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@ Variable halftone operation inkjet printheads.

@ A method of halftone printing with a thermal
inkjet printer having a thermal inkjet printhead (19).
The method includes the steps of determining a first
pulse width and voltage that will cause the thermal
inkjet printhead to deposit an ink drop having a first
selected drop volume, operating the thermal inkjet
printhead with said first pulse width and voltage to
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deposit an ink drop having the first selected drop
volume, determining a second pulse width and voli-
age to produce a second selected drop volume that
is different from said first selected drop volume, and
operating the thermal inkjet printhead with said sec-
ond pulse width and voltage to deposit an ink drop
having the second selected drop volume.
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Field of the Invention

This invention relates generally to the field of
thermal inkjet printers and more particularly to con-
trolling the ejected ink drop volume of thermal
inkjet printheads.

Background of the Invention

Thermal inkjet printers have gained wide ac-
ceptance. These printers are described by W.J.
Lloyd and H.T. Taub in "Ink Jet Devices, " Chapter
13 of Output Hardcopy Devices (Ed. R.C. Dur-
beck and S. Sherr, San Diego: Academic Press,
1988) and U.S. Patents 4,490,728 and 4,313,684.
Thermal inkjet printers produce high quality print,
are compact and portable, and print quickly and
quietly because only ink strikes the paper.

An inkjet printer forms a printed image by
printing a pattern of individual dots at particular
locations of an array defined for the printing me-
dium. The locations are conveniently visualized as
being small dots in a rectilinear array. The loca-
tions are sometimes "dot locations", "dot posi-
tions", or pixels". Thus, the printing operation can
be viewed as the filling of a pattern of dot locations
with dots of ink.

Inkjet printers print dots by ejecting very small
drops of ink onto the print medium, and typically
include a movable carriage that supports one or
more printheads each having ink ejecting nozzles.
The carriage traverses over the surface of the print
medium, and the nozzles are controlled to eject
drops of ink at appropriate times pursuant to com-
mand of a microcomputer or other controller,
wherein the timing of the application of the ink
drops is intended to correspond to the pattern of
pixels of the image being printed.

Color thermal inkjet printers commonly employ
a plurality of printheads, for example four, mounted
in the print carriage to produce different colors.
Each printhead contains ink of a different color,
with the commonly used colors being cyan, ma-
genta, yellow, and black. These base colors are
produced by depositing a drop of the required
color onto a dot location, while secondary or
shaded colors are formed by depositing multiple
drops of different base color inks onto the same
dot location, with the overprinting of two or more
base colors producing secondary colors according
to well established optical principles.

The typical thermal inkjet printhead (i.e., the
silicon substrate, structures built on the substrate,
and connections to the substrate) uses liquid ink
(i.e., colorants dissolved or dispersed in a solvent).
It has an array of precisely formed nozzles at-
tached to a printhead substrate that incorporates an
array of firing chambers which receive liquid ink
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from the ink reservoir. Each chamber has a thin-
film resistor, known as a thermal inkjet firing cham-
ber resistor, located opposite the nozzle so ink can
collect between it and the nozzle. When electric
printing pulses heat the thermal inkjet firing cham-
ber resistor, a small portion of the ink next to it
vaporizes and ejects a drop of ink from the prin-
thead. Properly arranged 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.

Print quality is one of the most important con-
siderations of competition in the color inkjet printer
field. Since the image output of a color inkjet
printer is formed of thousands of individual ink
drops, the quality of the image is ultimately depen-
dent upon the quality of each ink drop and the
arrangement of the ink drops on the print medium.

Plotters and printers that use thermal inkjet
printheads are normally limited to operating in a
mode that delivers a single drop volume. When
printing halftone images or when a larger color
gamut is required, artificial methods of simulating
continuous tone printing are used such as multiple
nozzles, multiple drops, pre-cursor heating, dither-
ing and other digital halftoning methods. Most of
these methods have serious drawbacks and design
limitations.

Varying the drop volume can cause variations
in the 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. Controlling the
drop volume improves the quality of printed text,
graphics, and images.

The drop volume from an inkjet printhead can
be adjusted by using the following factors: (1) the
drop generation geometry (resistor physical size
and exit orifice size), (2) the forces affecting the
refill speed such as backpressure, filter resistance
and entrance channel restrictions, (3) factors affect-
ing the size and strength of the drive bubble such
as ink temperature, the boiling surface heating rate
and boiling surface cleanliness, and (4) effects on
fluidic response such as the ink viscosity which is a
function of the ink temperature.

The above factors can be divided into two
categories: (1) factors that the printer can dynam-
ically change and (2) factors that are fixed design
parameters. Of the above factors only printhead
temperature and the boiling surface heating rate
(associated with the pulse width) can be dynam-
ically adjusted by the printer.

