temperature, that calculates how long |
the firing chamber resistors of the printhead substrate should be driven with
packets of nonprintihg pulses delivering power at the rate of Power, to the
printhead substrate between swaths to raise the printhead substrate
temperature to the reference temperature.

Figure 3 shows an alternate embodiment of the invention that uses an iterative
approach to heating the printhead substrate to the reference temperature. The
temperature sensor measures the printhead substrate temperature. An output
signal 25 pf-’_ghe temperature sensor is processed by either a buffer-amplifier or
a data converter and goes to an error detection ampliﬁe'r that compares itto a
reference temperature signal 36. If the printhead substrate temperature is less
than the reference temperature, the closed-loop pulse generator will drive the
firing chamber resistor with a series of nonprinting pulses. This process is
repeated continuously during thé print cycle. This and other aspects of the
present invention are described in U.S. Patent Application 07/694,184 '
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further.conprising setting the ref er ence ‘tenperature bel ow the average
print-cycle tenperature. 6. A nethod as clainmed in any one of clains 1 to
3, further conprising setting the reference tenperature between an average

print-cycle tenperature and a maxi num t enperature of the printhead
substrate (20). 7. A met hod as cl ai ned inmﬁﬂ@ﬁm
further conprising setting the reference tenperature equal to approxi mately
an average print-cycle tenperature of theé printhead substrate (20). 8. A

met hod as claimed in any preceding claim further conprising increasing the
ref erence tenperature when the

As stated earlier, Figure 4A is a histcgrarﬁ of the distribution of print-cycle
tempefatures for a printhead substrate without the present invention. The
average print-cycle temperature, T,oer, iS 40°C. When the population of
printhead substrates with the histogram of print-cycle temperature distributions
shown in Figure 4A adopts the present invention with the reference temperature -
set at T,per, 40° C, these printhead substrates obtain the histogram of print-
cycle temperature distributions shown in Figure 4B. 1t is a skewed-normal
distribution with the lower temperatures of Figure 4A avoided by use of the
present invention. This printhead substrate made according to the preferred
-embodiment of the invention operates at the reference temperature of 40° C
most of the time but it does. float up to higher temperatures including a
maximum temperature (i.e., the highest printhead substrate temperature) when
- the print duty cycle is high in a2 warm environment.

As stated earlien; the preferred embodiments of the present im)ention, sets the
reference temperature equal to T,,er because it has the advantage of
eliminating half the temperature range and half the range of drop volume
variation due to temperature variation. Alternate embodiments could set the
reference temperature equal to any temperature, such as above the maximum
temperature, equalto the makirhum temperature, somewhere between T,,.; and

the maximum temperature, or below T ,.cr Without departing from the scope of
the invention. |
E g"'referred

Another,aspect of the invention, is a darkness control knob, shown in Figure 1,
that allows the user to change the reference temperature and theréby adjust the
darkness of the print or the. time required for the ink to dry according to
personal preference or changes in the cartridge performance. Adjustments of
the darkness control knob can cause the reference temperature to exceed the

maximum temperature. | RE?LACEM‘ENT SHEET
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print _ resolution . of the printhead substrate - (20) decreases. 9.
A nmethad as clainmed in any preceding claim further conprising using a’
t hermal nodel of the printhead substrate (20) to estimte how nuch energy

the .nonprinting pul ses shoul d deliver to tigyHstithiftPskéDesAGHHSTI99g. 10. |

A nethod as clainmed in any preceding claim forther——ctonmprrsing the—step of
varying the reference tenperature in response to a user input. 11. A
thermal ink jet printhead which us i nk of predeterm ned

o at ur eI oe AL EA i PR datlsd8 by & YHang8'in it 4hebd. 'Aithe
standard print speed, the resolution is 300 dots per inch along the paper feed
axis and 600 dots per inch across the width of the paper in the carriage scan
direction which translates into twice the number of dots across the width of the
paper. Figure 7A shows the coverage of dots in 300 x 600 dot per inch print.
If the print speed is doubled, the printhead operates the same way but the
resolution becomes 300 x 300 dots per inch. Figure 7B shows the coverage
of dots when the resolution is reduced to 300 x 300 dots per inch print. Holes
open up.between the dots. At the lower resolution modes, the present invention
increases the reference temperature to Ty, Shown in Figure 2, so that the
printhead ejects drops with a larger volume that produces larger dots that

better fill in the empty sbace between the dots as shown in Figure 8.