Other methods have been used to vary the
delivered ink drop volume. The first method is to
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vary the temperature of the printhead to change
the ink viscosity and increase ejection efficiency,
but this places increased stress on the printhead
substrate and increases the likelihood of chemical
interaction of the ink with the printhead substrate.
This results in decreased chemical resistance of
the printhead. The second method is t0 use more
than one drop of ink per pixel location on the
media, but this has an attendant decrease in the
printer's throughput.

Thus, major advantages would be obtained if a
simple and inexpensive method was available to
vary the ink drop volume of an thermal inkjet
printhead. These advantages include being able to
produce improved halftone images in an inkjet
printer.

Summary of the Invention

For the reasons previously discussed, it would
be advantageous to have an apparatus and a meth-
od for controlling and varying the drop volume fo
produce halftone printing. The foregoing and other
advantages are provided by the present method for
halftone printing with the same thermal inkjet prin-
thead, which comprises the steps of selecting a
first drop volume; determining a first pulse width
and voltage to produce the selected first drop
volume; controlling a voltage power supply to de-
liver said first pulse width and voltage;delivering
the said first voltage and pulse width to the prin-
thead during a first printing; selecting a second
drop volume; determining a second pulse width
and voltage to produce the selected second drop
volume; controlling a voltage power supply to de-
liver said second pulse width and voltage; and
delivering the said second voltage and pulse width
to the printhead during a second printing.

The present invention has the advantage of
controlling the drop volume and increasing the
quality of halftone printing. Another major advan-
tage of the present invention is the simplicity of the
implementation in an existing printer and existing
printhead. Inkjet printers are microprocessor con-
trolled and the additional coding required to control
pulse width is minimal and thus extremely inexpen-
sive to implement.

Brief Description of the Drawings

FIG. 1 is a block diagram of the present inven-
tion.

FIG. 2 is a plot of drop volume versus pulse
energy for one pulse width.

FIG. 3 is a plot of drop volume versus pulse
energy for two different pulse widths.

FIG. 4 is a plot of pulse energy versus pulse
width.
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FIG. 5 shows the effect of pulse width on drop
volume for a thermal inkjet printhead.

FIG. 6 shows the placement of multiple volume
ink droplets.

Detailed Description of the Invention

A person skilled in the art will readily appre-
ciate the advantages and features of the disclosed
invention after reading the following detailed de-
scription in conjunction with the drawings.

Referring to FIG. 1 there is shown a simplified
block diagram of a thermal inkjet printer that em-
ploys the techniques of this invention. A controller
11 receives print data input and processes the print
data to provide print control information to a prin-
thead driver circuit 13. A controlled voltage power
supply 15 provides to the printhead driver circuit
13 a controlled supply voltage Vs whose magnitude
is controlled by the controller 11. The printhead
driver circuit 13, as controlled by the controller 11,
applies driving or energizing voltage pulses of voli-
age V, to a thin film integrated circuit thermal inkjet
printhead 19 that includes thin film ink drop firing
heater resistors 17.

The controller 11, which can comprise a micro-
processor architecture in accordance with known
controller structures, more particularly provides
pulse width and pulse frequency parameters to the
printhead driver circuitry 13 which produces drive
voltage pulses of the width and frequency as se-
lected by the controller, and with a voltage V, that
depends on the supply voltage Vs provided by the
voltage controlled power supply 15 as controlled
by the controller 11. Essentially, the controller 11
controls the pulse width, frequency, and voltage of
the voltage pulses applied by the driver circuit to
the heater resistors.

As with known controller structures, the control-
ler 11 would typically provide other functions such
as control of the printhead carriage (not shown) and
control of movement of the print media. In accor-
dance with the invention, the controller 11 deter-
mines a turn-on pulse energy for the printhead 19
that is the minimum pulse energy at which a heater
resistor produces an ink drop of the proper volume,
wherein pulse energy refers to the amount of en-
ergy provided by a voltage pulse; i.e., instanta-
neous power multiplied by pulse width.

Another aspect of the invention, is a darkness
control adjustment 9, shown in FIG. 1, that allows
the user to change the reference drop volume and
thereby adjust the darkness of the print or the time
required for the ink to dry according to personal
preference or changes in the cartridge perfor-
mance. A thermal inkjet printhead requires a cer-
fain minimum energy fo fire ink drops of the proper
volume (herein called the turn-on energy). Turn-on
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energy can be different for different printhead de-
signs, and in fact varies among different samples
of a given printhead design as a result of manufac-
turing tolerances. As a result, thermal inkjet printers
are configured to provide a fixed ink firing energy
that is greater than the expected highest turn-on
energy for the printhead cartridges it can accom-
modate. This amount of excess energy beyond the
turn-on energy is defined as the over-energy.