The increase in temperature between T, and T o« depends on how drop
volume increases with temperature, the pi/°C rating, and the dot size versus
drop volume. If the printhead experiences .5pl change per degree C, then
switching from T,,, = 40°C to T, = 55° C produce a drop volume change of

7.5pl. Even though the reference temperature is increased, the pulse width and
voltage remain the same.

The fgregoing description of the preferred embodiment of the present invention .
has been presented for the purpases of illustration and description. It is not
intended to be exhaustive nor to limit the invention to the precise form B
disclosed. Obviously many modifications and variations are possible in light of
the abave teachings. The embodiments were chosen in order to best explain
the best mode of the invention. Thus, it is intended that the scope of the
invention to be defined by the claims appended hereto.
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substrate (20)+———neans for conparing the neasured tenperature with a
reference ten:ﬁgﬁture; and neans for heating the printhead substrate (20)

to the referen "HHMH masiggi he reference tenperature being such that the
T mmsunate ( 2074t hSubistitutiel shestr-v B4 Augustk?99 he

heat.i ng of th
range of drop vol ume; clar&cterised in that the printhead is so structured

CLAIMS

1. A method for reducing the range of variation in drop
volume of'a thermal ink jet printhead, the method
comprising: ;

measuring the temperaﬁure of the printhead substrate
(20) ;

comparing the measured temperature with a reference
temperature; and

heating the printhead substrate (20) to the reference
temperature, the reference temperature being such that'the
heating of the printhead substrate (20) thereto will serxrve
to reduce the range of drop volume variation;

characterised in that:

the printhead is structured such that the maximum

drop volume is approximately 60 picolitres.

2. A method as claimed in claim 1, further comprising
the step of heating the printhead susbstrate (20) by
driving a  firing chamber resistor on the printhead

substrate with nonprinting pulses.

3. A method as claimed in any preceding claim, wherein
the printhead substrate (20) is heated to the reference

temperature during the print cycle.

4. A method as claimed in any preceding claim, further
comprising setting the reference temperature equal to a

maximum temperature of the printhead substrate (20).




in relation t t.erm ned characteristics of the ink that the
maxi- rmm drop Hﬂ (’m tely 60 picolitres. 12. A thermal ink jet
printhéad as cI*a further conprising neans pernmtting a

user, to sel ect the reference terrperatur]g t hgubbtute sheet -da4 nhugudanms of
~the print.

5. A method as claimed in any one of claims 1 to 3,
further comprising setting the reference temperature below

the average print-cycle temperature.

6. A method as claimed in any one of claims 1 to 3,
further comprising setting the reference temperature
between an average print-cycle temperature and a maximum

temperature of the printhead substrate (20).

7. A method as claimed in any one of claims 1 to 3,
further comprising setting the reference temperature equal
to approximately an average print-cycle'temperature of the

printhead substrate (20).

8. A method as claimed in any preceding claim, further
comprising increasing the .reference temperature when the
print resolution of the ©printhead substrate (20)

decreases.

9. A method as claimed in any preceding claim, further
comprising using a thermal wmodel of the printhead
substrate (20) to estimate how much energy the nonprinting

pulses should deliver to the firing chambers resistors.

10. A method as claimed in any preceding claim, further
comprising the step of varying the reference temperature

in response to a user input.

11. A thermal ink jet printhead which uses ink of
predetermined characteristics, said printhead comprising:

means for measuring the temperature of the printhead

substrate (20); REPLACEMENT SHEET
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means for comparing the measured temperature with a
reference temperature; and

means for heating the printhead substrate (20) to the
reference temperature;

the reference temperature being such that the,heatiﬁg
of the printhead substrate (20) thereto will serve to
reduce the range of drop volume;

characterised in that the printhead is so structured
in relation to the predetermined characteristics of the
ink that the maximum drop wvolume is approximately 60

picolitres.

12. A thermal ink jet printhead as claimed in claim 11,
further comprising means permitting a user to select the
reference temperature thereby to control the darkness of

the print.