In accordance with the present invention, the
effect of pulse width variations, at constant energy,
on turn-on energy and drop volume has been uti-
lized to vary ink drop volumes in order to produce
different dot sizes for use in different printing situ-
ations. Ink drop volumes were measured at 15
percent over energy so that (1) the shift in turn-on
energy with pulse width is accounted for and (2) all
ink drop volumes are at a constant over energy.
The turn-on energy shift is due to the fact that
shorter pulse widths heat the resistor and the ink
more rapidly and efficiently, so as to lower the
amount of energy necessary. Turn-on energy var-
ies linearly with pulse widths in the range of 1.5 to
3.5 microseconds of approximately 0.50 micro-
joules/microseconds. Drop volume varied over this
pulse width range with a slope of 5.0
picoliters/microsecond.

The turn-on energy at any particular pulse
width is determined by firing the printhead with a
fixed pulse width and varying the pulse voltage V,.
The response of the drop volume to the range of
energies tested is shown in FIG. 2 for one pulse
width. Below the energy marked as the extinction
energy 20, no drops are fired as the ink vaporiza-
tion event does not occur. As the energy is in-
creased from that energy increasingly larger drops
are ejected until a point called the turn-on energy
is reached 21. After that point adding additional
energy does not increase the drop volume further
and the drop generator is said to be operating in
the mature energy region. The operating energy 22
is set in this mature region.

FIG. 3 shows the response of FIG. 2 for the
same ink and drop generation architecture at two
different pulse widths. The turn-on energies 21
changed between the two pulse widths as does the
drop volume in the mature region. This change in
the mature drop volume is the effect utilized in the
present invention. The change in turn-on energy 21
is accommodated by changing the operating en-
ergy 22 used between the two pulse widths at the
same rate that the turn-on energy 21 changes,
namely 0.5 microJdoules/microsecond as shown in
FIG. 4.

FIG. 5 shows the drop volume versus pulse
width for a specific printhead and ink in accordance
with the present invention. The ink is a black pig-
ment ink with a polymer dispersant. The printhead
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resistor size was 45 microns. FIG. 5 demonstrates
the drop volume control that can be obtained by
using the present invention which varies the pulse
width of the firing pulses. The method also keeps
the pulse width from falling below the minimum
value for acceptable reliability.

The effect of this change in the drop volume
can be used by a printer to produce higher drop
volumes 1o increase optical density or to produce
lower drop volumes to reduce drying times. This
also allows the printer to dynamically adjust the
pulse width and the operating energy along that
operating energy curve to dynamically adjust the
drop volume, and thus the size of the dots placed
on the media, from one sweep of the carriage fo
the next.

A dot is a single spot of ink printed on paper or
other medium by an ink droplet. A unit ink droplet
volume is the nominal drop volume selected so
that a dot produced thereby approximately covers
one pixel location on a given printing medium. A
grid location is the finest resolution on which the
printing device can place dots. For instance, a 300
dot per inch (dpi) machine prints at 1/300th-inch
grid locations. According to the invention, multiple
volume dots can be printed at each grid location by
printing a single dot size each time the print car-
tridge passes over the location. The total number
of dots printed at each location thus is less than or
equal to the number of print passes.

Typically, a sheet of paper is printed by apply-
ing ink at the specified dot positions (pixels). The
dots may be printed in single (e.g., black) or mul-
tiple colors. The columns of dots made by inkjet
nozzles across a horizontal portion of the paper is
sometimes called a swath. A swath may be printed
by one or more passes, or sweeps, of the inkjet
nozzles across the same horizontal portion, de-
pending upon the required print mode. To print a
multiple color image, the carriage may have to
make more than one sweep across the print me-
dium and make two or more drops of ink with
different primary colors at the same dot locations
("pixels"), as disclosed in U.S. Patent Number
4,855,752.

A printer usually has several different modes of
printing. Each of the different modes is used to
produce a different type or quality of an image. In
order to reduce undesirable "banding", some of
the known printing modes advance the print me-
dium relative to the carriage in the vertical direction
by only a fraction of the height of a single swath. In
order to reduce "bleeding", multi-pass printing
modes may be used in which the dots applied in
successive passes are interleaved vertically and
horizontally. Moreover, both single pass and mul-
tiple pass print modes may employ "Resolution
Enhancement Technology" in which additional dots
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of ink are selectively applied between adjacent
pixels to increase image density and/or to provide
smoother boundaries for curved or diagonal im-
ages.

In addition, one or more "high quality" modes
can be specified whereby density of the print dots
is increased to enhance the quality of the printed
images. In some printers, a "high quality" mode of
printing may require the printer to make multiple
passes across substantially the same horizontal
portion of the page. For example, in a high quality
three pass mode, a printer makes three sweeps
across the page to print a single swath. In each of
the three sweeps, the printer would print one of
every three consecutive dots so as to allow more
time for one dot to dry before the neighboring dot
is printed, and thereby preventing the possibility
that the ink of the two neighboring dots would
combine to produce an unwanted shape or color.
Such a three pass printing mode may also be used
to reduce banding by dividing the swath into three
reduced-height bands, printed in successive but
overlapping printing cycles each providing for three
passes across an associated reduced-height band.

Figure 1 shows one implementation of the in-
vention that could be used in current printers with
minimal changes of the electronics and drive cir-
cuits. Since the print energy to the heating element
has to be kept within very tight limits so as not to
affect the reliability of the heating element, the
voltage to the heating element is adjusted as the
pulse width of the printing pulse is changed. One
such method would be to adjust the voltage on a
swath-by-swath basis.

In one embodiment of the invention, three dif-
ferent ink volumes utilized so as to provide an ink
droplets having (1) "reduced" volume, (2) "nomi-
nal" drop volume and (3) an "increased" drop
volume. As the carriage makes a first pass over the
print media either no drop or a reduced volume
drop is deposited on each pixel location, depend-
ing upon the desired image. As the carriage makes
a second pass over the print media, the printer
again can deposit no drop or a normal drop volume
on any particular pixel location. As the carriage
makes a third pass over the print media, the printer
again can deposit no drop or an increased drop
volume on any particular pixel location. Thus, three
distinct combinations of drops are available to each
pixel location using two passes: no drops, a single
drop, two drops, or three drops.

This has the advantage of increasing resolution
of print density by providing a choice of four levels,
i.e., zero, reduced volume, unit volume, or in-
creased volume rather than the usual binary mode.
The incremental cost of implementing the higher
color or gray scale resolution is modest because
the printing grid resolution, e.g. 300 DPI, is re-
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tained. Thus no modification to the printer mechan-
ics and drive means that define the printing grid is
necessary to use the invention.

Figure 6 details a three dot size three pass
print mode, but the invention is not limited to this
print mode. Dots labeled 1 are printed during pass
number one with one pulse width and voltage, dots
labeled 2 are printed during pass number two with
an appropriate voltage and pulse width and finally
dots labeled 3 are printed during pass number
three with appropriate voltage and pulse width. The
effect is to print dots of three different dot sizes
using a printhead without multiple nozzle sizes or
colorant concentrations, therefore avoiding the
throughput and ink media interactions associated
with these alternate methods. This principle of the
invention also includes two ink volume levels and
three or more ink volume levels.

The foregoing description of the preferred em-
bodiment of the present invention has been pre-
sented for the purposes of illustration and descrip-
tion. It is not intended to be exhaustive, nor to limit
the invention to the precise form disclosed. Obvi-
ously many modifications and variations are possi-
ble in light of the above teachings. The embodi-
ments where chosen in order to best explain the
best mode of the invention. Thus, it is intended that
the scope of the invention be defined by the claims
appended hereto.

Claims

1. A method of halftone printing with a thermal
inkjet printer having a thermal inkjet printhead
(19), comprising the steps of:

Determining a first pulse width and voltage that
will cause the thermal inkjet printhead to de-
posit ink drops having a first selected drop
volume;

controlling a voltage supply (13, 15) to provide
said first pulse width and voltage;

operating the thermal inkjet printhead with said
first pulse width and voltage to deposit on a
predetermined pixel array first ink drops each
having the selected first drop volume;
determining a second pulse width and voltage
to produce a second selected drop volume;
controlling the voltage supply to provide said
second pulse width and voltage; and

operating the thermal inkjet printhead with said
second pulse width and voltage to deposit on
the predetermined pixel array second ink
drops each having the selected second drop
volume;

whereby a single thermal inkjet printhead is
controlled to deposit ink drops of different drop
volumes.
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2. A method of halftone printing with a thermal
inkjet printer having a thermal inkjet printhead
(19), comprising the steps of:
determining a first pulse width and voltage that

will cause the thermal inkjet printhead to de- 5
posit an ink drop having a first selected drop
volume;

operating the thermal inkjet printhead with said

first pulse width and voltage to deposit an ink

drop having the first selected drop volume; 10
determining a secod pulse width and voltage

to produce a second selected drop volume that

is different from said first selected drop vol-
ume;

operating the thermal inkjet printhead with said 15
second pulse width and voltage to deposit an

ink drop having the second selected drop vol-

ume;

whereby a single thermal inkjet printhead is
controlled to deposit ink drops of different drop 20
volumes.

3. The method of Claim 2 further including the
steps of:
determining a third pulse width and voltage to 25
produce a third selected drop volume which is
different from the first selected drop volume
and the second selected drop volume; and
operating the thermal inkjet printhead with said
third pulse width and voltage to deposit an ink 30
drop having the third selected drop volume.
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